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-assisted screening of small-
molecule drugs for suppressing protein
aggregation and ROS generation based on ECL and
CV dual-mode signals amplified by DNA

Jiaqi Shi,a Wenxiu Zhu,a Jingyu Yan,a Cong Xiao,a Huiqin Yao, b Lingchen Meng, b

Hongyun Liu *a and Lanqun Mao *a

Screening of small-molecule drugs to suppress both protein aggregation and reactive oxygen species (ROS)

generation is critical for developing therapies for neurodegenerative diseases (NDs). However, existing

methods are limited to characterizing only a single pathological feature (either protein aggregation or

ROS generation) in a single measurement. Herein, taking a-synuclein (a-Syn) as the template protein, we

developed a dual-mode electrochemical sensing platform for concurrently monitoring protein

aggregation and ROS generation characteristics. A gold electrode functionalized with a-Syn via self-

assembled monolayers (SAMs) was constructed as the sensing platform, realizing both ordered a-Syn

immobilization and monitoring of metal ion (e.g., Cu(II))-driven aggregation. This was accomplished by

synchronously recording the electrochemiluminescence (ECL) and cyclic voltammetry (CV) dual

responses of the tris(2,20-bipyridine) ruthenium(II) (Ru(bpy)3
2+) reporter in a single integrated assay. The

catalysis of DNA oxidation by Ru(bpy)3
2+ enables the amplification of ECL and CV dual-mode signals,

which increased the detection sensitivity for both aggregation and ROS generation accompanied by the

a-Syn − Cu(II) complex. Machine learning algorithms were then utilized to analyze ECL and CV

responses of small molecules with known drug effects. This analysis culminated in the development of

a linear discriminant analysis (LDA) screening model, which enabled the assessment of drug efficacy

against the two pathological features. The predictive capability of the screening model was verified

through transmission electron microscopy (TEM), cell viability and intracellular aggregation studies. This

model was further successfully applied to assess two previously unexplored small molecules:

diethylenetriaminepentaacetic dianhydride (DTPA) and deferiprone. Collectively, this dual-mode sensing

platform, integrating DNA-amplified monitoring of protein aggregation and ROS generation, enables the

robust establishment of a machine learning-assisted small-molecule drug screening model, offering

a novel approach for the in vitro characterization of protein-related pathological features.
Introduction

Protein misfolding and aggregation represent central patho-
logical mechanisms underlying numerous neurodegenerative
diseases (NDs). For example, the misfolding and aggregation of
a-synuclein (a-Syn) have been identied as key drivers of syn-
ucleinopathies, including Parkinson's disease (PD) and
multiple system atrophy (MSA).1–3 The pathological conse-
quences of protein aggregation extend beyond direct cellular
toxicity to the disruption of key biological pathways, including
s, Ministry of Education, College of
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574
autophagy–lysosomal systems and mitochondrial function,
thereby exacerbating neurodegeneration.3 Emerging evidence
has demonstrated that a-Syn aggregation triggers endoplasmic
reticulum stress and oxidative damage,3,4 most probably from
reactive oxygen species (ROS) generation through redox-active
metals,5 metallo-enzymes,6 or nonenzymatic redox activity7

aer proteins assemble. Since protein aggregation and ROS
generation processes inuence each other reciprocally,5–7

concurrent monitoring of their levels would provide a more
comprehensive evaluation of the pathological state and more
precise screening of drugs, especially small-molecule drugs for
the prevention and treatment of NDs.4,8,9

Currently, the methods developed for studying protein–
small-molecule interactions include uorescence spectros-
copy,8,10 circular dichroism,11 transmission electron micros-
copy,12 surface plasmon resonance,13 isothermal titration
© 2026 The Author(s). Published by the Royal Society of Chemistry
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calorimetry,14 electrochemical techniques15–17 and computa-
tional simulations.18 However, these techniques, which typically
rely on single-mode signals, still exhibit notable limitations,
such as a tendency toward false-positive results, prolonged
detection periods, a fundamental challenge in balancing
analytical accuracy with detection efficiency, and crucially, the
difficulty in simultaneously detecting protein aggregation and
ROS production.10 Thus, developing a multimodal detection
platform capable of rapidly resolving the dynamic interplay
between small molecules and protein aggregates/ROS genera-
tion is paramount for advancing the precision diagnostics and
therapeutic development of NDs.

Electrochemiluminescence (ECL) is an analytical technique
that combines electrochemical methods with chem-
iluminescence, integrating the advantages of both electro-
chemical and chemiluminescence approaches, such as high
sensitivity, a low background signal, and a wide linear range. It
has been widely applied in the eld of biosensing.19,20 For
example, ECL technology has been employed for the highly
sensitive detection of AD-related b-amyloid (Ab) peptides with
aptasensors.21 The integration of ECL with simultaneously
acquired cyclic voltammetry (CV) signals was performed for the
detection of nucleic acids,22 antibiotics,23 and glucose,24 driving
advances in intelligent sensing and biocomputing.25 This dual-
mode strategy not only increases detection sensitivity but also
enables multiplexed target analysis through potentially resolved
signals. However, to date, the dynamic current response of CV
and the static optical signals of ECL have not been combined to
study small molecules associated with protein aggregation in
complex biological samples.

Owing to its inherent biocompatibility and redox activity,
DNA has emerged as a versatile biomaterial for signal ampli-
cation in ECL and CV assays.24,26–28 Specically, guanine (G)
residues within the DNA strand can be catalytically oxidized by
ruthenium bipyridine (Ru(bpy)3

2+), yielding signicant
enhancements in both ECL and CV signals.26 During this cata-
lytic process, CV and ECL signals sensitively reect the DNA
damage induced by ROS, enabling real-time monitoring of the
ROS generated via Fenton reactions.27,29,30 This dynamic
responsiveness has inspired the development of smart biosen-
sors31 and further enabled the creation of a dual-mode logic
system for biocomputing and information encryption using the
Scheme 1 Schematic diagram of the step-by-stepmodification of the su
assembled monolayer of MUA.

© 2026 The Author(s). Published by the Royal Society of Chemistry
ECL intensity and CV peak current.32 To the best of our
knowledge, no prior studies have explored the use of natural
DNA for electrochemical signal enhancement in the context of
protein aggregation and small-molecule interactions.

In this study, ordered polypeptide interfaces were immobi-
lized on a gold electrode using self-assembled monolayers
(SAMs) to construct a dual-mode biosensor with natural DNA as
a sensitizer for screening of small-molecule drugs. Taking a-Syn
as an example, the pathological phenomenon of protein
aggregation promoted by Cu(II) and the corresponding process
of ROS production were monitored by simultaneously acquiring
ECL and CV signals amplied by DNA in solution. Furthermore,
linear discriminant analysis (LDA) was applied to analyze the
dual signals, establishing a screening model for successfully
categorizing 9 small molecules into 4 categories according to
their known medicinal effects. The model was validated by
TEM, UV spectroscopy and cell toxicity. Furthermore, an
mCherry-a-Syn cell model was generated through plasmid
transfection to establish physiological relevance. The estab-
lished screening model was ultimately applied to predict and
validate the pharmacological effects of two small-molecule drug
candidates, diethylenetriaminepentaacetic dianhydride (DTPA)
and deferiprone, providing a new technical platform for the
early diagnosis of NDs and drug screening.
Experimental section
Preparation of a-Syn-modied electrodes

Prior to use, the gold electrodes were sequentially polished with
alumina powders of 1.0, 0.3, and 0.05 mm, followed by
sequential ultrasonic treatment in deionized water, ethanol,
and deionized water again for 5 min each. The electrodes were
subsequently immersed in “piranha solution” (prepared by
mixing concentrated sulfuric acid and hydrogen peroxide in
a 3 : 1 volume ratio) for 10 min to remove organic contaminants
and increase hydrophilicity. Caution: piranha solution should
be handled with extreme care, and only small volumes should
be prepared at any time. Finally, clean electrodes were obtained
by ultrasonication in deionized water and ethanol for 3 min
each. Then the treated Au electrodes were incubated with 25 mL
of an ethanol solution containing 65 mM 11-mercaptoundeca-
noic acid (MUA) and 170 mM 6-mercapto-1-hexanol (MCH) for
rface of a gold electrode with a-Syn via covalent bonding with the self-

Chem. Sci., 2026, 17, 7560–7574 | 7561
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8 h to functionalize the surface with a near-monolayer of
carboxyl groups (see the SI).33 This was followed by activation of
the carboxyl groups with 400 mM N-(3-dimethylaminopropyl)-
N0-ethylcarbodiimide hydrochloride (EDC) and 100 mM N-
hydroxysuccinimide (NHS) for 20 min. Subsequently, 25 mL of
a 50 mM a-Syn solution was applied to the electrode surface and
incubated for 2 h. The unreacted sites were blocked with 0.5 M
ethanolamine (EA) for 30 min, resulting in a-Syn-modied
electrodes. The electrodes were further incubated with a 50
mM Cu(II) solution for 2 h to obtain a-Syn − Cu(II)-modied
electrodes, which were used to simulate the effects of drugs on
the metal-induced alterations of a-Syn (Scheme 1).
Results and discussion
Characterization of a-Syn-modied electrodes

The successful assembly of a-Syn on the gold electrode surface
was rst characterized using electrochemical impedance spec-
troscopy (EIS). The changes in the state of the gold electrode
surface during the modication process were reected by the
charge transfer resistance (RCT).34 Using Fe(CN)6

3−/4− as an
electroactive probe, the electrodes at different stages of the
modication process were tested via EIS at pH 7.4 (Fig. 1A).
Owing to the hydrophobicity of the long chains of MUA and
MCH and the electrostatic repulsion between –COO− and
Fe(CN)6

3−/4−, the MUA/MCH layer hinders the diffusion of the
probe, leading to an increase in RCT values (Fig. 1A, curve b).
Aer EDC/NHS treatment, the negatively charged –COO−

residue at the end of MUA was replaced by succinimide ester,
partially eliminating the electrostatic repulsion and thereby
increasing the redox current in the CV curve and reducing the
RCT value (Fig. 1A, curve c).35 When the poorly conductive
peptide a-Syn was further covalently linked to the MUA surface
activated by EDC/NHS, the RCT value increased (Fig. 1A, curve
d). The use of ethanolamine (EA) to cover other active sites
resulted in a further increase in the RCT values (Fig. 1A, curve e).

During the modication of the electrode, both the CV and
ECL signals, with Ru(bpy)3

2+ as the probe (Fig. 1B), demon-
strated similar trends to the results obtained by EIS (Fig. 1A),
except for the modication process of MUA/MCH. Owing to the
Fig. 1 (A) Nyquist curves and RCT values (inset) of 5 mM Fe(CN)6
3−/4− at

assembly of the a-Syn-modified electrode in pH 7.4 buffer containing 0.8
and (e) EA layer-modified electrodes. The error bars represent the standar
MUA/MCH, (b) a-Syn layer-modified electrode and the a-Syn − Cu(II) el

7562 | Chem. Sci., 2026, 17, 7560–7574
electrostatic attraction between the –COO− residue on theMUA/
MCH layer and Ru(bpy)3

2+ in the solution, this step slightly
increased the CV signal but did not signicantly affect the ECL
intensity (E) (Fig. 1B, curves a and b).

In addition, atomic force microscopy (AFM) was used to
characterize the successful assembly of a-Syn-modied elec-
trodes. MUA/MCH were evenly distributed on the Au-coated
silicon wafer surface, with a root mean square roughness
(Rrms) of 2.1 nm (Fig. 1C, panel a), which decreased to 1.3 nm
upon a-Syn immobilization (Fig. 1C, panel b), consistent with
the literature for the immobilization of exible-conformation
proteins.36 Subsequent treatment with Cu(II) induced a-Syn
aggregation on the electrode surface, leading to the formation
of irregular protein aggregates and an increase in Rrms to 2.4 nm
(Fig. 1C, panel c). Upon addition of EDTA, the chelation of Cu(II)
partially reversed the aggregation, resulting in a reduced Rrms of
1.5 nm (Fig. 1C, panel d). The AFM topography results visually
demonstrated the dynamic Cu(II)-mediated aggregation and
EDTA induced disaggregation process. All these results sug-
gested the successful immobilization of a-Syn on the electrode
surface, verifying the feasibility of the modication scheme. In
the following experiments, the prepared MUA/MCH/a-Syn/EA
lms at the Au electrodes are termed a-Syn-modied elec-
trodes for concision.
DNA amplication behaviors shown by CV and ECL signals

Aer modication, both the CV and ECL signals of Ru(bpy)3
2+ in

the solution for the a-Syn-modied electrode decreased (Fig. 1B
curve e). To achieve moderate and observable signals, natural
salmon DNA with intrinsic electrochemical inertness was added
to the electrolyte solution to increase the strength of both the
ECL and the CV.26,37–39 In the absence of DNA, Ru(bpy)3

2+

demonstrated an ECL signal at 1.2 V40,41 accompanying the
corresponding electrochemical reaction (Fig. S1A and S1B,
curve a and Fig. S1C reactions 1 ∼ 4). Upon the addition of 0.3
mg$mL−1 DNA to the electrolyte aer optimization, the oxida-
tion peak current (Ipa) of Ru(bpy)3

2+ at 1.05 V 42 for the a-Syn
electrodes clearly increased (Fig. S1A, curve b). A distinct
increase was also found for the ECL signal of Ru(bpy)3

2+(Fig.
0.17 V and (B) CV and ECL curves simultaneously obtained during the
mM Ru(bpy)3

2+ for (a) bare Au, (b) MUA/MCH, (c) EDC/NHS, (d) a-Syn,
d deviation of the experimental results (n= 3). (C) AFM images of the (a)
ectrode (c) before and (d) after incubation with 50 mM EDTA for 2 h.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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S1B, curve b). These results were characteristic of the electro-
catalytic behavior of Ru(bpy)3

2+ in the presence of DNA.26,31,32

Ru(III) in ruthenium(III) tris(bipyridine) (Ru(bpy)3
3+), which

has strong oxidizing properties, can react with guanine (G) in
DNA and further mediate CV/ECL signal amplication.26,27,29,30

The principle was as follows:32 Ru(bpy)3
2+ is rst electrochemi-

cally oxidized into Ru(bpy)3
3+ at the electrodes (Fig. S1C reaction

1). The product Ru(bpy)3
3+ then oxidizes G groups of DNA (DNA-

G) to DNA-GOx and returns to the original form Ru(bpy)3
2+,

completing an electrocatalytic cycle (Fig. S1C reaction 5).
Ru(bpy)3

3+ might further oxidize DNA-GOx and become excited-
state Ru(bpy)3

2+* (Fig. S1C reaction 6), which emits lumines-
cence at 610 nm and decays to the ground state of Ru(bpy)3

2+,
forming a luminescent catalytic cycle (Fig. S1C reaction 4).31,39

With DNA in the solution, the Ipa value of CV was amplied by
approximately 1.7 times, and the ECL intensity was amplied by
nearly 1.3 times (Fig. S1), similar to what was reported in the
literature.32 Thus, in the following experiments, 0.3 mg$mL−1

DNA was used in all the tests to increase the detection
sensitivity.
Aggregation behaviors of a-Syn interfaces with Cu(II)

Trace metal ions are naturally present in the brain; however, the
dysregulation of metal homeostasis can affect the protein
structure and oxidative stress, leading to severe neurodegener-
ative diseases.43 Cu(II) is a quintessential example, as its over-
abundance can exacerbate the risk of PD by inducing
conformational changes in a-Syn.44–46 In this study, Cu(II) was
selected as a factor to promote a-Syn aggregation on the elec-
trode surface under physiological conditions and the produc-
tion of ROS, aiming to shorten the time required to study the
interaction between a-Syn interfaces and small molecules. Aer
incubation with Cu(II), opposite changes in the signals of ECL
and CV were observed (Fig. 2A and B). This section provides
a detailed discussion of the aggregation behavior of a-Syn under
Fig. 2 Simultaneous (A) CV and (B) ECL curves for the (a) a-Syn-mod
incubation with 50 mM Cu(II) for 2 h, and (c) EDTA-treated a-Syn − Cu(II)-
7.4 buffers at a scan rate of 0.05 V$s−1. (C) TEM images of (a) a-Syn m
aggregates formed after Cu(II) treatment and (d) subsequent EDTA trea
respectively, where the Cu distribution is observed. Scale bar: 500 nm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Cu(II) induction, as reected in ECL and CV signals,
respectively.

ECL signals. The ECL signal was rst used to monitor the
electrochemical properties during the aggregation of a-Syn on
the electrode induced with Cu(II) in solution. When the a-Syn-
modied electrodes were incubated with a 50 mM Cu(II) solu-
tion for different times, the ECL intensity gradually decreased
with prolonged incubation time, and the decline nearly pla-
teaued aer 2 h (Fig. 2B, S2A and S2C). This phenomenon can
be attributed to the possible aggregation of non-conductive a-
Syn induced by Cu(II); specically, the formation of protein
aggregates generates steric hindrance and exhibits intrinsic
insulating properties, which together impede the electron
transfer process between Ru(bpy)3

2+ and the electrode
surface.47,48

Furthermore, the extent to which Cu(II) promoted the
aggregation of a-Syn on the electrode surface was also depen-
dent on the concentration of Cu(II) (cCu(II)). The ECL intensity
gradually decreased with increasing cCu(II) content aer incu-
bation of the a-Syn-modied electrodes in Cu(II) for 2 h (Fig. S2B
and S2D). However, when cCu(II) reached 50 mM, further
increases in the concentration did not result in a signicant
change in signal intensity. This might be because of the 1 : 1
binding ratio between a-Syn and Cu(II).49 Thus, during the
following experiments, a-Syn-modied electrodes were incu-
bated in a 50 mM Cu(II) solution for 2 h to prepare a-Syn − Cu(II)
interfaces.

To further validate the reliability of using the ECL intensity
to reect a-Syn aggregation on electrode surfaces under the
inuence of Cu(II), we employed TEM to observe the morpho-
logical changes in a-Syn before and aer the Cu(II) interaction.
Compared with monomeric a-Syn before Cu(II) treatment
(Fig. 2C, panel a) and its self-aggregation in the blank control
for 24 h (Fig. 2C, panel b), Cu(II)-treated a-Syn formed more
prominent irregular, amorphous large aggregates, namely, a-
Syn − Cu(II) complexes (Fig. 2C, panel c). Corresponding high-
ified electrode, (b) a-Syn − Cu(II)-modified electrode obtained after
modified electrode in 0.8 mM Ru(bpy)3

2+ and 0.3 mg$mL−1 DNA in pH
onomers; (b) self-aggregated a-Syn in blank buffer; (c) a-Syn − Cu(II)
tment. (e) and (f) HAADF-STEM images corresponding to (c) and (d),

Chem. Sci., 2026, 17, 7560–7574 | 7563
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angle annular dark-eld scanning transmission electron
microscopy (HAADF-STEM) images revealed distinct bright
spots indicating copper distribution within the aggregates
(Fig. 2C, panel e), demonstrating signicantly elevated copper
concentrations in these aggregates. This conrmed the partic-
ipation of copper in a-Syn aggregation and veried that varia-
tions in the ECL intensity could reect a-Syn aggregation states
under the inuence of Cu(II).

CV signals. Moreover, the CV signal demonstrated a reverse
trend with increasing incubation time (Fig. 2A, S3A and S3C).
When the a-Syn-modied electrodes were dipped in a 50 mM
Cu(II) solution, the oxidation peak current (Ipa) of Ru(bpy)3

2+

gradually increased with increasing incubation time until the
trend became roughly unchanged aer 2 h (Fig. S3A and S3C).
Additionally, the increase in Ipa due to Cu(II) promoting the
aggregation of a-Syn was also dependent on cCu(II) (Fig. S3B and
S3D). Aer the a-Syn-modied electrodes were incubated in
Cu(II) for 2 h, the value of Ipa reached a maximum when cCu(II) =
50 mM, and further increases in cCu(II) did not result in an
obvious change in the oxidation current. The steric hindrance
and potential insulating properties of the protein-Cu(II) aggre-
gates should inhibit electron transfer between Ru(bpy)3

2+ and
the electrodes. However, the obvious increase in the Ipa of CV
during the aggregation of a-Syn induced with Cu(II) indicated
that the a-Syn − Cu(II) complex itself might affect the electro-
chemical properties of the interfaces.

To investigate the specic cause of the opposite trends in the
CV and ECL signals during the aggregation process of a-Syn,
different concentrations of H2O2 were introduced into the
electrolyte. With increasing concentrations of H2O2, the CV
curves revealed that Ipa of Ru(bpy)3

2+ at approximately 1.05 V
increased for the a-Syn-modied electrode (Fig. S4A and S4C),
whereas the ECL intensity decreased gradually (Fig. S4B and
S4D). This result indicated that both the CV and ECL signals of
the a-Syn − Cu(II)-modied electrodes demonstrated trends
analogous to those of the a-Syn-modied electrodes without
Cu(II) but with H2O2 present in the test solution. In the ECL
system, O2 or radicals resulting from the decomposition of
H2O2 may function as a quencher for the excited-state
Ru(bpy)3

2+*, thereby attenuating the ECL intensity50,51 and
producing Ru(bpy)3

2+, which increases the Ipa of CVs.50

According to the above results, we reasoned that when a-Syn
was incubated with Cu(II), the resulting a-Syn − Cu(II)
complexes on the electrode surface might have produced
oxidizing substances with functions analogous to those of
H2O2, i.e., ROS.

To test our hypothesis, we employed the same a-Syn-
modied electrode as the working electrode in a blank buffer
solution to measure peak current changes before and aer
Cu(II) incubation via CV. Compared with the a-Syn-modied
electrode alone, the a-Syn − Cu(II)-modied electrode exhibi-
ted a pair of quasi-reversible CV peaks between 0 and 0.2 V vs.
Ag/AgCl in the air-equilibrated pH 7.4 buffer (Fig. S5A).
According to previous studies,52,53 the peak at 0.08 V vs. Ag/
AgCl was attributed to copper bound to a-Syn, thus repre-
senting the “a-Syn − Cu(II)/a-Syn − Cu(I)” redox couple. Since
the potential of Syn − Cu(I) oxidation to a-Syn − Cu(II) was
7564 | Chem. Sci., 2026, 17, 7560–7574
slightly lower than that of O2 reduction to H2O2 (O2/H2O2,
0.10 V vs. Ag/AgCl) (Fig. S5C),54–56 and the reaction between a-
Syn − Cu(I) and dissolved oxygen to generate ROS was ther-
modynamically favorable.15,52,53

Moreover, under physiological conditions, various reducing
agents or antioxidants with redox potentials lower than that of
a-Syn − Cu(II), such as extracellular ascorbic acid (AA), intra-
cellular glutathione (GSH),57 and membrane-bound redox
species associated with the mitochondrial electron transport
chain (ETC), such as cytochrome c, can reduce a-Syn − Cu(II) to
a-Syn − Cu(I), leading to oxidative stress or ROS production.58,59

Changes in the concentrations of these substances oen
accompany the pathological progression of PD.60

Therefore, these experiments not only demonstrated that
Cu(II) could induce a-Syn aggregation at the interface but also
revealed that the a-Syn − Cu(II) interfaces could generate ROS
with effects similar to those of H2O2 in vitro, resulting in
increased CV signals and decreased ECL signals (Fig. 2). This
viewpoint was further corroborated by the CV experiments (Fig.
S5B and S6). Specically, the CV signal at 1.05 V was signi-
cantly diminished when the voltage in the test did not reach the
redox potential of Cu (Fig. S6, curve c), or with N2-purged in the
solution (Fig. S5B), or when the amount of dissolved O2 in the
solution decreased (Fig. S6, curve b).

ROS are usually generated during protein aggregation,
especially when aggregation is induced by metal ions.58,59 To
verify that the generation of ROS could be monitored using our
designed interfaces, we used edaravone (PMP), a typical radical
scavenger that can remove oxygen-containing ROS (such as
OHc, O2

−c, and H2O2)61 and does not interfere with the
electrochemical signals under our experimental conditions.62

H2O2 was rst used to test the elimination function of PMP.
Aer the introduction of PMP under the same conditions as
those of the a-Syn-modied electrode without Cu(II), the Ipa of
the CVs for Ru(bpy)3

2+ decreased, but the ECL intensity
increased (Fig. S7). That is, PMP eventually compensated for the
consequences of the addition of H2O2 to both the ECL and CV
signals, suggesting that in the presence of PMP, ROS could be
eliminated to a certain extent. Aer optimization, 0.1 mM PMP
was used to characterize the production of ROS and further
exclude the effects of ROS during protein aggregation under the
inuence of metal ions.
Disaggregation behavior of a-Syn − Cu(II) modied electrodes
with EDTA

The addition of ethylenediaminetetraacetic acid (EDTA),63,64

a small-molecule drug widely recognized for mitigating protein-
Cu(II) aggregation through chelation, resulted in aggregate
dispersion and size reduction (Fig. 2C, panel e). Compared with
that of the a-Syn− Cu(II) aggregates, the corresponding HAADF-
STEM images revealed an increased background copper content
(Fig. 2C, panel f), suggesting that EDTA effectively hindered the
formation of some a-Syn − Cu(II) aggregates. This process likely
reduced the steric hindrance of the aggregates on the electrode
surfaces, which was subsequently reected in the recovery of
the electrochemical signals (Fig. 2, curve c, Fig. 3A and B).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Corresponding (A) Ipa of CV and (B) ECL responses for the (a) a-Syn − Cu(II)-modified electrode before and after EDTA treatment and (b)
when 0.3mgmL−1 DNAwas added to the electrolyte. Tests were performed in pH 7.4 HEPES buffer containing 0.8mMRu(bpy)3

2+. The error bars
represent the standard deviation of the experimental results (n = 3). (C) Cu2p XPS spectra for (c) the a-Syn-modified electrode, (b) the a-Syn-
Cu(II)-modified electrode and (a) the a-Syn − Cu(II)-modified electrode treated with 50 mM EDTA for 2 h and its corresponding (D) Cu2p
characteristic peak position and attributed valence state.
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The DNA introduced in the above description not only
enhanced the electrochemical signal at the protein-modied
electrode interfaces, facilitating observation of the drug-
induced disaggregation process, but also amplied the dual-
mode signal changes caused by the chelation of Cu(II) by
small-molecule candidates (e.g., EDTA) (Fig. 3A and B). Specif-
ically, the reduction in the CV signal was amplied by 1.2 times
compared to that without DNA (Fig. 3A), whereas the increase in
the ECL signal was amplied by 1.9 times (Fig. 3B).

X-ray photoelectron spectroscopy (XPS) analysis revealed that
aer EDTA treatment (Fig. 3C, curve a), the characteristic Cu(II)
peak at 933.53 eV signicantly decreased, indicating that EDTA
removes some Cu(II) from a-Syn − Cu(II) aggregates by forming
a spatially stable Cu-EDTA complex.65,66 The XPS data support
our earlier inference on the basis of CV and ECL observations
(Fig. 2) that certain small molecules could counteract the
inuence of Cu(II) on a-Syn aggregation.

Thus, the protein interfaces we constructed could be effec-
tively used to monitor protein aggregation/disaggregation and
the production/removal of ROS on the basis of ECL and CV
signals.
Changes in the ECL and CV signals of a-Syn − Cu(II)-modied
electrodes under small-molecule treatment

To investigate the effects of potential small-molecule drugs with
disaggregation or ROS removal properties on the a-Syn − Cu(II)-
modied electrode, simultaneous CV and ECL tests were
© 2026 The Author(s). Published by the Royal Society of Chemistry
conducted (Fig. 4). Epinephrine (EPI) and dopamine (DA) are
typical a-Syn disaggregators, and their effects on a-Syn disag-
gregation have been extensively studied.67–71 This work used EPI
and DA as small-molecule drug templates to study the allevia-
tion of a-Syn− Cu(II) aggregation and ROS generation processes
by monitoring ECL and CV signals.

Aer 2 h of incubation with EPI (Fig. 4A, top, curve b), the Ipa
of the CV for the a-Syn − Cu(II)-modied electrode was very
similar to that without EPI treatment (Fig. 4A, top, curve a) but
still signicantly greater than that without Cu(II) (Fig. 2A, curve
a). In contrast, the ECL results showed that aer EPI treatment,
the ECL signal of the a-Syn − Cu(II) electrode clearly increased
(Fig. 4A, bottom, curve b). The results revealed that EPI could
partially restore the changes in the ECL signal caused by Cu(II)
but had no signicant effect on the CV Ipa, suggesting that EPI
could disaggregate protein aggregates but not remove ROS. If
EPI could remove ROS, the corresponding results should
demonstrate the restoration of the ECL signal but a decrease in
Ipa. Based on the previous results (Fig. 2 and S7), Cu(II) might
induce a-Syn aggregation while simultaneously generating ROS.
The increase in the CV signal due to ROS generation appeared
to outweigh the decrease caused by aggregation, leading to an
overall increase in the CV signal (Fig. 2A, curves a and b).
Therefore, if ROS removal indeed plays a signicant role, the CV
signals should consequently decrease.

To support our above inferences, the signal changes were
recorded again in the presence of PMP, where the effects of ROS
were eliminated (Fig. 4B). Aer EPI treatment, the ECL intensity
Chem. Sci., 2026, 17, 7560–7574 | 7565
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Fig. 4 Simultaneous CV and ECL curves of 0.8 mM Ru(bpy)3
2+ in pH 7.4 HEPES buffer containing 0.3 mg mL−1 DNA (A) without and (B) with

0.1 mM PMP at (a) a-Syn − Cu(II)-modified electrodes after incubation with (b) EPI and (c) DA for 2 h, respectively.
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of the a-Syn − Cu(II)-modied electrode signicantly recovered,
accompanied by a slight increase in the Ipa of the CV signal
(Fig. 4B, curve b). Here, we suggest that EPI alleviated the
aggregation of a-Syn − Cu(II), increasing the extent of the
structure of a-Syn − Cu(II) on the electrode surface, thereby
allowing Ru(bpy)3

2+ to reach the electrode surface more easily
and react. This led to the recovery of both the Ipa and ECL
intensities, demonstrating the efficacy of EPI in disaggregating
proteins on the electrode surface, which was consistent with
previous reports.71

Similarly, when DA was used instead of EPI to treat the a-Syn
− Cu(II)-modied electrode, the Ipa of CV signicantly
decreased, whereas the ECL intensity dramatically recovered
(Fig. 4A, curves a and c). However, in the presence of PMP
(Fig. 4B, curve c), the effect of DA on the signals of the a-Syn −
Cu(II)-modied electrode was similar to that of EPI. This
suggests that, in addition to having a similar disaggregation
effect to that of EPI, DA might also have ROS removal properties
related to ROS scavenging, which aligns with previous
reports.67,71,72

These experimental results demonstrated that monitoring
ECL and CV signal changes at a-Syn − Cu(II)-modied elec-
trodes before and aer small-molecule treatment enabled the
determination of whether a small molecule alleviates a-Syn −
Cu(II) aggregation and/or scavenged ROS. Therefore, by
analyzing the dual CV and ECL signal dynamics of a-Syn −
Cu(II)-modied electrodes upon treatment with candidate
small-molecule drugs, their potential efficacy in mitigating both
a-Syn − Cu(II) aggregation and ROS generation could be
systematically evaluated.
Construction of a small-molecule drug efficacy screening
model based on LDA

The above experimental results also demonstrated that the dual
CV and ECL signals obtained simultaneously from the a-Syn-
modied electrode were inuenced by both the cross-effects
of protein aggregation and the oxidative stress induced by
Cu(II) in a-Syn. Specically, upon protein aggregation, both the
7566 | Chem. Sci., 2026, 17, 7560–7574
ECL signal and the CV oxidation peak current decreased
synchronously. In contrast, ROS caused opposing trends in the
ECL and CV signals: ECL intensity diminishes, while the CV Ipa
increases.

To quantify these relationships, linear discriminant analysis
(LDA), a robust machine learning technique,73 is proposed in
this work. LDA could reveal hidden correlations between
electrochemical signals and protein aggregation/ROS genera-
tion occurring at the a-Syn − Cu(II) interfaces through feature
weighting and dimensionality reduction visualization and
further enable the development of a predictive screening model
for PD-targeting small molecules.

Initially, a calibration set was established by selecting 9
small molecules reported to have depolymerization activity and/
or antioxidant activity, or neither (Table S1). Using the same
method as described in the above experiments, tests were
conducted and the corresponding ECL/CV signals were ob-
tained simultaneously (Fig. 5A and B). The rate of change in the
ECL intensity (E0) before and aer drug treatment was used to
measure the degree of change in the ECL intensity, which was
dened as (E1 − E0)/E0. E0 and E1 correspond to the ECL signal
intensity (E) of the a-Syn − Cu(II)-modied electrode before and
aer coincubation with the test drugs for 2 h, respectively.
Similarly, the change rate of the oxidation peak current inten-
sity (I'pa) of the CV curve at 1.05 V was used to measure the
degree of change, dened as (Ipa

1 − Ipa
0)/Ipa

0. Ipa
0 and Ipa

1

correspond to the oxidation peak current intensity (Ipa) values of
the a-Syn − Cu(II)-modied electrode before and aer coincu-
bation with the test drug for 2 h, respectively.

Using E0 and I0pa as inputs, LDA was employed to perform
classication calculations through different linear combina-
tions, yielding two discriminant factors: Factor 1 and Factor 2
(Table S2). These factors represent discriminant directions
(dimensions) obtained from various linear combinations of E0

and I0pa with maximal intergroup separation. Factor 1 and
Factor 2 accounted for 76.41% and 23.59% of the contribution,
respectively, with their combined contributions exceeding 90%.
These ndings indicate that these two factors are key
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) E0 and (B) I0pa for different potential drugs. The dotted-dashed lines indicate the corresponding thresholds, and the error bars represent
the standard deviation of the experimental results (n = 3). (C) LDA scatter graph for the discrimination of small molecules generated by the ECL
and CV signals from a-Syn − Cu(II) electrode interfaces. “0” refers to “ineffectiveness”, “1” to “disaggregation”, “2” to “removal of ROS” and “3” to
“dual effect”. The two pentagram-shaped data points in the graph represent the two previously unreported small-molecule drugs discussed later
in the text: DTPA and deferiprone. (D) HCA dendrogram.
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discriminant elements in the screening model that capture
nearly all the discriminant information in the data and are
highly representative of its classication features.

The receiver operating characteristic (ROC) curve was further
used to evaluate the classication performance of the LDA
algorithm. The ROC curve demonstrated an ideal diagnostic
outcome, with the true positive rate (TPR) = 1, the false positive
rate (FPR), and the area under the curve (AUC) = 1 (Fig. S8).
Therefore, for this drug screening model, two dimensions were
sufficient to effectively distinguish between different groups
without relying on additional dimensions.

Using the two discriminant factors as the horizontal and
vertical coordinates, a two-dimensional scatter plot of the LDA
classication results was generated (Fig. 5C). Nine small
molecules were classied into 4 groups with maximum inter-
group separation, where 2–3 small-molecule drugs (each rep-
resented by two replicate experimental data points) in each
group were clustered together with the minimum intragroup
distance aer LDA calculation. These groups corresponded to 4
different drug efficacies: ineffective (0), disaggregation (1),
removal of ROS (2), and dual effect (3).

Additionally, in Fig. 5C, the cluster for “removal of ROS (2)”
exhibited a greater distance from the other groups, suggesting
that the model had greater discriminative power for mitigating
ROS drugs. In summary, LDA effectively distinguished among
© 2026 The Author(s). Published by the Royal Society of Chemistry
the 4 types of drug efficacy, highlighting its utility in the ECL/CV
dual-signal platform established in this study for screening and
classifying drugs that alleviate protein disaggregation and/or
suppress ROS generation.

Hierarchical cluster analysis (HCA) is an unsupervised
pattern recognition clustering method that constructs hierar-
chical clustering structures on the basis of Euclidean distance
similarity features.74 As illustrated in the HCA dendrogram
(Fig. 5D), small molecules with shorter Euclidean distances
clustered together, and the 4 distinct small-molecule drug
effects were clearly differentiated without any overlap. These
results demonstrate that the HCA-based drug screening plat-
form has excellent discriminative ability.
Primary molecular-level validation of the drug screening
results

To evaluate the reliability of the drug efficacy classication
results from our LDA-based screening model, several repre-
sentative small-molecule drugs were chosen for direct TEM
observation of their mitigating effects on a-Syn − Cu(II) aggre-
gate formation.

When a-Syn was coincubated with Cu(II) for 24 h (Fig. 6B),
signicantly larger aggregates (∼2 mm) and more amorphous
structures were observed than when a-Syn self-aggregated for
Chem. Sci., 2026, 17, 7560–7574 | 7567

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08658b


Fig. 6 TEM images of (A) a-Syn and (B) a-Syn − Cu(II) aggregates after treatment with (C) CQ, (D) DA, (E) PQQ and (F) EPI.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 9
:2

3:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
24 h (Fig. 6A). Aer treatment with drugs classied as having
protein-disaggregating effects using our screening model (e.g.,
chloroquine (CQ) and DA), distinct changes in the protein
aggregation state were observed, with either reduced
aggregation/smaller aggregate sizes (Fig. 6C) or dispersed
brillar structures (Fig. 6D). For candidates predicted by the
model to have minimal disaggregation effects (e.g., PQQ), the
treated a-Syn − Cu(II) complexes showed similar morphologies
to the samples incubated with only Cu(II), with no signicant
disaggregation (Fig. 6E). These TEM observations consistently
matched our screening model's classication results, support-
ing the reliability of the model in assessing the ability of drugs
to mitigate a-Syn − Cu(II) aggregation.

To support the reliability of the model in assessing the ability
of drugs to mitigate ROS, UV spectroscopy of ascorbic acid (AA)
was adopted. Under the action of common biological reduc-
tants such as AA, a-Syn − Cu(II) can catalyze the incomplete
reduction of O2 to form ROS, including superoxide anions and
hydrogen peroxide.52,75–78 The removal of Cu(II) from a-Syn −
Cu(II) could prevent the generation of ROS. Therefore, the
electrode interfaces could also serve as a platform for evaluating
the effects of therapeutic drugs on mitigating ROS generation.

The observed drug performance in mitigating ROS genera-
tion experiments matched the classication results from our
screening model.
Validation of the drug screening results in the intracellular
environment

To validate the Cu(II)-induced a-Syn aggregation observed on
electrodes in a cellular context, we engineered a HeLa cell line
stably expressing mCherry-a-Syn. Confocal microscopy
conrmed successful expression, with uniform red uorescence
7568 | Chem. Sci., 2026, 17, 7560–7574
(587 nm excitation) indicating soluble mCherry-a-Syn in trans-
fected cells (Fig. S10).

Consistent with electrode experiments, Cu(II) treatment (15
mM) triggered time-dependent formation of uorescent puncta,
reecting intracellular a-Syn aggregation; it was reported that
Cu(II) can induce signicant a-Syn aggregation in cells under
similar conditions.79 Quantitative analysis revealed maximal
aggregate formation at 24 h (Fig. S11), beyond which minimal
additional changes occurred. This timeframe was thus selected
for subsequent studies.

To further validate the reliability of the previously estab-
lished drug screening model, efficacy assessments were per-
formed using an efficient, reproducible, and practical HeLa cell
line with stable expression of mCherry-a-Syn through plasmid
transfection.79 The protective effects of candidate drugs against
cytotoxicity induced by mCherry-a-Syn − Cu(II) aggregates were
assessed using the MTT assay to measure cell viability under 3
conditions: before Cu(II) treatment, aer Cu(II) treatment alone,
and aer cotreatment with Cu(II) and small-molecule drugs for
24 h. WhenmCherry-a-Syn cells cultured in a complete medium
without Cu(II) or drugs were used as the control group (CTRL)
(Fig. 7B), we observed that the mCherry-a-Syn − Cu(II) group
presented signicantly reduced cell viability (79.6% ± 4.1%).
Treatment with the dual-function small-molecule drugs (DA
and EDTA) identied in our screening model, which resulted in
both disaggregation and removal of ROS, resulted in marked
recovery of cell viability. Specically, compared with the Cu(II)-
only group, the mCherry-a-Syn + Cu(II) + DA and mCherry-a-Syn
+ Cu(II) + EDTA groups presented increased viability, with values
of 121.6 ± 5.7% and 111.3 ± 13.8%, respectively (Fig. 7B, group
(3)), indicating statistically signicant differences.

Confocal microscopy revealed that, compared with the
control with Cu(II) only (Fig. 7A, panel a), dual-function drugs
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Dark-field confocal images (580 nm excitation) of live HeLa cells expressing red fluorescent mCherry-a-Syn after 24 h of treatment
with (a) 15 mMCu(II) alone or (b–j) 15 mMCu(II) + 15 mM small-molecule drugs (9 compounds listed in Table S1). (B) MTT assay for cell viability (n=
4). In the legend, different colors represent the distinct pharmacological effects of corresponding small-molecule drugs as classified using the
aforementioned drug screeningmodel: (3) dual effect (pink), (1) disaggregation (cyan), (2) removal of ROS (orange), and (0) ineffective (purple). (C)
Corresponding histogram comparing the total area of high-fluorescence-intensity puncta across treatment groups (n = 3), *P # 0.05, **P #

0.01, and “ns” is the abbreviation for “not significant” (t test). (D) Confocal images of intracellular ROS generation in live HeLa cells with mCherry-
a-Syn. DCFH-DA staining of cells incubated with (a) buffer (as a control), (b) Cu(II), (c) Cu(II) + DA, (d) Cu(II) + EPI, and (e) Cu(II) + a-KG.
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(CQ, DA, and EDTA) substantially reduced both the size and
number of bright mCherry-a-Syn − Cu(II) aggregate puncta
(Fig. 7A, panels h–j), with aggregate areas decreasing by 36.7,
52.1, and 60.2%, respectively (Fig. 7C). These results suggest
that these compounds function as dual-action therapeutics
capable of both disaggregating mCherry-a-Syn − Cu(II)
complexes and removing the effects of ROS. In contrast, under
identical treatment conditions, PQQ exhibited weaker efficacy.
Microscopy analysis (Fig. 7A, panel c) revealed that while the
PQQ-treated cells displayed brighter and more dispersed uo-
rescent puncta than the control cells (Fig. 7A, panel a), the total
aggregate area remained largely unchanged. This observation
aligns with the classication of PQQ as a single-function drug
possessing only anti-ROS activity without signicant protein-
disaggregating effects, a pharmacological prole similar to
that of its analog TMPD.

Furthermore, we employed the 20,70-di-
chlorodihydrouorescein diacetate (DCFH-DA) probe to assess
© 2026 The Author(s). Published by the Royal Society of Chemistry
the removal of ROS or the inhibitory effects of different cate-
gories of small-molecule drugs (Fig. 7D). Confocal microscopy
revealed that the Cu(II)-treated group exhibited signicant
uorescence enhancement, indicating markedly elevated ROS
levels. Notably, treatment with DA, which was predicted by our
model to possess anti-ROS activity (Fig. 7D, panel c), resulted in
substantial attenuation of the uorescence signal intensity to
levels comparable to those of the untreated control group
(Fig. 7D, panel a). In contrast, compounds predicted by the
model to lack ROS removal efficacy (EPI and a-KG) demon-
strated weaker ROS scavenging capacity (Fig. 7D, panels d and
e). These experimental results showed excellent agreement with
the predictions from our intelligent screening platform, thereby
further validating the reliability of the model.

Collectively, these experimental ndings provide strong
evidence supporting the reliability of our drug screening
model's classication results.
Chem. Sci., 2026, 17, 7560–7574 | 7569
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Fig. 8 (A) Two candidate small molecules and their structures and their CV/ECL signals: (B) a-Syn − Cu(II)-modified electrode and subsequent
treatment with (a) DTPA and (b) deferiprone simultaneously obtained CV (top) and ECL curves (bottom) at pH 7.4 containing 0.8 mM Ru(bpy)3

2+

and 0.3 mg mL−1 DNA.
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Application of the drug screening model for the prediction
and evaluation of potential small-molecule drugs

As a polydentate ligand, DTPA binds with high affinity to
Cu(II),80,81 potentially inhibiting protein aggregation and ROS
generation by competitively sequestering Cu(II) and blocking its
interaction with a-Syn. In contrast, deferiprone—a bidentate
ligand capable of crossing the blood–brain barrier—primarily
targets Fe3+/Cu2+ homeostasis both intracellularly and
extracellularly.82–84 Although it has demonstrated clinical
potential for PD treatment,85 its precise molecular mechanisms
remain incompletely understood. These characteristics provide
both a theoretical rationale and a practical reason for
researching these two compounds.

In this study, DTPA and deferiprone were selected as model
compounds for drug screening. Their electrochemical proper-
ties were rst characterized on our screening platform, followed
by efficacy classication using the screening model and
preliminary pharmacological validation. We applied our devel-
oped LDA algorithm-based drug screening model for a-Syn to
classify the pharmacological effects of candidate small-
molecule drugs with unknown efficacy. Specically, for the
Cu(II)-treated a-Syn-modied electrodes, we further co-
incubated them with either DTPA or deferiprone. The elec-
trodes were then tested before and aer small-molecule treat-
ment to obtain the corresponding ECL/CV signals.

Analysis of the synchronously acquired ECL/CV signals
revealed that both small-molecule treatments reduced the Ipa to
approximately 1.05 V in the CV measurements, with DTPA
7570 | Chem. Sci., 2026, 17, 7560–7574
treatment resulting in a more pronounced reduction trend.
With respect to the ECL signals, the two candidate drugs
exhibited divergent effects: DTPA treatment increased
(restored) the ECL signals, whereas deferiprone had no signif-
icant effect on the ECL intensity (Fig. 8B). When the derived
parameters E0 and I'pa were input into our drug screening
model, the LDA scatter plot demonstrated distinct clustering
patterns (Fig. 5C). Deferiprone showed closer proximity to the
“removal of ROS (2)” category, whereas DTPA was positioned
closer to the “dual effect (3)” cluster. This spatial distribution
might correspond to their pharmacological proles: deferipr-
one might primarily exhibit anti-ROS efficacy, whereas DTPA
likely possesses dual functionality.

To conrm that the small-molecule drugs DTPA and
deferiprone, identied through our pharmacodynamic
screening model, exhibit efficacies consistent with the model
predictions, we employed TEM and an mCherry-a-Syn cell line
to evaluate the ability of these drugs to mitigate aggregation and
remove ROS. Compared with incubation with Cu(II) alone
(Fig. 9A, panel a), addition of DTPA signicantly reduced
protein aggregation, resulting in smaller aggregate sizes
(Fig. 9A, panel b). In contrast, incubation with Cu(II) and
deferiprone altered the protein aggregation morphology but did
not substantially alleviate aggregation (Fig. 9A, panel c).

Next, cells expressing mCherry-a-Syn were incubated with
either 15 mMCu(II) alone or 15 mMCu(II) + 15 mM small-molecule
drugs. We rst evaluated the effects of both compounds on
cytotoxicity (Fig. 9B). The results demonstrated that DTPA and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) TEM images of a-Syn incubationwith (a) Cu(II) alone, (b) Cu(II) + DTPA and (c) Cu(II) + deferiprone, respectively. (B) Cell viability assessed
by an MTT assay in which mCherry-a-Syn-expressing HeLa cells were incubated with buffer (i.e., control, CTRL), Cu(II), Cu(II) +DTPA, and Cu(II) +
deferiprone, respectively (n = 4). *P # 0.05; **P # 0.01 (t test). (C) Intracellular ROS generation in mCherry-a-Syn-expressing HeLa cells
visualized by confocal microscopy. DCFH-DA staining shows cells incubated with (a) buffer control, (b) Cu(II), (c) Cu(II) + DTPA, and (d) Cu(II) +
deferiprone. (D) Confocal fluorescence microscopy images of mCherry-a-Syn-expressing HeLa cells treated with (a) Cu(II) alone, (b) Cu(II) +
DTPA, and (c) Cu(II) + deferiprone, demonstrating the differential effects of small-molecule drugs on a-Syn − Cu(II) aggregation.
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deferiprone markedly restored cell viability. Compared with the
Cu(II)-only control group (76.7 ± 1.7%), viability increased to
120.8 ± 18.2% and 109.1 ± 23.0%, respectively, ranking among
the highest-performing compounds in our screening.

Confocal microscopy revealed that both DTPA and
deferiprone reduced the area and number of bright mCherry-a-
Syn aggregate foci in cells compared with those in the untreated
control, with DTPA exhibiting superior efficacy (Fig. 9D). This
observation aligns with the positions of the DTPA and
deferiprone in the LDA scatter plot (Fig. 5C). Notably, DTPA
clustered closer to the “dual effect (3)” group, indicating that
our screening model effectively distinguished its anti-
aggregation potency from that of deferiprone.

Additionally, intracellular ROS scavenging/inhibition by
these drugs was assessed using a DCFH-DA probe (Fig. 9C).
© 2026 The Author(s). Published by the Royal Society of Chemistry
Confocal imaging revealed signicantly less uorescence in
both treatment groups than in the Cu(II)-exposed groups, con-
rming the suppression of ROS production.
Conclusions

This study developed an innovative dual-mode signal platform
for the simultaneous screening of small-molecule drugs that
target both protein aggregation and ROS generation. By moni-
toring dual pathological features of a-Syn aggregation through
synchronously acquired ECL and CV signals in a single test and
employing machine learning algorithms (LDA/HCA) as analyt-
ical aids, this antibody-free system successfully achieved intel-
ligent drug efficacy classication using a-Syn interfaces. The
platform demonstrated marked efficiency, reducing the
Chem. Sci., 2026, 17, 7560–7574 | 7571
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analysis time from several days to mere hours while enabling
real-time monitoring of both the progression of protein aggre-
gation and the production of ROS. Aer cellular-level validation,
the model was applied to preliminarily assess and subsequently
conrm the therapeutic effects of two previously unreported
small-molecule compounds (DTPA and deferiprone) in allevi-
ating metal-induced a-Syn aggregation and accompanying ROS
production.

This integration of electrochemical sensing with machine
learning established a rapid and cost-effective screening tool,
highlighting the synergistic pathogenic role of metal ions and
oxidative stress in neurodegenerative pathologies. The plat-
form's unique ability to simultaneously track dual pathological
features in a single measurement represents a signicant
advance over conventional single-parameter detection
methods. Its modular design could be readily adapted to study
other pathological marker proteins (such as amyloid-b peptide
and tau in Alzheimer's disease or huntingtin in Huntington's
disease), offering broad application prospects in the eld of
NDs.
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V. Muronetz, T. Haertlé and A. A. Saboury, Sci. Rep., 2023,
13, 5275.
Chem. Sci., 2026, 17, 7560–7574 | 7573

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08658b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 9
:2

3:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
72 W. Poewe, K. Seppi, C. M. Tanner, G. M. Halliday,
P. Brundin, J. Volkmann, A.-E. Schrag and A. E. Lang, Nat.
Rev. Dis. Primers, 2017, 3, 17013.

73 S. Zhao, B. Zhang, J. Yang, J. Zhou and Y. Xu, Nat. Rev.
Methods Primers, 2024, 4, 70.

74 Y. Shen, Y. Huang, P. Zhang, B. Guo, H. Jiang, C. Tan and
Y. Jiang, ACS Appl. Bio Mater., 2020, 3, 5639–5643.

75 V. Borghesani, B. Alies and C. Hureau, Eur. J. Inorg. Chem.,
2018, 2018, 7–15.

76 C. Esmieu, G. Ferrand, V. Borghesani and C. Hureau, Chem. -
Eur. J., 2021, 27, 1777–1786.

77 D. Pramanik, C. Ghosh, S. Mukherjee and S. G. Dey, Coord.
Chem. Rev., 2013, 257, 81–92.

78 K. Reybier, S. Ayala, B. Alies, J. V. Rodrigues, S. Bustos
Rodriguez, G. La Penna, F. Collin, C. M. Gomes, C. Hureau
and P. Faller, Angew. Chem., 2016, 128, 1097–1101.

79 S. Ray, N. Singh, R. Kumar, K. Patel, S. Pandey, D. Datta,
J. Mahato, R. Panigrahi, A. Navalkar, S. Mehra, L. Gadhe,
7574 | Chem. Sci., 2026, 17, 7560–7574
D. Chatterjee, A. S. Sawner, S. Maiti, S. Bhatia, J. A. Gerez,
A. Chowdhury, A. Kumar, R. Padinhateeri, R. Riek,
G. Krishnamoorthy and S. K. Maji, Nat. Chem., 2020, 12,
705–716.

80 J. Wang, H. Guan, Q. Liang and M. Ding, Composites, Part B,
2020, 198, 108248.

81 U. Muller-Eberhard, M. E. Erlandson, H. E. Ginn and
C. H. Smith, Blood, 1963, 22, 209–217.

82 Z. I. Cabantchik, A. Munnich, M. B. Youdim and D. Devos,
Front. Pharmacol, 2013, 4, 167.

83 Y.-S. Sohn, A.-M. Mitterstiller, W. Breuer, G. Weiss and
Z. I. Cabantchik, Br. J. Pharmacol., 2011, 164, 406–418.

84 A. M. Fredenburg, R. K. Sethi, D. D. Allen and R. A. Yokel,
Toxicology, 1996, 108, 191–199.

85 S. Ayton, M. Woodward, K. A. Ellis, Y. Y. Lim, P. T. Maruff,
P. M. Desmond, O. Salvado, A. Fazlollahi, C. C. Rowe,
L. Churilov, A. I. Bush and D. T. Investigators, Alzheimer's
Dementia, 2020, 16, e044107.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08658b

	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA

	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA

	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA
	Machine learning-assisted screening of small-molecule drugs for suppressing protein aggregation and ROS generation based on ECL and CV dual-mode signals amplified by DNA


