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electrochemical biosensor for
sensitive Ab aggregation monitoring and
Alzheimer's disease drug screening
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Alzheimer's disease (AD) is an irreversible neurodegenerative disorder driven by the abnormal aggregation

of b-amyloid (Ab) into oligomers, fibrils, and plaques. Current therapeutic strategies primarily alleviate

symptoms but struggle to prevent aggregation due to the dynamic nature of Ab species and prolonged

drug development cycles. Sensitive and real-time monitoring of Ab structural transitions is therefore

essential for understanding disease progression and evaluating potential inhibitors. In this study, we

developed a ZIF-8-modified electrochemical biosensor capable of translating Ab42 conformational

changes into quantifiable current signals, providing a promising platform for monitoring dynamic

aggregation. The aggregation behavior of Ab42 was systematically characterized using dynamic light

scattering (DLS), electrochemical measurements, and Thioflavin T (ThT) fluorescence combined with

ultrafiltration. A critical transition from the lag to the growth phase was observed at 24 h, with

aggregates exceeding ∼60 nm undergoing irreversible fibrillization. The ZIF-8-modified electrochemical

sensor detected early-stage structural rearrangements with superior sensitivity compared to

conventional ThT fluorescence, revealing subtle oligomer formation. Quantitative current measurements

allowed continuous monitoring of aggregation kinetics, highlighting the temporal resolution of the

platform. Validation experiments with curcumin treatment demonstrated strong inhibitory effects

between 18 and 24 h, delaying fibrillization, reducing late-stage b-sheet accumulation, and decreasing

aggregate size by approximately 25%. In addition, the sensor successfully distinguished minor differences

in structural transitions under varying inhibitor concentrations, demonstrating its capability for high-

resolution, real-time assessment of aggregation dynamics and drug efficacy. This ZIF-8-modified

electrochemical biosensor provides high-sensitivity, dynamic monitoring of Ab42 aggregation and drug-

induced inhibition, offering a valuable tool for mechanistic studies of protein aggregation pathology. By

enabling early detection of structural transitions and real-time evaluation of inhibitors, this platform has the

potential to accelerate therapeutic screening and improve the development of effective interventions for AD.
1. Introduction

As global populations age, Alzheimer's disease (AD) has become
a pressing public health challenge, with the World Alzheimer
Report projecting 139 million dementia cases worldwide by
2050.1 AD manifests as progressive memory loss, cognitive
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impairment, and behavioral changes, oen accompanied by
neuropsychiatric symptoms, placing signicant burdens on
patients and healthcare systems.2 The disease's hallmarks
include extracellular beta-amyloid (Ab) plaques and intracel-
lular neurobrillary tangles formed by hyperphosphorylated tau
protein 2. These misfolded proteins act synergistically, driving
synaptic dysfunction, neuroinammation, and neural network
disruption, with oxidative stress and inammatory pathways
implicated in their formation.3 Elucidating Ab aggregation
dynamics is essential for understanding AD's neurodegenera-
tive progression and developing effective therapeutics.

Ab aggregation is a complex, multistep process involving
transitions from monomers to soluble oligomers, protobrils,
and insoluble brils. Soluble oligomers and protobrils, rather
than mature brils, are now recognized as the primary neuro-
toxic species, disrupting neuronal function through mecha-
nisms such as membrane pore formation, calcium
RSC Adv., 2026, 16, 20855–20865 | 20855
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dysregulation, and aberrant interactions with receptors like
NMDAR and PrPc.4–6 The aggregation follows a sigmoidal
kinetic prole, with primary nucleation initiating oligomer
formation, followed by rapid bril elongation and secondary
nucleation that amplies toxic species.7,8 Off-pathway oligo-
mers, which are structurally stable, exhibit signicant neuro-
toxicity, underscoring the need for sensitive detection methods
to capture these early intermediates.9,10 However, detecting
these dynamic, heterogeneous species remains challenging due
to their transient nature and structural diversity.

Thioavin T (ThT) uorescence assays are a standard tool for
monitoring Ab aggregation, leveraging their sensitivity to b-
sheet structures in brils.11,12 Yet, ThT is less effective at
detecting early oligomeric species and cannot distinguish
aggregate size or morphology, limiting its ability to fully char-
acterize aggregation dynamics.13 To address these shortcom-
ings, this study introduces a Zeolitic Imidazolate Framework-8
(ZIF-8)-modied electrochemical biosensing platform for real-
time monitoring of Ab conformational changes across mono-
mers, oligomers, and brils. Among various metal–organic
frameworks (MOFs), ZIF-8 was specically selected as the
sensing platform due to its exceptional chemical stability in
aqueous environments and superior biocompatibility
compared to carboxylate-based MOFs.14 Unlike many MOFs that
undergo rapid hydrolysis, the strong coordination between zinc
ions and imidazolate ligands in ZIF-8 ensures structural integ-
rity during prolonged incubation in physiological buffers.15

Furthermore, ZIF-8 possesses a high surface area and well-
dened microporosity, which facilitates the effective entrap-
ment of biomolecules while minimizing non-specic adsorp-
tion. Recent studies have shown that the strategic integration of
MOF-based materials, such as bimetallic Co@Ni-MOFs, can
signicantly enhance charge-transfer efficiency and provide
robust electrochemical stability.16 Qin et al. further demon-
strated the versatility of ZIF-8 by developing dual-mode sensors
that exploit the competitive coordination between Zn2+ ions and
Ab species, achieving a broad detection range of 10−5–102 mM
with a limit of detection (LOD) of 0.5 mM. Their results highlight
the capability of ZIF-8-based platforms to sensitively detect trace
amounts of Ab.17 By leveraging these advantageous properties,
ZIF-8 provides a stable scaffold for Ab interaction, enabling
high-sensitivity monitoring of the complex protein aggregation
process.

By translating structural transitions into quantiable current
signals, our ZIF-8 platform exploits high surface area and effi-
cient biomolecule immobilization to achieve high selectivity
and sensitivity. The system also facilitates screening of thera-
peutic candidates, such as curcumin, which inhibits Ab aggre-
gation and promotes non-toxic oligomers through non-covalent
interactions.18,19 Validated with curcumin, the platform yielded
distinct dynamic responses, demonstrating its potential as
a robust tool for early-stage drug discovery and mechanistic
studies of AD. This approach offers a promising translational
strategy for identifying novel AD therapeutics and accelerating
drug development timelines.
20856 | RSC Adv., 2026, 16, 20855–20865
2. Materials and methods
2.1. Chemicals

2-Methylimidazole, zinc nitrate hexahydrate, potassium hexa-
cyanoferrate (II) (K4[Fe(CN)6]), potassium hexacyanoferrate (III)
(K3[Fe(CN)6]), potassium chloride, and curcumin (98%) were
purchased from Sigma-Aldrich (Darmstadt, Germany).
Phosphate-buffered saline (1× PBS) was obtained from Fisher
Scientic (Waltham, MA, USA). Dimethyl sulfoxide (DMSO,
99.9%) was purchased from JT Baker (Radnor, PA, USA). Thio-
avin T (ThT, 95%) was purchased from Acros Organics (Geel,
Belgium). 1,1,1,3,3,3-Hexauoro-2-propanol (HFIP, 98%) was
obtained fromMatrix Scientic (Columbia, SC, USA). Human b-
amyloid 1–42 peptide (DA-42, lyophilized powder, purity
96.45%) was purchased from Abcam (Cambridge, UK).
2.2. Instruments

Electrochemical measurements were performed using a Palm-
sens 4 electrochemical station (Palmsens, Netherlands) with
screen-printed carbon electrodes (SPCE, TE100, Zensor, Tai-
wan). Dynamic light scattering (DLS) was carried out with an
Anton Paar Litesizer 700 (Austria). Fluorescence measurements
were obtained using a spectrometer (RF-6000, Shimadzu,
Japan). An orbital shaker (TS-500D, Yihder, Taiwan) was used
for incubating the samples. For purication, Microsep Advance
centrifugal devices (10 K Omega, Pall Corporation, USA) were
employed. The morphology of the samples was observed using
a eld-emission scanning electron microscope (FE-SEM, JSM-
7401F, JEOL Ltd, Tokyo, Japan) operated at 5 kV with
a working distance of 6 mm. Functional group composition was
performed using FTIR-4600 Fourier-transform infrared spec-
troscopy (FTIR) from JASCO Corporation (Tokyo, Japan).
2.3. Preparation of Ab monomers

Lyophilized Ab42 (1.5 mg) was dissolved in HFIP to a nal
concentration of 1 mg mL−1 and incubated overnight at 4 °C to
ensure complete monomerization. The solution was then
purged with nitrogen and vacuum-dried, leaving a transparent
peptide lm on the inner wall of the Eppendorf tube. This lm
was redissolved in 2.2 mMDMSO to 0.5 mgmL−1 and sonicated
for 10 min. Aer centrifugation (10 000 rpm, 5 min, 4 °C) to
remove insoluble aggregates, the supernatant was collected and
diluted with 1× PBS to prepare a 100 mM Ab42 stock solution. 10
mM Ab42 was freshly prepared in 1× PBS before experiments,
while aliquots of the remaining solution were stored at −20 °C
and used within two weeks.
2.4. Time-dependent incubation and fractionation of Ab42

Eight tubes of Ab42 solution were incubated at 37 °C for 0, 12, 18,
24, 30, 36, 42, and 48 h. At each time point, 2–4 mL of solution
was transferred into a 10 kDa MWCO ultraltration centrifugal
device and centrifuged at 6690 rpm for 30–40 min at 4 °C. The
ultraltration device enables rapid sample processing under
mild conditions, preserving protein activity and conformation.
Following centrifugation, the supernatant (macromolecular
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of ZIF-8 particles: (a) freshly prepared and (b) after
storage for 1 day post-synthesis.
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species) and ltrate (low-molecular-weight components) were
collected separately for subsequent experiments.

2.5. Time-dependent incubation and fractionation of
curcumin-Ab42

For curcumin-treated samples, 10 mM curcumin was added
aer incubation, followed by another 24 h incubation at 37 °C.
The samples were then processed using 3 kDa MWCO ultra-
ltration devices (4 °C, 5000 rpm, 30 min) to remove free
curcumin. Subsequent purication and fractionation were
performed as in Section 2.4.

2.6. ZIF-8 synthesis

A 2.5 M 2-methylimidazole solution and a 25 mM zinc nitrate
solution were prepared in deionized water. The two solutions
were rapidly mixed and shaken at room temperature (105 rpm)
for 30 min. The resulting milky suspension was centrifuged at
6000 rpm for 5 min, and the pellet was washed twice with
deionized water. The obtained ZIF-8 nanoparticles were used
immediately aer synthesis.

2.7. Electrode preparation and electrochemical
measurements

The SPCE was rst rinsed with deionized water and dried. 3 mL
of ZIF-8 (1 mg mL−1) suspension was drop-cast onto the
working electrode surface, evenly spread, and then dried under
a fume hood for 30 minutes. Subsequently, 20 mL of pretreated
Ab42 solution was drop-cast onto the WE and incubated at room
temperature for 30 min. The electrode was then rinsed with 1×
PBS and dried before electrochemical tests.

The potential window of differential pulse voltammetry
(DPV) was set from −1.0 to 1.0 V, with a step size of 0.01 V.
Pulses were applied with an amplitude of 50 mV and a duration
of 0.1 s, and the scan rate was maintained at 5 mV s−1. The
electrochemical impedance spectroscopy (EIS) conditions
included a direct current potential (Edc) of 0.2 V, alternating
current amplitude (Eac) of 0.05 V, a frequency scan type, 40
frequencies (6.8 per decade), a maximum frequency of 80
000 Hz, and a minimum frequency of 0.2 Hz.

2.8. Dynamic light scattering (DLS) and uorescence
measurements

Ab42 solutions were incubated at 37 °C for designated time
points (0–48 h). For DLS analysis, particle size distribution and
aggregation were measured with 3 mL of sample in triplicate at
25 °C. For uorescence measurements to monitor Ab42 aggre-
gation kinetics, 3 mL aliquots—with or without 10 mM curcu-
min—were mixed with 20 mM ThT at a 1 : 19 volume ratio and
protected from light.

3. Results and discussions
3.1. Characterization of ZIF-8 and modied electrodes

ZIF-8, which has the sodalite topology, typically forms truncated
rhombic dodecahedra with hexagonal facets.20 Freshly prepared
© 2026 The Author(s). Published by the Royal Society of Chemistry
ZIF-8, as shown in Fig. 1(a), appeared densely and uniformly
distributed, though some regions showed higher particle
density. Most particles exhibit well-dened polyhedral
morphologies with sharp edges and, in some cases, distinct
hexagonal shapes. In contrast, Fig. 1(b) reveals blurred edges
aer restoration, less distinct morphologies, and an increase in
particle size (0.331–0.505 mm), indicating instability in deion-
ized water that may cause precipitation over time. Such effects
are strongly inuenced by solvent choice and precursor ratios
during synthesis.21,22 Therefore, freshly prepared ZIF-8 synthe-
sized in deionized water under the optimized formulation was
used for subsequent experiments.

FTIR was applied to investigate the formation of ZIF-8.
Analysis of ZIF-8 revealed an adsorption band at 1575 cm−1

(C]N stretch) and two additional bands at 1422 cm−1 and
996 cm−1 (C–N stretch) (Fig. 2(a)), which are identical to those
reported in previous research.23 EIS conrmed the successful
modication of ZIF-8 on the electrode surface. Compared with
the bare electrode, the ZIF-8-modied electrode showed a slight
increase in resistance (Fig. 2(b)), which did not affect the
sensitivity of subsequent protein dynamics measurements.
3.2. Time-dependent size evolution and heterogeneity of
Ab42 aggregates

Previous studies with highly oriented pyrolytic graphite (HOPG)
electrodes showed that electroactive residues, such as Tyr10,
produce an oxidation signal near +0.6 V.24,25 However, reliance
on natural peptide adsorption oen causes overlap with the
oxygen signal at +0.8 V, making the measurements prone to
background interference and highly dependent on strict sample
and electrode preparation. To address these issues, this study
employed a ZIF-8-modied SPCE, which offers stable adsorp-
tion across Ab42 conformations, minimizes background inter-
ference, and facilitates real-time monitoring of aggregation
dynamics.

Fig. 3(a) and (b) indicate the relationship between the incu-
bation time and the DPV curves. With increasing incubation
time, the oxidation peak current near 0 V for Ab42 decreased
from 14.554 mA at 0 h to 11.859 mA at 48 h, with all relative
standard deviations (RSDs) remaining below 8%. This decline
reects the reduction of monomers and low-order oligomers, as
larger aggregates form. During this process, the aggregated Ab42
structures form a thicker and more continuous insulating
protein layer on the electrode surface. This dense layer reduces
RSC Adv., 2026, 16, 20855–20865 | 20857
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Fig. 2 (a) FTIR spectrum of ZIF-8. (b) Impedance plots for (red) bare electrodes and (black) ZIF-8-modified SPCEs.

Fig. 3 Time-dependent decline of Ab42 peak current: (a) DPV curves and (b) corresponding peak values and error bars.

Fig. 4 Time-dependent particle size distribution of Ab42 measured by
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the electron-transfer efficiency of the charged redox probe
molecules, resulting in a progressive decrease in current as the
degree of aggregation increases.25–27

In contrast, DLS measurements (Fig. 4) revealed a particle
size range of∼100 to >400 nm over 0–48 h, with the average size
at 24 h (411.18 nm) exceeding that at 48 h (235.31 nm). Since
later-stage brillization is expected to yield the largest aggre-
gates, this unexpected trend suggests aggregation heteroge-
neity. Full-width at half maximum (FWHM) values further
support this: the distribution was sharp at 0 h (0 nm), broad-
ened slightly at 12 h (11.19 nm), and became bimodal at 24 h
(58.9 nm), consistent with the coexistence of oligomers and
protobrils. At 48 h, heterogeneity peaked (69.6 nm), reecting
a mixture of diverse aggregate populations.

These ndings reveal that Ab42 aggregation follows hetero-
geneous pathways: some species form large brils with low
electrochemical activity, while others persist as smaller, more
active oligomers. This heterogeneity obscures direct correla-
tions between bulk size and electrochemical response. To
address this, we applied a simple purication strategy using
a 10 kDa MWCO centrifugal device, separating the supernatant
(larger aggregates) from the ltrate (smaller species). This
fractionation enabled size-dependent electrochemical analysis,
providing clearer resolution of aggregation heterogeneity.28
20858 | RSC Adv., 2026, 16, 20855–20865
3.3. Ab42 supernatant analysis

The resulting supernatant, enriched in oligomeric and aggre-
gated species larger than 10 kDa, was analyzed. Fig. 5(a) and (b)
DLS. Size evolution from 0 h to 48 h is 141.17, 75.83, 411.18, and
235.31 nm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Time-dependent decline of Ab42 supernant peak current: (a) DPV curves and (b) corresponding peak values.
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present the DPV current-potential responses and the correlation
between average current values and incubation time. The peak
current was highest at 0 h (13.505 mA), decreased slightly by 12 h
(13.152 mA), and dropped further at 24 h (12.542 mA), reaching
11.27 mA at 48 h, conrming the continuous progression of
aggregation.

During early incubation (0–12 h), oligomeric species pre-
dominated. Ab42 monomers and small oligomers adsorb onto
the ZIF-8, forming a thin and loosely packed protein layer,
which results in higher current responses. As aggregation
progresses, the formation of larger assemblies increases steric
hindrance and reduces diffusion, thereby impeding the
approach of the [Fe(CN)6]

3−/4− redox probe and further
restricting electron transfer, leading to a decrease in current
intensity.24,26,27

Notably, Fig. 5(b) exhibits a pronounced increase in the error
bar at 24 h. This time point corresponds to the critical nucle-
ation phase of Ab42 aggregation, during which species with
diverse sizes and conformations coexist, resulting in maximal
heterogeneity.29 At this stage, the supernatant displayed
substantial variability: in some replicates, electroactive oligo-
meric species with relatively high surface accessibility pre-
dominated, whereas in others, larger post-nucleation
Fig. 6 Time-dependent particle size distribution of Ab42 supernatant me
83.72, and 92.98, and (b) 30 h to 48 h is 108.03, 188.80, 286.10, and 416

© 2026 The Author(s). Published by the Royal Society of Chemistry
aggregates were more prevalent. Once the nucleation threshold
was exceeded, stochastic uctuations in aggregate composition
and size became apparent, leading to reduced reproducibility of
the DPV current and enlarged error bars—characteristic
features of the critical aggregation phase. Although the absolute
differences in DPV peak currents are moderate and accompa-
nied by increased variability at specic time points, the plat-
form consistently captures aggregation-dependent trends and
reliably identies the critical transition phase of Ab42 assembly.

Analysis of the overall trend revealed distinct current
behaviors across three time intervals: 0–24 h (slope = −0.039),
24–36 h (slope = −0.076), and 36–48 h (slope = −0.031). The
most pronounced change occurred during the second interval,
which corresponds to the critical phase of Ab42 oligomer
nucleation and aggregation. This observation is consistent with
the proposed mechanism, in which progressive aggregation
reduces the redox probe's accessibility to the electrode surface,
thereby attenuating electron transfer. Supporting this inter-
pretation, DLS measurements exhibited a slope of 0.973 in the
rst interval and a markedly higher slope of 7.985 in the second
interval, indicating accelerated growth and increased hetero-
geneity during the nucleation stage.
asured by DLS. Size (nm) evolution from (a) 0 h to 24 h is 68.69, 79.43,
.13.

RSC Adv., 2026, 16, 20855–20865 | 20859
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The corresponding size averages are summarized in Fig. 6(a)
and (b). In the early stage (0–30 h), the size distribution
remained narrow (68.69–108.03 nm). This phase corresponds to
the lag stage of aggregation, characterized by the presence of
soluble monomers and low-order oligomers undergoing initial
nucleation.28,30,31 These species are generally considered the
most neurotoxic forms, owing to their ability to penetrate cell
membranes or interact with cellular receptors.5,32

In contrast, aer 36 h, a broad peak appeared, marking the
growth phase where nuclei exceeding the critical size drive
rapid aggregation.30,31 By 42–48 h, species >300 nm predomi-
nated, indicating accelerated assembly into large oligomers and
brils,33 highlighting the time-dependent progression of Ab42
aggregation. These larger aggregates, although structurally
stable, are oen less toxic because the surface area available for
direct cellular interactions is reduced.

In summary, the assessment of a candidate compound's
ability to inhibit or promote the degradation of Ab42 aggrega-
tion can be effectively determined by analyzing the changes in
electrochemical current during the 24–36 h incubation window,
as will be further examined in the subsequent curcumin
experiments.

3.4. Ab42 ltrate analysis

DPV analysis was conducted on the ltrate, which contains
molecular species smaller than 10 kDa. Fig. 7(a) and (b) present
the current-potential response and the correlation between
average current and incubation time, respectively. The primary
oxidation peak exhibited a nonlinear “rise-fall” trend: the
current was relatively low at 0 h (11.60 mA), increased at 12 h
(13.73 mA), and reached a maximum at 24 h (14.27 mA). This
biphasic behavior indicates that prior to 24 h, events are
primarily attributed to the dissociation of pre-existing low-
molecular-weight oligomers or unstable aggregates, releasing
more monomers and small oligomers with enhanced confor-
mational exibility and greater exposure of electroactive resi-
dues allow the assemblies to retain greater conformational
exibility and to bind stably to ZIF-8, forming an interface that
facilitates electron transfer of the [Fe(CN)6]

3−/4− redox probe
and thereby enhances the DPV response. In contrast, aer 24 h,
Fig. 7 Time-dependent decline of Ab42 filtrate peak current: (a) DPV cu

20860 | RSC Adv., 2026, 16, 20855–20865
structural reorganization leads to more compact and less
accessible assemblies, which begin to hinder probe diffusion
and consequently reduce electron-transfer efficiency, resulting
in lower currents. In contrast, the supernatant exhibited
a monotonic decline in current, indicating that sub-10 kDa
species in the ltrate serve as critical transitional intermediates
in Ab42 aggregation.

The 24 h time point corresponds to the critical transition
between reversible early-stage dynamics and the irreversible
formation of higher-order assemblies. This stage also coincides
with the heightened heterogeneity and polymorphism observed
in the supernatant, as evidenced by DLS measurements
(Fig. 8(a) and (b)), underscoring its pivotal role in the aggrega-
tion pathway.

Moreover, the results suggest that Ab42 oligomers preferen-
tially adsorb to ZIF-8 due to the exposed functional groups.
Monomers exhibit only partial adsorption, while brils—with
residues largely buried within rigid aggregates—interact mini-
mally with ZIF-8. The higher surface accessibility and dynamic
conformations of oligomers confer a larger effective binding
constant, explaining why DPV signals from certain ltrates may
be lower than those of the corresponding supernatants,
reecting the selective contribution of oligomeric species.34,35

3.5. Analysis of curcumin-mediated structural degradation
in the supernatant

Fig. 9 compares the electrochemical responses of the Ab42-only
system (blue) and the Ab42 + curcumin system (orange), in
which curcumin was removed prior to measurement. The Ab42 +
curcumin system consistently exhibited higher current values
than Ab42 alone, with the most pronounced differences
observed between 12 and 24 h. During this interval, the current
variations were 1.154, 1.909, and 1.264 mA for 12, 18, and 24 h,
respectively, indicating that curcumin most effectively inter-
fered with Ab42 nucleation in this phase. By hindering the
formation of toxic oligomers and brils, curcumin reduced the
complexity and heterogeneity of subsequent aggregation. Aer
24 h, although the current values of the curcumin-treated
system remained higher than the Ab42-only group, its relative
inhibitory effect became less pronounced.
rves and (b) corresponding peak values.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Time-dependent particle size distribution of Ab42 filtrate measured by DLS. Size (nm) evolution from (a) 0 h to 24 h is 57.28, 40.74, 36.70,
and 24.70, and (b) 30 h to 48 h is 35.66, 36.01, 86.76, and 192.66.

Fig. 9 Current difference between (black) Ab42-only and (red) cur-
cumin-Ab42 supernatant.

Fig. 10 Fluorescence intensity difference between (green) Ab42-only
and (orange) curcumin-Ab42 supernatant.
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Comparative validation using DLS, electrochemical, and
uorescence analyses identied 24 h as a critical turning point
in the aggregation process, marking the onset of the growth
phase in Ab42 kinetics. The most pronounced current differ-
ences between 18 and 24 h likely correspond to the transition
from the late lag phase to the early growth phase. In other
words, the 12–18 hour interval should be highlighted as an
“optimal intervention window” for inhibitory compounds, as
the current change from baseline could differentiate the ability
to inhibit core generation. As the aggregation process
approaches 24 h, during which higher drug concentrations or
stronger disaggregation capacity may be required. Moreover,
the enlarged current error suggests that structural complexity
has markedly increased, rendering pharmacological interven-
tion less effective than in the earlier, more stable stage.

These observations are consistent with previous studies
reporting that curcumin exerts its strongest inhibitory effect on
Ab40/42 aggregation within 24 h.36 This activity is generally
attributed to p–p stacking and hydrogen-bonding interactions
© 2026 The Author(s). Published by the Royal Society of Chemistry
between phenolic rings and peptide backbones, which confer
anti-aggregation properties.37 Mechanistically, curcumin can
target b-sheet assemblies in secondary structures, disrupting or
dissociating b-sheets on bril surfaces, thereby reducing bril
stability and blocking elongation. Alternatively, curcumin may
insert into bril structures, perturb their organization, or
induce disorder in peripheral peptide segments, thereby
hindering the recruitment of new Ab monomers.38,39

Fig. 10 shows the ThT uorescence intensity (485 nm) of Ab42
in the supernatant during different incubation times. In the
Ab42-only system, uorescence increased steadily from 1337.76
a.u. at 12 h to 1618.06 a.u. at 48 h, reecting continuous b-sheet
bril formation. In contrast, the Ab42 + curcumin system
showed consistently lower values (1250.48–1336.04 a.u), indi-
cating that curcumin interfered with monomer incorporation
into brils. This early inhibition suppressed b-sheet accumu-
lation at later stages, resulting in a clear divergence in uores-
cence during the 36–48 h, the late aggregation phase.

Combined with electrochemical data, the ThT results
conrm that curcumin delays Ab42 brillization, maintaining
RSC Adv., 2026, 16, 20855–20865 | 20861
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higher electrochemical activity while reducing b-sheet-
associated uorescence.
Fig. 12 Fluorescence intensity difference between (green) Ab42-only
and (orange) curcumin-Ab42 filtrate.
3.6. Analysis of curcumin-mediated structural degradation
in the ltrate

As shown in Fig. 11, for Ab42 ltrate alone, the initial current
was 11.591 mA, gradually increasing from 12 to 24 h, indicative
of dissociation into smaller species, and subsequently declining
aer 30 h, suggesting reaggregation. In the curcumin-treated
ltrates, current values were higher at 12–24 h, with the
maximum variation observed at 18 h, though decreased during
30–36 h, remaining above those of Ab42 alone.

The inhibitory effect of curcumin was most evident between
12 and 30 hours, consistent with trends observed in the
supernatant, particularly the greatest current change at 18
hours.

Fig. 12 presents the ThT uorescence intensity (485 nm)
change. In the Ab42-alone group, uorescence intensity
decreased up to 24 h, suggesting partial structural dissociation,
but rose again from 36–48 h, reecting re-aggregation into short
oligomers rather than large b-sheet brils. In contrast, the Ab42
+ curcumin system consistently exhibited lower uorescence
values, indicating reduced b-sheet formation. Together, these
results show that the ltrates mainly contained monomers and
small oligomers with limited b-sheet content, and that curcu-
min further disrupted b-sheet assembly, thereby hindering the
progression of low-molecular-weight species into higher-order
aggregates.40
3.7. Comparative insights and translational implications

In this study, the time-dependent decrease in DPV peak current
is best explained by the gradual formation of a compact, insu-
lating protein layer on the ZIF-8-modied electrode surface. As
Ab42 assemblies evolve, key electroactive residues, such as Tyr,
His, and Met, become progressively buried within higher-order
Fig. 11 Current difference between (black) Ab42-only and (red) cur-
cumin-Ab42 filtrate.

20862 | RSC Adv., 2026, 16, 20855–20865
aggregates, thereby diminishing their contribution to interfa-
cial electron transfer. Concurrently, DLS measurements show
a marked increase in hydrodynamic size—exceeding 60 nm
aer the critical 24 h transition—which further restricts the
diffusion of larger assemblies to the electrode interface. These
observations are consistent with established protein-lm
electrochemical behavior, where conformational compaction
and reduced surface mobility suppress faradaic responses.
Curcumin intervention provides additional mechanistic
support: samples treated with curcumin exhibit signicantly
higher currents between 18–24 h and reduced ThT uorescence,
indicating attenuated b-sheet formation and less densely
packed surface lms (Fig. 13). Moreover, given prior reports that
ZIF-8 preferentially adsorbs oligomeric Ab species, the
enhanced early-stage signal modulation is likely driven by
selective surface enrichment of aggregation-competent inter-
mediates, which accelerates subsequent physical blocking.
Taken together, these results suggest that the dominant
contributor to current suppression is steric and structural in
nature—arising from the accumulation of compact, diffusion-
limiting aggregates—rather than a mechanism governed
primarily by electrostatic perturbation of the redox probe.

The distinct electrochemical responses of the ltrate (<10
kDa) and supernatant (>10 kDa) arise from differences in size,
secondary structure, and residue accessibility. The ltrate,
enriched in monomers and small oligomers, is structurally
dynamic and adopts random coil or b-turn conformations,
leaving electroactive residues (Tyr10, His6, His13, His14, Met35)
exposed. These species diffuse efficiently to the ZIF-8 electrode
and, owing to higher hydrophobicity, enhance adsorption and
electron transfer. As a result, ltrate currents rise until ∼24
hours, then decline due to higher-order aggregation. In
contrast, the supernatant contains larger oligomers and proto-
brils with b-sheet-rich conformations, in which electroactive
residues are buried and steric hindrance limits electrode
contact, leading to a steady decline in current. This disparity
underscores the ZIF-8 platform's sensitivity to early
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Comparison of the electrochemical and fluorescence results.
Both measurements indicate that effective intervention must occur
before the 24-hour transition point, with the optimal window identi-
fied at 12–18 hours.
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intermediates. Moreover, the supernatant provides a more
reliable monitoring target, as its monotonic current decrease
correlates well with aggregation and allows for clearer
discrimination of drug effects, as demonstrated by curcumin
inhibition. We therefore recommend prioritizing the superna-
tant for future applications, given its stable and discriminative
electrochemical behavior in evaluating Ab42 modulators.

In summary, the ZIF-8-based core–shell platform enables
electrochemical monitoring of Ab42 aggregation by transducing
the peptide's structural evolution into measurable interfacial
electron-transfer changes. While the system can distinguish
different aggregation states, its selectivity toward Ab42 remains
constrained by the nonspecic adsorption and size-dependent
partitioning processes that dominate the current sensing
mechanism. These limitations may hinder reliable operation in
complex biological matrices. To advance this platform toward
more analytically robust applications, integrating dened bi-
orecognition motifs at the ZIF-8 interface will be essential. In
future work, molecular imprinting or other selective recognition
strategies could be incorporated to enhance binding specicity
and selectivity,41 thereby supporting the development of
modular and potentially portable sensing formats.
4. Conclusion

This study demonstrates that the ZIF-8-modied SPCE platform
provides a robust, reproducible, and cost-effective method for
monitoring Ab42 aggregation and evaluating the effects of
inhibitory compounds, such as curcumin. Aggregation exhibits
time-dependent heterogeneity: low-molecular-weight species
dominate early with high electrochemical activity, while larger
aggregates reduce electrode accessibility at later stages. The 24-
hour mark represents a critical transition, with an optimal
intervention window at 12–18 h, during which curcumin effec-
tively delays b-sheet formation and brillization. Unlike
© 2026 The Author(s). Published by the Royal Society of Chemistry
antibody- or aptamer-based biosensors designed for clinical
sample detection, this platform prioritizes rapid and high-
throughput drug screening. SPCE electrodes enable scalability
for array fabrication, and the straightforward synthesis of ZIF-8
ensures reproducibility and consistency, facilitating the explo-
ration of large-scale potential Ab42 oligomer inhibitors.
Together, these features position the platform as a valuable tool
for early-phase drug discovery, which can be integrated with
clinical detection data to accelerate the development of AD
therapeutics.
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