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Abstract: Background: Alzheimer’s disease (AD) progresses silently, with pathological changes such as
amyloid-beta (Aβ) accumulation occurring years before cognitive symptoms emerge. Early intervention
is considered critical to modifying disease progression. However, conventional therapeutics often lack
pathological specificity and cause systemic side effects, highlighting the need for disease-responsive
strategies. Methods: We designed a BACE1-cleavable peptide precursor that self-assembles into
nanofibers in Aβ-rich environments. Enzyme-triggered assembly was characterized using dynamic light
scattering (DLS) and Thioflavin T (ThT) fluorescence. Neuroprotective effects were assessed via MTT
assay and qPCR of inflammatory markers. Results: The responsive peptide formed stable nanostructures
upon BACE1 activation, significantly suppressed Aβ aggregation, improved neuronal viability, and
reduced IL-1β expression. Conclusion: This study validates the use of enzyme-responsive peptide
nanofibers as a selective and multifunctional therapeutic strategy for early intervention in Alzheimer’s
disease, combining disease-environment activation with anti-aggregation, anti-inflammatory, and
cognitive protective effects.
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1. Introduction
Alzheimer’s disease (AD) is the most prevalent form of dementia and poses an escalating global

health challenge, particularly among aging populations. Characterized by progressive cognitive decline
and neurodegeneration, AD has long been associated with the pathological accumulation of amyloid-
beta (Aβ) peptides and hyperphosphorylated tau proteins in the brain [1,2]. Among these, the formation
and deposition of neurotoxic Aβ oligomers and fibrils are considered key early events that initiate
downstream neuroinflammatory cascades and synaptic dysfunction [3,4]. Despite decades of research,
effective clinical treatments for AD remain limited, in part due to the irreversible nature of neuronal
damage once the disease progresses into moderate or advanced stages [5,6]. Consequently, early
intervention strategies that can prevent or attenuate Aβ pathology at its initial stages are of critical
importance for altering disease trajectory [7,8].

Recent diagnostic advances, including cerebrospinal fluid biomarker detection and positron emission
tomography (PET) imaging, have made it possible to identify AD pathology years before the onset
of clinical symptoms [9,10]. This shift toward preclinical diagnosis has opened a therapeutic window
where targeted molecular intervention during the early, asymptomatic stage could potentially delay or
even prevent progression to overt dementia [11,12]. However, delivering therapeutic agents that are
both selective and effective within this early phase remains a formidable challenge [13,14]. Many
conventional small molecules and biologics suffer from poor blood–brain barrier (BBB) penetration,
lack of target specificity, and undesired systemic effects [15,16].

In response to these limitations, supramolecular and biomimetic strategies have emerged as
promising platforms for precision intervention in neurodegenerative diseases [17,18]. Among them,
enzyme-responsive self-assembling peptide systems offer unique advantages, combining structural
modularity, disease-specific activation, and biocompatibility [19,20]. These systems are designed to
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remain dormant under physiological conditions but undergo controlled structural transitions in the
presence of pathological enzymatic cues—such as BACE1, a β-secretase enzyme upregulated in the
early stages of AD [21,22]. Upon enzymatic cleavage, the precursor peptide transforms into a self-
assembling motif, forming nanofibrous structures that can selectively localize and neutralize toxic Aβ

species [23,24].
The dynamic, in situ self-assembly of peptide nanofibers provides multiple functional benefits:

(1) they can physically entrap soluble Aβ oligomers and inhibit fibrillogenesis; (2) the assembled
structures can form a local protective matrix that attenuates microglial activation and proinflammatory
signaling; and (3) the selective activation mechanism ensures minimal off-target effects in healthy
tissues. Importantly, such responsive systems provide both spatial and temporal precision—activating
only where and when pathological conditions arise.

In this study, we developed a BACE1-cleavable peptide that assembles into nanofibers specifically in
Aβ-rich environments and evaluated its therapeutic potential across multiple levels. We first confirmed
enzyme-specific self-assembly and aggregation inhibition in vitro via DLS and ThT fluorescence
assays. We then demonstrated neuroprotection in cultured neuronal cells exposed to Aβ. Furthermore,
we validated anti-inflammatory efficacy through qPCR analysis of IL-1β expression. Collectively,
these results suggest that pathology-triggered peptide assembly represents a powerful early-stage
therapeutic strategy, offering molecular precision, and multifunctional activity for the treatment of
Alzheimer’s disease.

2. Materials and methods
2.1. Peptide synthesis and characterization

The enzyme-responsive peptide was designed to contain a BACE1-recognizable sequence flanked
by self-assembling motifs. Peptides were synthesized via standard solid-phase peptide synthesis (SPPS)
using Fmoc chemistry (GL Biochem, Shanghai, China). The crude products were purified by reverse-
phase high-performance liquid chromatography (HPLC), and identity was confirmed by MALDI-TOF
mass spectrometry.

2.2. Peptide sequence and characterization
The amino acid sequence of the responsive peptide is:
Ac-KLVFFAEISEVKMKLVFFAE-NH2, where “ISEVKM” serves as the BACE1-cleavable site

flanked by the Aβ-derived self-assembly sequences “KLVFFAE”. The calculated average molecular
weight (including N-terminal acetylation and C-terminal amidation) is **2263.6 Da**, as estimated
using the Expasy Compute pI/Mw tool: contentReference[oaicite:8]{index=8}. The peptide was synthe-
sized via Fmoc-SPPS, purified to >95 % purity (analytical HPLC, Figure A1), and its identity confirmed
by MALDI-TOF MS (calcd. = 2263.6 Da; found = 2263.4 Da, Figure A2).

2.3. Enzyme-triggered self-assembly assay
Peptides (1 mg/mL) were dissolved in phosphate-buffered saline (PBS, pH 7.4) and incubated with

or without BACE1 (human recombinant BACE1, PeproTech, #150-66, 10 U/mL) or a control enzyme
(trypsin, bovine pancreas, Sigma-Aldrich, #T1426, 10 U/mL) at 37◦C. After 24 h, assembly behavior
was evaluated by dynamic light scattering (DLS; Malvern Zetasizer Nano ZS). Scattering intensity was
measured to quantify aggregation.

2.4. Kinetics of assembly by DLS
To monitor time-dependent assembly, peptide solutions were mixed with BACE1 and immediately

loaded into disposable cuvettes. DLS measurements were performed every hour for 24 h. Hydrodynamic
diameter values were collected and plotted to assess assembly kinetics.
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2.5. Aβ aggregation inhibition assay (ThT Fluorescence)
Aβ1–42 peptide (Sigma) was dissolved in HFIP and dried into a film, then re-dissolved in DMSO

and diluted to 50 μM in PBS. Peptides (inert or responsive) were added at a 2:1 molar ratio. After 24
h incubation at 37◦C, Thioflavin T (ThT, final 20 μM) was added. Fluorescence intensity (excitation
440 nm, emission 485 nm) was measured with a microplate reader (BioTek Synergy H1).

2.6. Cell culture and viability assay
Mouse neuroblastoma Neuro-2a cells were cultured in DMEM (Gibco) with 10% FBS and 1%

penicillin-streptomycin at 37◦C with 5% CO2. Cells were seeded in 96-well plates (1 × 104 cells/well)
and treated with Aβ1–42 (20 μM), with or without peptide formulations. After 24 h, cell viability
was assessed using MTT assay. Absorbance at 570 nm was measured and normalized to control. MTT
reagent was obtained from Abcam (#ab211091). DMEM, FBS, and antibiotics were purchased from
Gibco (Thermo Fisher Scientific, Waltham, MA, USA)

2.7. Inflammatory cytokine analysis (qPCR)
After treatment as above, total RNA was extracted from cells using TRIzol reagent (Invitrogen).

cDNA was synthesized with a reverse transcription kit (Takara). Quantitative PCR was performed
with SYBR Green Master Mix (Bio-Rad) for IL-1β and GAPDH. Relative expression was calculated
using the 2–��Ct method, normalized to GAPDH. TRIzol reagent (Invitrogen, #15596018) and SYBR
Green Master Mix (Bio-Rad, #1725121) were used according to manufacturer protocols. Primers were
synthesized by Tsingke Biotechnology (Beijing, China)

2.8. Statistical analysis
Data were presented as mean ± standard deviation. One-way ANOVA followed by Tukey’s post hoc

test was used for multiple group comparisons. p < 0.05 was considered statistically significant.

3. Results
As is shown in Figure 1, the designed peptide precursor remains inactive under physiological

conditions but undergoes structural transition into nanofibers upon enzymatic cleavage, particularly in
Aβ-rich environments. This transition facilitates local assembly of a supramolecular network capable of
interacting with amyloid species. As shown in Figure A1, the HPLC chromatogram exhibited a single
dominant peak at ~18.3 min, accounting for over 95% of the total integrated area, with only minimal
secondary peaks observed, indicating high chemical purity of the peptide preparation. In Figure A2,
the MALDI-TOF MS spectrum displayed a sharp molecular ion peak at m/z = 2263.6, which matches
the calculated molecular weight of the peptide. Several minor peaks were present in the spectrum,
corresponding to low-abundance fragments or adducts, further supporting successful synthesis and
structural integrity.

In Figure 2, the peptide showed low baseline scattering intensity without enzymatic activation.
Upon treatment with a control enzyme, only a slight increase in intensity was observed. In con-
trast, BACE1 enzyme triggered a marked rise in scattering signal, consistent with the formation of
supramolecular assemblies.

Upon exposure to BACE1 enzyme, the hydrodynamic diameter of peptide assemblies progressively
increased from ~10 to ~150 nm within 24 h. The growth curve exhibited a sigmoidal pattern, suggesting
a nucleation–growth–saturation sequence typical of supramolecular assembly. After 24 h, the self-
assembled peptide exhibited an average hydrodynamic diameter of 137.2 ± 13.0 nm, as determined
by DLS.
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Figure 1. Schematic illustration of enzyme-responsive self-assembling peptide nanofibers for early
intervention in Alzheimer’s disease. Upon administration, the designed peptide is recognized and
cleaved by Aβ-associated enzymes, triggering in situ nanofiber self-assembly. The resulting nanofibers
neutralize Aβ aggregates and exert neuroprotective effects

Figure 2. Scattering intensity of peptide solutions under different enzymatic conditions. The responsive
peptide exhibits significantly enhanced scattering intensity in the presence of BACE1 enzyme, indicating
pronounced self-assembly behavior, while minimal signal is observed in the absence of enzyme or under
control enzyme treatment

A corresponding size distribution histogram (Figure 3, right) revealed a unimodal profile with
moderate dispersion, and the calculated polydispersity index (PDI) was 0.21 ± 0.03, indicating the
formation of relatively homogeneous nanostructures.

The Aβ-only group exhibited strong ThT fluorescence, indicating robust fibrillar aggregation, shown
in Figure 4. Co-incubation with the inert peptide resulted in only a slight reduction in signal. In contrast,
treatment with the responsive peptide led to a marked decrease in fluorescence intensity, suggesting
substantial inhibition of Aβ fibril formation.

As shown in Figure 5, in the presence of Aβ, cell viability dropped to ~40% of the control, indicating
substantial cytotoxicity. Treatment with the inert peptide offered modest protection, raising viability to
~55%. However, the responsive peptide significantly rescued cell viability to ~85%, approaching levels
seen in untreated controls.
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Figure 3. Time-dependent increase in hydrodynamic diameter of the peptide solution after BACE1
enzyme treatment, as measured by DLS. The particle size increased rapidly within the first 12 h and
plateaued thereafter, indicating completion of self-assembly. Histogram of size distribution at 24 h shows
a unimodal peak with an average diameter of 137.2 nm and a moderate spread, confirming uniform
nanostructure formation

Figure 6: Compared to the control group, Aβ treatment alone induced a ~3.5-fold increase in IL-1β
expression. Co-incubation with the inert peptide resulted in a moderate reduction (~2.8-fold), while the
responsive peptide group showed a near-baseline expression (~1.4-fold), indicating strong suppression
of the inflammatory response.

To further validate the enzyme-responsive nature of the peptide, HPLC analysis was conducted
before and after incubation with BACE1. As shown in Figure 7, the major peak corresponding
to the intact precursor (Rt = 18.3 min) was substantially reduced following enzymatic treatment.
Simultaneously, two new peaks appeared at earlier retention times (Rt = 11.2 and 13.7 min), consistent
with the expected cleavage products. These findings support the hypothesis that the BACE1 enzyme
cleaves the ISEVKM recognition site within the peptide, triggering self-assembly via fragment exposure.
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Figure 4. Thioflavin T (ThT) fluorescence intensity of Aβ solutions with or without peptide treatments.
The presence of the responsive peptide significantly suppressed Aβ aggregation, as indicated by reduced
ThT fluorescence, while the inert peptide showed limited effect. Data reflect mean fluorescence intensity
after 24 h incubation

Figure 5. Cell viability (%) of neuronal cultures treated with Aβ and different peptides, measured by
MTT assay. The responsive peptide markedly improved cell survival compared to Aβ alone or Aβ with
inert peptide, indicating effective neuroprotection

4. Discussion
This strategy shown in Figure 1 leverages pathological enzyme activity for targeted self-assembly of

functional nanofibers. By restricting activation to disease-relevant microenvironments, off-target effects
are minimized. The formed nanostructures not only physically entrap Aβ but may also modulate local
immune responses, providing a multifaceted approach to early neuroprotection in Alzheimer’s disease.

Figure 2 demonstrates that the peptide self-assembly is specifically triggered by BACE1, a key
enzyme involved in amyloid precursor protein cleavage. The strong scattering response reflects the
formation of larger peptide nanostructures, validating the enzyme-responsiveness and selectivity of the
design. This selective assembly mechanism ensures activation predominantly in Aβ-rich environments,
supporting its potential for localized therapeutic intervention.
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Figure 6. Relative expression levels of IL-1β in neuronal cultures treated with Aβ and different peptides.
Aβ exposure significantly upregulated IL-1β expression, while co-treatment with the responsive peptide
markedly reduced this proinflammatory response

Figure 7. HPLC chromatograms of the responsive peptide before and after BACE1 enzyme treatment.
A major peak at 18.3 min corresponding to the intact precursor peptide significantly decreased
after incubation with BACE1, while two new peaks emerged at 11.2 min and 13.7 min, suggesting
enzymatic cleavage and generation of peptide fragments. These results provide indirect evidence for
BACE1-mediated covalent bond cleavage

This kinetic profile of Figure 3 provides strong evidence of enzyme-triggered peptide nanofiber
formation. The initial lag phase likely corresponds to enzymatic cleavage and nucleation of primary
aggregates, followed by accelerated growth through non-covalent interactions such as β-sheet stacking
and hydrophobic packing. The plateau after ~18 h indicates a thermodynamic equilibrium state where
further assembly is limited by depletion of monomer or structural stabilization. Such controlled and
sustained self-assembly kinetics are advantageous for biomedical applications, allowing for spatial and
temporal tuning of material formation within pathological microenvironments like Alzheimer’s plaques.
Importantly, the absence of abrupt aggregation minimizes the risk of toxicity often associated with
uncontrolled peptide precipitation. These findings are further supported by the DLS size distribution
histogram, which exhibits a single dominant peak centered at ~137 nm. The moderate PDI suggests that
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the peptide assemblies maintain a relatively uniform population after enzymatic triggering. This degree
of size homogeneity is favorable for potential biomedical applications such as controlled diffusion in
neural tissues or efficient endocytosis in cell models

Figure 4 confirms the ability of the enzyme-responsive peptide to modulate Aβ aggregation behavior.
The reduction in ThT signal is consistent with either inhibition of fibril elongation, disruption of
nucleation pathways, or sequestration of Aβ monomers by the self-assembled nanostructures. Unlike
inert analogs, the responsive peptide likely undergoes conformational transformation and assembles
into nanofibers in situ, creating a local microenvironment that sterically or chemically interferes
with Aβ self-association. This selective suppression of amyloidogenesis highlights the therapeutic
potential of leveraging pathological enzyme cues to initiate functional nanomaterial formation directly
at disease sites.

Figure 5 confirms the biofunctionality of the responsive peptide in a cellular model of Aβ-induced
neurotoxicity. The high viability observed in the responsive peptide group suggests that the self-
assembled nanofibers formed in situ mitigate Aβ’s deleterious effects, either by physically sequestering
toxic oligomers or by altering the local biochemical milieu. The superior performance compared to inert
analogs highlights the importance of enzyme-triggered activation in conferring therapeutic specificity.
These results support the concept of using pathological cues to drive functional nanostructure formation
in situ, enabling localized and condition-specific neuroprotection with minimal off-target effects.

In Figure 6, the proinflammatory cytokine IL-1β plays a central role in neuroinflammation associated
with Alzheimer’s disease progression [25]. The elevated IL-1β level observed in the Aβ-only group
reflects an inflammatory reaction induced by amyloid toxicity. While inert peptide offered some attenua-
tion, the responsive peptide substantially mitigated the inflammatory response, supporting its functional
activity in modulating cellular environments [26]. The nanofibers formed by enzymatic activation may
sequester Aβ aggregates, reduce microglial activation, or physically shield cells from inflammatory
triggers [27]. Importantly, the selective responsiveness to pathological enzymes allows inflammation
modulation to occur specifically in disease contexts, minimizing off-target immunosuppression [28].
This highlights the dual therapeutic potential of the responsive peptide in both neuroprotection and
neuroinflammation regulation [29].

Mechanistically, the system is designed to rely on covalent cleavage at the BACE1-recognizable
site (ISEV↓KM), separating the peptide into two self-assembling fragments. Although direct MS-
based fragment confirmation remains to be conducted, the shift in HPLC peaks before and after
enzyme exposure (Figure 7) provides indirect but strong evidence for enzymatic scission. This cleavage-
triggered design offers clear spatiotemporal control over assembly, making it distinct from non-covalent,
environment-sensitive systems.

5. Conclusion
This study demonstrates the efficacy of an enzyme-responsive self-assembling peptide system

for early intervention in Alzheimer’s disease. The peptide remains inactive under normal conditions
but undergoes targeted assembly into nanofibers in response to disease-associated enzymes such
as BACE1. The resulting nanostructures effectively inhibit Aβ aggregation, reduce neurotoxicity,
suppress inflammatory cytokine expression. Compared to inert analogs, the responsive peptide exhibits
superior selectivity and functionality, underscoring the advantage of pathological environment–triggered
activation. These findings highlight the promise of stimuli-responsive supramolecular biomaterials as a
precise and multifunctional therapeutic strategy for neurodegenerative diseases.
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Appendix A

Figure A1. Analytical HPLC chromatogram of the purified peptide showing a single dominant peak
(Rt = 18.3 min, >95% purity)

Figure A2. MALDI-TOF mass spectrum of the peptide, showing molecular ion peak at m/z = 2263.6
Da, matching the calculated molecular weight
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