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Alzheimer’s disease (AD) is a complex and multifactorial neurodegenerative disorder, marked by a vari-
ety of pathological hallmarks such as oxidative stress (OS), metal accumulation, and the aggregation of
amyloid-beta (AB) proteins. Erucin, a natural compound present in cruciferous plants, has demonstrated
promising therapeutic potential in modulating neurodegenerative diseases, hinting at its neuroprotec-
tive capabilities. In this study, we engineered an innovative intracellular protein delivery system centered
around erucin. This delivery platform operates through a cell membrane perforation mechanism, enabling
the swift translocation of target proteins into the cytoplasm. As a result, it substantially shortens the time
required for the proteins to exert their functions. Significantly, this delivery system inherently possesses
the capacity to inhibit A8 aggregation. In PC12 cell models, the delivery of the antioxidant enzyme super-
oxide dismutase (SOD) successfully mitigated the OS triggered by AB aggregation and decreased cytotoxi-
city. This multifaceted therapeutic strategy holds great promise as an effective approach for the treatment

of AD.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Alzheimer’s disease (AD) is the most prevalent neurodegener-
ative disorder associated with aging, characterized by a complex,
multifactorial, and irreversible pathogenesis [1,2]. A hallmark of AD
pathology is the formation of B-amyloid plaques, which consist of
aggregated amyloid-8 (AB) peptides [3]. AB is neurotoxic in sev-
eral ways, including inducing pore formation that leads to ion leak-
age, disruption of cellular calcium homeostasis, and loss of mem-
brane potential [4-7]. It also promotes apoptosis, causes synapse
loss, and disrupts the cytoskeleton [8,9]. Current therapeutic ap-
proaches for AD primarily aim to slow or halt disease progression,
focusing on reducing AB production and aggregation or enhanc-
ing its clearance [10-13]. However, despite numerous lengthy and
expensive clinical trials, no disease-modifying drugs for AD have
been approved to date.

Ap plaques are composed of aggregated A forms combined
with metal ions such as copper (Cu?t), iron (Fe3+), or zinc (Zn2t)
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[13-15]. Both amyloid precursor protein (APP) and AB peptides
have copper-binding sites, and their interaction with Cu?* can trig-
ger the production of reactive oxygen species (ROS), particularly
highly reactive hydroxyl radicals [16,17]. These radicals can induce
oxidative damage to Af peptides and surrounding molecules (e.g.,
proteins, lipids), contributing to neurotoxic effects [18]. Thus, there
exists a complex and interdependent relationship between AS ag-
gregation, oxidative stress (0S), and metal ion imbalance, with
each factor significantly influencing the others [19,20]. The multi-
factorial nature of AD pathology likely explains why current single-
target therapies have proven ineffective. Therefore, there is a crit-
ical need to develop multifaceted, synergistic treatment strategies
to more effectively address this complex disease [21,22].
4-Methylsulfinylbutyl isothiocyanate (Erucin), a bioactive isoth-
iocyanate found in Eruca sativa (commonly known as arugula or
rocket), a cruciferous vegetable, has shown a range of biological
activities, including antioxidant, anti-inflammatory, and neuropro-
tective effects [23]. Erucin has been shown to inhibit the activation
of nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB), a key regulator of the inflammatory response [23,24]. By
suppressing NF-«B activity, erucin reduces the production of pro-
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Scheme 1. Schematic illustration of erucin-modified dendrimers for AB
aggregation-inhibition and intracellular antioxidant enzyme delivery in syner-
gistic treatment of AB-induced cell death.

inflammatory cytokines such as tumor necrosis factor-o (TNF-«),
interleukin-18 (IL-18), and IL-6, which are typically elevated in AD
and contribute to the neuroinflammatory microenvironment. Fur-
thermore, erucin’s ability to modulate the release of OS markers,
such as malondialdehyde (MDA), further supports its role in miti-
gating inflammation [25,26]. These properties position erucin as a
promising candidate for the development of therapeutic strategies
aimed at alleviating the burden of AD.

Given the intricate pathological mechanisms of AD, a single
therapeutic approach often proves ineffective. Consequently, we
aim to design a multifunctional polymer capable of not only effi-
ciently delivering functional proteins but also exhibiting additional
therapeutic effects [27-30]. In this study, erucin was conjugated
to a cationic polymer to create a multifunctional polymeric car-
rier for the intracellular delivery of superoxide dismutase (SOD)
as a therapeutic strategy for AD. The erucin-conjugated polymer
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generates a high number of thiourea and thioether groups, which
scavenge ROS, protecting cells from OS and reducing inflammation
(Scheme 1).

Polyamidoamine (PAMAM) dendrimers, known for their precise
structural design and ease of surface functionalization, have long
been recognized as excellent template molecules in drug delivery
systems [31,32]. In this study, erucin molecules were directly con-
jugated with the amino group-terminated G5 PAMAM dendrimer
surface to obtain erucin-modified dendrimers. Based on proton nu-
clear magnetic resonance ('H NMR) analysis (Fig. S1 in Supporting
information), the average number of erucin groups grafted onto
each dendrimer was determined to be 33, 56, 88, and 105, re-
spectively. The corresponding polymers were named Gru33, Gru56,
Gru88, and Grul05, where “G” represents the G5 PAMAM den-
drimer, “ru” refers to erucin, and the Arabic numerals denote the
number of erucin groups attached to each dendrimer.

We then investigated the intracellular protein delivery effica-
cies of the polymers in 143B cells using green fluorescence pro-
tein green fluorescent protein (GFP) as a model protein [33,34].
As shown in Figs. 1a and b, Gru88 exhibited the highest protein
delivery performance, with the fluorescence intensity (FI) of cells
treated with Gru88/GFP complexes 11-fold greater than that of the
commercial transfection reagent PULSin. An additional increment
in the erucin-grafting ratio (Gru105) resulted in diminished effi-
cacy, likely stemming from the equilibrium between erucin modi-
fication and the surface cationic charge density (Table S1 and Fig.
S2 in Supporting information). Gru88 was then selected as the
representative for subsequent independent experiments. The poly-
mer demonstrated good biocompatibility, as neither Gru88 nor the
Gru88/GFP complexes caused significant cytotoxicity within the ex-
perimental dose range (up to 50 pug/mL) (Fig. S3a in Supporting in-
formation).

The optimal dose of Gru88 for GFP delivery in 143B cells was
determined to be 25ng/mL (Fig. S3b in Supporting information),

Fig. 1. Gru88 efficiently deliver GFP into 143B cells through a rapid process. Confocal images (a) and FI (b) of 143B cells incubated with Grus/GFP complexes for 0.5h.
(c) Protein delivery efficacy of Gru88 at different incubation times. (d) Schematic illustration of rapid delivery of GFP by Gru88 into 143B cells. (e) Time-slice images of
143B cells incubated with the Gru88/GFP complex. (f) Schematic illustration of transmembrane delivery of GFP by Gru88 into mCherry-membrane-143B cells. (g) Time-slice
images of mCherry-membrane-143B cells incubated with the Gru88/GFP complex. The doses of Gru88 and GFP were 25 and 40 ug/mL, respectively. Data are shown as mean

+ standard deviation (s.d.) (n=3).
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Fig. 2. Gru88 enables intracellular protein delivery through direct membrane perforation. (a) Schematic illustration and (b) time-slice images of 143B cells incubated with the
RBITC-Gru88/GFP complex. (c) Statistical analysis of red and green fluorescence intensities along a line at different time points. (d) Schematic illustration of the experimental
protocol for GUVs. (e) Confocal images and (f) mean FI of sulforhodamine B-encapsulated GUVs (RB-GUVs). RB-GUVs were incubated with Gru88/GFP complexes and imaged
every minute. (g) Confocal images and FI analysis (h-i) of 143B cells treated with calcein AM (h) or calcein (i) after 0.5 h of Gru88 incubation. (j) Confocal images of 143B cells
incubated with the Gru88/GFP or Gsfn86/GFP complexes for 0.5h. FI of the Gru88 (k) or Gsfn86 (1) complexes with GFP in deionized water and NaCl (110 mmol/L) solutions,
respectively. (m) Protein release ratio in NaCl (110 mmol/L) solutions determined by k and I. Confocal images (n) and FI (o) of 143B cells incubated with RBITC-Gru88/GFP
and RBITC-Gsfn86/GFP complexes for 0.5h. The polymer and protein concentrations were 25 and 40pug/mL, respectively. Data are shown as mean + s.d. (n=3). **P<0.01,

***P <0.001.

and the FI of the treated cells peaked 0.5h after the complex in-
cubation, with a cell positivity rate reaching as high as 85% (Fig.
1c and Fig. S4 in Supporting information). The rapid diffusion of
GFP fluorescence throughout the entire cell in such a short pe-
riod is intriguing, as traditional nanoparticle endocytosis typically
involves membrane bending, changes in surface tension, and the
formation of coated pits, processes that usually take several hours
to complete [35,36]. To further investigate, we tracked the protein
delivery process using a live cell workstation. As shown in Figs. 1d
and e, upon adding the Gru88/GFP complexes to the cell culture
medium, nanoparticles were observed to accumulate around the
cells. After 8 min, uniformly dispersed green fluorescence emerged
in some cells. As time elapsed, an increasing number of cells dis-
played uniformly dispersed green fluorescence. In order to more
intuitively observe the process of nanoparticles entering the cell,
we carried out the same experiment on 143B cells with a red flu-
orescently labeled cell membrane (mCherry-membrane-143B). As
shown in Figs. 1f and g, the cells immediately exhibited the dif-
fusion of green fluorescence within the cell upon contact between
the Gru88/GFP complex particles and the cell membrane (indicated
by the white arrow). These results collectively demonstrate that
Gru88 can efficiently deliver GFP protein into target cells through
a rapid process.

Next, we labeled Gru88 with rhodamine B isothiocyanate
(RBITC-Gru88) to track the dynamics of the material within the
complex during transmembrane transport. As shown in Figs. 2a
and b, upon adding the RBITC-Gru88/GFP complexes to the cell
culture medium, yellow clusters appeared around the cells, indi-
cating that the material and protein existed in the form of com-
plexes and accumulated at the cell surface. After 7 min, uniformly
dispersed green fluorescence emerged within the incubated cells,
suggesting efficient GFP uptake. In contrast, almost no red fluores-
cence was observed inside the cells throughout the entire exper-
iment, indicating that the material did not enter the cells during
GFP delivery (Fig. 2c). The observation that Gru88 does not en-
ter the cell while the protein is rapidly delivered prompts us to
hypothesize that the Gru88/protein complex may enter the cells
through direct membrane perforation. Giant unilamellar vesicles
(GUVs) are spherical lipid bilayer structures that mimicking the
structure of natural cell membranes, providing an ideal platform
for investigating various aspects of membrane dynamics, including
membrane disruption and perforation [37]. In this study, we pre-
pared GUVs encapsulating the membrane-impermeant sulforho-
damine B through a natural swelling method (Fig. 2d).

Upon adding the Gru88/GFP complexes to the system, a rapid
decrease in the red FI originating from the vesicles was observed
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starting from the 8™ min (Fig. 2e). This observation indicates
membrane disruption and the subsequent release of encapsulated
red fluorescence molecules, suggesting a potential alteration in the
vesicle membrane integrity. Additionally, after 19 min, a uniform
distribution of green fluorescence was detected within the GUVs
(Fig. 2f), which further supports the hypothesis that Gru88 facili-
tates the entry of GFP into the GUVs via a membrane disruption
mechanism.

We further verified the perforation mechanism of the Gru88 by
employing a well-established calcein-acetoxymethylester (calcein-
AM) and calcein assay [38]. Calcein-AM is a non-fluorescent, cell-
penetrant compound that can be converted into fluorescent but
membrane-impermeable calcein through catalysis and hydrolysis
by nonspecific esterases within live cells [39,40]. As illustrated in
Figs. 2g and h, upon addition of Gru88, the intracellular calcium
green AM was released from the cells, resulting in a decrease in
intracellular green fluorescence. In a parallel experiment, the extra-
cellular calcium green dye infiltrated the cells, thereby leading to
an increase in intracellular green fluorescence (Figs. 2g and i). Col-
lectively, these experimental findings strongly suggest that Gru88
enables the intracellular delivery of GFP through a direct mem-
brane perforation mechanism. We also noticed that Gru88/GFP
complexes participate in a conventional endocytosis pathway (Fig.
S5 in Supporting information).

Sulforaphane, like erucin, belongs to the class of isothio-
cyanates. Both sulforaphane and erucin are derived from crucif-
erous plants and share similar structures, enabling their mutual
interconversion [41,42]. The only structural difference between
erucin and sulforaphane is the type of sulfur-containing group
(methylthio vs. methylsulfinyl), leading to slightly different chemi-
cal properties and biological activities. In this study, we also syn-
thesized a sulforaphane-conjugated G5 dendrimer to explore the
structure-function relationship of erucin in enhancing protein de-
livery performance. The average number of sulforaphane ligand
was 86 (Fig. S6 in Supporting information), and the correspond-
ing polymer was named Gsfn86, where “G” represents the G5
PAMAM dendrimer, “sfn” refers to sulforaphane, and the Arabic
numerals denote the number of sulforaphane ligand attached to
each dendrimer. As shown in Fig. 2j, while Gru88 efficiently facil-
itated intracellular delivery of GFP, almost no green fluorescence
was observed in 143B cells treated with Gsfn86/GFP complexes.
The methylthio group in erucin is hydrophobic (miLogP=0.84),
whereas the methylsulfinyl group in sulforaphane is relatively hy-
drophilic (miLogP= —0.69). Previous studies have indicated that
the hydrophobicity of a carrier plays a crucial role in protein bind-
ing stability [43]. As shown in Fig. S7 (Supporting information),
while Gru88 can efficiently form uniform nanoparticles around
500 nm with GFP in aqueous solution, the Gsfn86/GFP complex is
relatively loose, with an average particle size exceeding 1000 nm.

We then investigated the protein binding affinity of the syn-
thesized polymers using a fluorescence quenching assay. As shown
in Figs. 2k-m, both Gru88 and Gsfn86 significantly reduced the FI
of GFP upon complexation in aqueous solution. In the presence of
110 mmol/L NaCl, the FI of the Gsfn86/GFP complex solution was
completely recovered due to weakened ionic interactions between
Gsfn86 and GFP. In contrast, the Gru88/GFP complexes, which are
formed through both hydrophobic and ionic interactions, exhibited
relatively stable nanoparticles in the presence of NaCl, and the FI
of the Gru88/GFP complex solution was only partially recovered.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis also confirmed this result (Fig. S8 in Supporting in-
formation). We further investigated the stability of the complex
under cell culture conditions using RBITC-labeled polymers. As
shown in Figs. 2n and o, after adding the RBITC-Gru88/GFP com-
plex to the 143B cells, the material and protein formed a yellow
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Fig. 3. Intracellular delivery of bioactive enzymes. (a) Cytosolic delivery of B-Gal by
Gru88 in 143B cells, determined by X-gal staining. (b) Apoptosis ratio of 143B cells
treated with saporin, Gru88, and Gru88/saporin complexes. The concentration of
saporin and Gru88 were 0.01 and 25 pg/mL, respectively. (c) Apoptosis ratio of 143B
cells treated with RNase A, Gru88, and Gru88/RNase A complexes. The concentra-
tion of RNase A and Gru88 were 0.5 and 25 png/mL, respectively. (d) Confocal images
of 143B cells treated with Gru88/SOD-FITC for 0.5 h. (e) FI of ROS in RAW264.7 cells.
RAW264.7 cells were pretreated with LPS (1 ug/mL) for 12 h, followed by incubation
with the Gru88/SOD complexes for 0.5h. Confocal images (f) and FI (g) of ROS in
143B cells. The cells were pretreated with Gru88/SOD for 0.5 h, followed by incuba-
tion with H,0, (500 pumol/L) for 0.5h. The concentrations of Gru88 and SOD were
25 and 40 pg/mL, respectively. Data are presented as mean =+ s.d. (n=3). ™P > 0.05,
“P <0.05, **P <0.01, ***P < 0.001.

fluorescent complex, accumulating on the cell surface and facilitat-
ing subsequent cell uptake. In contrast, neither green nor red fluo-
rescence signals were detected around the cells after the addition
of the RBITC-Gsfn86/GFP complex, indicating that the complex had
dissociated in the culture medium. Taken together, these results
suggested that the structural difference between sulforaphane and
erucin, specifically the hydrophobic methylthio group in erucin and
the hydrophilic methylsulfinyl group in sulforaphane, significantly
impacts their performance in protein delivery.

Rapid delivery of proteins into the cytoplasm is essential for
preserving their biological functions. To assess the efficacy of
Gru88 in delivering bioactive enzymes, we first tested its ability
to deliver B-galactosidase (B-gal), an enzyme that specifically hy-
drolyzes S-galactosidic bonds. As shown in Fig. 3a, Gru88 success-
fully delivered the enzyme into 143B cells within 30 min, where
it catalyzed the hydrolysis of the colorless substrate 5-bromo-
4-chloro-3-indolyl-8-D-galactoside (X-Gal), producing an insoluble
blue precipitate.

Saporin, a ribosome-inactivating protein with potent anti-
cancer properties, and RNase A, which degrades intracellular RNAs
and induces toxicity upon delivery, were also evaluated. As demon-
strated in Fig. 3b, Gru88 efficiently delivered the membrane-
impermeable saporin into 143B cells, inducing significant apopto-
sis. In contrast, free saporin or Gru88 alone induced minimal tox-
icity. Similarly, substantial apoptosis was observed in 143B cells
treated with the Gru88/RNase A complex, whereas neither Gru88
nor RNase A alone caused noticeable toxicity (Fig. 3c).

Next, we tested the ability of Gru88 to deliver the antioxi-
dant enzyme SOD. To visualize intracellular delivery, SOD was la-
beled with fluorescein isothiocyanate (FITC). As shown in Fig. 3d,
Gru88 efficiently delivered the membrane-impermeable SOD-FITC
into 143B cells within 30 min. In addition, as shown in Fig. S9 (Sup-
porting information), the activity of SOD has been well-preserved
during the delivery process. We then evaluated the ability of the
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Fig. 4. Inhibition effect of Gru88 on AB amyloidosis. (a) Characterization of Cu?* coordinated Gru88 by XPS. (b) Ultraviolet-visible (UV-vis) spectrum of various materials
incubated with BCS. (c) XPS of free Cu?* ion and Gru88/Cu?*. (d) ThT fluorescence assay for amyloid fibril detection of AB and AB/Cu?* system in the absence and presence
of Gru88. Scanning electron microscope (SEM, e) and atomic force microscope (AFM, f) examination of the formed amyloid fibril under various conditions. The doses of ThT,
AB, Gru88 and Cu?* were 20, 30, 0.2 and 30 pmol/L, respectively. (g) ROS levels of PC12 cells treated with AB or AB/Cu?* for 2 h in the absence and presence of Gru88/SOD.
(h) Cell viability of PC12 cells treated with AB or AB/Cu®* for 24h in the absence and presence of Gru88/SOD. (i) Apoptosis ratio of PC12 cells treated with AB or AB/Cu®*
for 12h in the absence and presence of Gru88/SOD. The doses of AB, Cu?*, SOD and Gru were 30 pmol/L, 30 pmol/L, 25 ug/mL and 10 pg/mL, respectively.

Gru88/SOD complex to regulate intracellular ROS levels in two
separate experiments. First, Gru88/SOD treatment significantly re-
duced intracellular ROS levels induced by lipopolysaccharide (LPS)
stimulation in RAW264.7 macrophages (Fig. 3e). Second, 143B cells
pre-incubated with Gru88/SOD complexes exhibited a marked re-
duction in ROS levels triggered by H,0, exposure (Figs. 3f and
g). Specifically, Gru88 functions as a hydrogen peroxide (H,0,)-
decomposing mimic of endogenous catalase, effectively scavenging
ROS such as H,0, (Fig. S10 in Supporting information). We then
conducted in vitro experiments using LPS-stimulated macrophages
(RAW264.7 cells) as a model of inflammation. As shown in Fig. S11
(Supporting information), Gru88/SOD significantly reduced the se-
cretion of pro-inflammatory cytokines TNF-« and IL-6 compared to
untreated LPS-activated cells. Importantly, this anti-inflammatory
effect was observed even for Gru88 alone (without SOD cargo),
suggesting that the polysulfide-driven ROS-scavenging mechanism
synergizes with its cargo-delivery function to attenuate inflamma-
tion. These findings suggest that the Gru88 complex can efficiently
deliver SOD into cells, helping to maintain ROS homeostasis in
healthy cells and reduce ROS levels and inflammation levels in in-
flammatory cells.

Thiourea and thioether groups are widely recognized for their
remarkable ability to coordinate with copper ions. Drawing on this
knowledge, we postulate that the abundant thiourea and thioether
groups in Gru88 confer potent copper ion binding capabilities.
These capabilities hold promise for alleviating pathological condi-
tions associated with copper ion imbalance through chelation. To
test this hypothesis, we utilized X-ray photoelectron spectroscopy
(XPS) to scrutinize the coordination of copper ions with Gru88. As
shown in Fig. 4a, in the case of Gru88, the S 2p peaks at 161.70
and 163.08 eV were ascribed to the -C-S moiety, while the peak at
164.35eV corresponded to —C=S. A peak at 168.62 eV, assignable
to -S=0, was also detected, presumably resulting from the oxi-

dation of thiourea or thioether [44-46]. Upon coordination with
Cu2* ions, all of these peaks exhibited a slight shift towards lower
binding energies. Moreover, after coordination with Cu?*, a new
peak emerged at 163.19 eV, which was attributed to the Cu-S bond.
Notably, the N 1s peaks of Gru88 showed only minor shifts af-
ter coordination (Fig. S12 in Supporting information) [47]. These
findings clearly indicate that copper ions predominantly coordi-
nate with the sulfur atom rather than the nitrogen atom in the
polymer. Previous reports have indicated that the coordination of
thiourea with copper ions results in the reduction of Cu?* to Cu*
[48-50]. To delve deeper into this phenomenon, we employed the
well-established bathocuproine disulfonate (BCS) assay to examine
the Gru88/Cu®* coordination polymer. BCS has a high selectivity
for coordinating with Cu* ions, forming a BCS-Cut complex that
exhibits a characteristic absorption peak at approximately 485 nm.
As illustrated in Fig. 4b, when BCS was added to the Gru88/Cu®+
system, an absorption peak emerged. In contrast, no such peak was
detected when BCS was added to either Cu?* alone or Gru88 alone.
This observation strongly suggests that a portion of the Cu* ions
in the Gru88/Cu?* complex is reduced to Cut. The reduction of
Cu2* to Cut was further confirmed by XPS (Fig. 4c), which showed
that some copper ions in the Gru88/Cu?* complex are indeed in
the Cu* state.

Both APP and AS peptides contain copper-binding sites. Re-
search has shown that their interaction with Cu?* ions can trigger
the production of ROS, particularly highly reactive hydroxyl radi-
cals. These free radicals can cause oxidative damage to AS peptides
and nearby molecules, such as proteins and lipids, ultimately lead-
ing to neurotoxic effects [37]. To further investigate the potential
of Gru88, we examined its ability to inhibit copper-mediated A
peptide amyloidosis. Thioflavin T (ThT), a widely used benzothia-
zole dye, is commonly employed to detect and quantify amyloid
fibrils and aggregates [51]. When ThT binds to amyloid fibrils, its
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fluorescence is enhanced at 485 nm. As shown in Fig. 4d, the FI of
ThT steadily increased over the times, indicating the onset of AS
fibrillization. The presence of Cu?* ions significantly accelerated
this process, suggesting that abnormal metal regulation can lead to
faster fibrillization of amyloid proteins. Interestingly, the addition
of a small amount of Gru88 effectively prevented Ag fibrillization,
regardless of the presence of Cu?* ions. Throughout the entire in-
cubation period, fluorescence values remained low, indicating in-
hibition of fibril formation. Microscopic analysis revealed that the
original AB fibrils had smooth surfaces and were primarily long,
strip-like structures, either individual or in clusters. These fibrils
could reach widths of several micrometers and lengths of several
tens of micrometers (Figs. 4e and f). However, when A was incu-
bated with Gru88, regardless of the presence or absence of copper
ions, it predominantly maintained a spherical shape, with only oc-
casional short, block-like aggregates and no obvious fibrils formed.
Taken together, these findings clearly demonstrate that Gru88 can
effectively inhibit the aggregation of AB peptides, irrespective of
the involvement of metal ions.

Finally, we used PC12 cells as a neuronal model to further in-
vestigate the neuroprotective mechanism of Gru88 by intracellu-
larly delivering SOD [52]. As shown in Figs. 4g-i, both fibrillized AS
and AB/Cu?* triggered the production of ROS in PC12 cells, lead-
ing to a higher incidence of apoptosis and reduced cell survival
rates. In contrast, treatment with Gru88/SOD significantly down-
regulated the intracellular ROS levels, enhanced cell viability, and
reduced the rate of apoptosis.

In summary, we have successfully engineered a multifunctional
protein delivery system by incorporating erucin onto cationic poly-
mers. The representative polymer Gru88 can rapidly transport tar-
get proteins into cells via a membrane perforation mechanism.
This rapid delivery approach effectively preserves the activity of
the target proteins. The incorporation of erucin introduces a sub-
stantial number of thiourea and thioether groups into the polymer
carrier. These groups endow the material with exceptional copper
ion binding capabilities, which can be harnessed to ameliorate the
pathological environment associated with copper homeostasis im-
balance. Gru88 is highly effective in inhibiting the fibrillar aggre-
gation of AS peptides, whether mediated by copper ions or inde-
pendent of them. Moreover, by delivering the antioxidant enzyme
SOD, Gru88 effectively suppresses the intracellular ROS levels in-
duced by the fibrillar aggregation of AB peptides. Consequently,
it reduces the apoptosis rate, demonstrating its potential in mit-
igating the detrimental effects associated with A peptide aggre-
gation. For future in vivo studies, we propose functionalizing the
nanoparticles with blood-brain barrier-targeting ligands, such as
transferrin receptor antibodies or angiopep-2 peptides, which ex-
ploit receptor-mediated transcytosis.
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