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ABSTRACT
Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder and lacks treatments capable of significantly altering
disease progression or patient outcomes. Consequently, novel therapeutic strategies targeting key pathological features such
as phosphorylated tau (pTau) aggregation and chronic inflammation are urgently needed. In this work, we present a novel
proteolysis-targeting chimera (PROTAC) system conjugated to lipoic acid gold nanoclusters (PLANC), designed to degrade
pTau, regulate inflammatory signaling, and effectively traverse the blood-brain barrier (BBB). PLANC demonstrated the ability
to significantly degrade pTau at various phosphorylation sites, with mechanistic studies confirming proteasome-mediated
degradation via cereblon recruitment. Moreover, PLANC effectively scavenged reactive oxygen species (ROS) and modulated
NF-κB and mTOR pathways in human astrocytes and mature neurons, further highlighting its anti-inflammatory capabilities.
We demonstrated that PLANC successfully traversed the BBB using a physiologically relevant transwell model composed of
astrocytes and endothelial cells with confirmed tight junction formation. Finally, the addition of pTau-induced neurons created
a BBB model to better represent changes in the AD environment. Collectively, these findings position PLANC as a robust and
multifunctional therapeutic platform capable of simultaneously targeting the multifaceted pathologies of AD, including pTau
aggregation, neuroinflammation, and oxidative stress.
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Introduction

eurodegenerative diseases (NDs), such as Alzheimer’s disease
AD) and Parkinson’s disease (PD), are characterized by the
rogressive loss of neuronal structure and function, which ulti-
ately leads to neuronal death. Therapeutic development for
Ds is hindered by numerous challenges, including the delivery
f drugs across the blood-brain barrier (BBB), and the effec-
ive targeting of complex pathological entities, such as protein
ggregates, misfolded proteins, and inflammatory mediators. For
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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example, AD is defined by hallmark pathological features, includ-
ing amyloid-beta plaques, neurofibrillary tangles, and chronic
neuroinflammation. Despite being the most prevalent neurode-
generative disease, treatments capable of halting or reversing
AD progression are lacking [1–6]. To this end, neurofibrillary
tangles (NFTs), composed of tau protein aggregates, have become
important therapeutic targets because of their crucial connection
to neuron degeneration and cell death [7–9]. As AD progresses,
Braak staging is used to define tau spreading throughout the
brain [10]. Cell-to-cell spreading of tau leads to the expression of
se, which permits use, distribution and reproduction in any medium, provided the
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athological tau in multiple cell types and to the amplification
f pTau expression in the neocortex with the sensory, motor,
nd visual cortexes coming last. Moreover, recent studies have
evealed a strong link between oxidative stress and excessive tau
hosphorylation. Excessive pTau formation is known to impair
itochondrial function, although the underlying mechanisms
arrant further investigation [2, 11]. Inflammation has also
een identified as a critical factor in AD, closely tied to both
au phosphorylation and oxidative stress [12]. Elevated NADPH
xidase (NOX) activity and the resulting reactive oxygen species
ROS) production increase inflammatory cytokine expression and
F-κB signaling [13]. Among NOX subunits, NOX4 is specifically
mplicated in tauopathy development and upregulated in AD
14]. Conventional small-molecule inhibitors and drug delivery
ystems have had limited success in addressing the intricate and
nterrelated pathologies of tau aggregation, inflammation, and
xidative stress. This insufficiency underscores a pressing need
or innovative therapeutic strategies and approaches to overcome
hese challenges and improve treatment outcomes.

iven the interconnected and multifactorial nature of AD
athology, single-target therapies are unlikely to yield significant
uccess. Therefore, developing a multifaceted therapeutic strat-
gy capable of simultaneously targeting multiple disease-driving
rocesses would be imperative. Targeted protein degradation
TPD) technologies have emerged as an attractive alternative
pproach toward this goal. TPD has the potential to overcome
hese limitations by causing the degradation of disease-causing
roteins, thereby eliminating their function entirely [15–17]. For
nstance, the proteolysis-targeting chimera (PROTAC) system
tilizes the ubiquitin-proteasome pathway (UPP) to degrade pro-
eins that are otherwise difficult to target directly [17]. PROTAC
olecules are composed of a bifunctional structure, linking a
igand that binds an E3 ligase to another ligand that binds a
rotein of interest (POI). This approach has been successfully
sed to degrade various proteins with high specificity selectively
18–20]. Moreover, PROTACs have been engineered to enhance
fficiency by incorporating them onto nanoparticles capable of
egrading multiple proteins simultaneously, thereby improving
herapeutic outcomes [21]. Current PROTAC systems, includ-
ng nanoparticle-based approaches, have primarily focused on
ancer applications. Although some small-molecule and peptide
ROTACs have been used for AD and other neurodegener-
tive conditions, there have been no demonstrations, to our
nowledge, of both BBB penetration and simultaneous targeting
f inflammatory pathways like NF-κB and Casp3 for neuro-
rotection [22–24]. While PROTAC shows promise for treating
eurodegenerative diseases [25], significant challenges include
imited cellular uptake, poor BBB penetration, and low aqueous
olubility, resulting in inadequate bioavailability.

old nanoclusters (AuNCs), characterized by their ultra-small
ize (<2 nm), have garnered increasing attention in the past
wo decades for their potential biomedical applications [26, 27].
he precise arrangement of gold atoms within the core lattice,
ombined with the surrounding uniform gold–sulfur network,
llows for atomically precise structures [28–30]. Moreover, by
ptimizing ligand choice, gold-to-ligand ratios, and core size,
esearchers can finely tune the spacing and number of ligands
er cluster [31, 32]. This precise control over surface chemistry,
ombined with an ultra-small size and efficient renal clearance,
of 17
makes AuNCs highly suitable inorganic candidates for in vivo
therapeutic development [33–36]. Lipoic acid (LA), a potent
antioxidant with known anti-inflammatory properties, can be
used as a capping agent for AuNCs, forming stable thiol–gold
bonds [37–39]. Dihydrolipoic acid (DHLA), with its two thiol
groups, enables AuNC capping with approximately half the
number of surface ligands compared to monothiol ligands due
to a disulfide bond. DHLA scavenges free radicals, is known to
produce endogenous antioxidants like ascorbic acid, and chelates
metal ions [40, 41]. Furthermore, LA can modulate the NF-κB
activity, induced nitric oxide synthase (iNOS) levels, and NLRP3
inflammasome activation [42, 43]. In clinical trials of LA delivery,
TNF-α and IL-6 levels have been shown to dramatically decrease
[44]. Importantly, LA-capped AuNCs retain the inherent ROS
scavenging and anti-inflammatory properties of LA and have
showed neuroprotective effects by influencing mitochondrial
metabolic function [38, 41, 43, 45]. LA AuNCs have also been well
studied in vivo and led to no observed adverse effects [46–48].

To address the challenges described above, herein, we developed
Proteolysis Targeting LAAuNCs (PLANC) as a novel therapeutic
strategy for AD. Our platform is designed to degrade phosphory-
lated tau (pTau), scavenge ROS, and regulate pro-inflammatory
factors. In addition to these benefits, PLANC’s tunable nanometer
dimensions point toward a promising ability to cross the BBB,
which is essential for successfully treating neurodegenerative
conditions. To construct PLANC, we conjugated poly(ethylene
glycol) 1000 (PEG) to LA and either toluidine blue O (Tol blue)
or pomalidomide (Pom) as PROTAC ligands through a series
of syntheses [49]. Tol blue binds to pTau, while Pom targets
cereblon, an E3 ubiquitin ligase. By incorporating these ligands
into the AuNC synthesis, we aimed to create a multifunctional
nanoparticle capable of degrading pTau and modulating inflam-
matory pathways. PLANC degrades pTau with the proteasome
and retains the antioxidant and anti-inflammatory properties of
LA AuNCs (Figure 1a,b). In summary, the developed PLANC
system effectively integrates multiple therapeutic modalities: the
inherent antioxidant and anti-inflammatory properties of LA
AuNCs, coupled with targeted protein degradation capabilities
for pTau. The demonstrated ability of the PLANC system to
penetrate the BBB, as shown in our transwell studies, highlights
its potential as a promising multifunctional therapeutic platform
for addressing NDs (Figure 1c). By simultaneously addressing
tau aggregation, oxidative stress, and neuroinflammation, this
innovative nanoplatform represents a significant advance in
developingmore effective treatments forADandpotentially other
neurodegenerative disorders characterized by protein aggrega-
tion and chronic inflammation.

2 Results and Discussion

2.1 Development of the PLANC Platform:
Design, Synthesis, and Characterization of a
Multifunctional Nanocarrier

In this work, we synthesize and demonstrate that PLANC is a
novel multifunctional therapeutic system capable of simultane-
ously degrading pTau and regulating inflammation in neurons
and astrocytes. This dual-action capability offers significant
potential for the treatment of AD. The PLANC system was
Advanced Functional Materials, 2026
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FIGURE 1 Schematic of PLANC synthesis. (a) Comparison of potential small molecule PROTAC and LA co-delivery effects versus PLANC
effects. (b) Structure of the ligands used for PLANC synthesis. Formation and Ultra-STEM imaging of PLANC. (c) Overview of the BBB and healthy
environments, transwell model cell types, and immunostaining of Occludin and ZO-1 to confirm tight junction formation. Inset 1: PLANC scavenges
ROS and regulates pro-inflammatory factors through interacting with NADPH oxidase. Inset 2: pTau is degraded by the proteasome due to PLANC
delivery to cells.
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ynthesized through a multi-step process involving PEG mod-
fications, conjugation of LA to PEG1000, and the subsequent
ormation of PLANC using established protocols for AuNC
ynthesis (Figure S1). For PLANC formation, LA-PEG-Pom and
A-PEG-Tol bluewere put in a 1:1 ratiowith varying combinations
f spacer ligands, LA or LA-PEG, for an optimal distance between
igands for protein-small molecule binding (Figure 2a, Figures
2–S9). The degradation of pTau by the proteasome requires
wo distinct ligands during PLANC synthesis: LA-PEG-Tol blue,
hich binds to pTau, and LA-PEG-Pom, which binds to the
ereblon E3 ligase [50–54]. As supported by prior studies, Tol blue
argets pTau residues 14–16, while Pom interacts with cereblon
50–54]. LA plays a crucial role in PLANC formation, as the two
ulfur atoms facilitate efficient binding to the AuNCs, effectively
educing the number of surface ligands required compared with
dvanced Functional Materials, 2026
monothiol ligands [55]. This controlled ligand density is critical
for optimal PROTAC system function, as it ensures proper spacing
and orientation of the small-molecule ligands on the AuNC
surface [56]. As Tol blue specifically binds to pTau, replacing
it with a different small molecule could allow the system to
target other proteins associated with neurodegenerative diseases.
This adaptability is particularly valuable, given the critical role
of protein aggregation and inflammation in the pathology of
many neurodegenerative disorders. This modular design posi-
tions PLANC as a versatile platform for developing targeted
therapies beyond AD.

A PDB file was made of the relaxed structure of Tol Blue with
molecular modeling, and Tol blue binding to stacked tau was
simulated with Chimera, a well-known tool for small molecule
3 of 17
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FIGURE 2 (a) Schematic of PLANC synthesis. (b) 1H-1H COSY 2D NMR spectrum of PLANC with structures of the associated ligands. 1H
environments are labeled on the ligand structures and correspond with labels on the 1D projection. (c) Ultra-STEM image of PLANC core (scale bar = 5
nm). (d) overlayed fluorescence chanels for PLANC, Pomalidomide, and Toluidine Blue to visualize movement of clusters and ligands. (e) absorbance
spectra of LA AuNC, Tol Blue-PEG-LA AuNCs, Pom-PEG-LA AuNC, and PLANC. (f) Fluorescence spectra of LA AuNC and PLANC. (g) TMB assay
comparing the ROS scavenging activities of PROTAC LA AuNC, LA AuNC, and LA over time.

4 of 17 Advanced Functional Materials, 2026
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rotein binding, to show potential states for binding to tau as
ell as where the binding interactions would occur (Figure S11).
himera was then used to dock the small molecule as well as
isualize and analyze potential interactions between Tol Blue
nd Tau. This binding event is crucial for pTau degradation,
onsistent with well-established literature reporting Tol Blue’s
ffinity for pTau. However, modeling the potential binding to
Tau computationally allows for further information about the
otential interactions that could happen between the small
olecule and protein as well as the theoretical binding sites.
fter choosing the ligand for pTau binding, 1H NMR was used
o confirm the formation of each step of ligand synthesis and
LANC formation (Figures S2–S9). Furthermore, the ratio of
om: Tol Blue: LA on the surface of PLANC was determined
o be 1:1.26:7.26 through relative quantification of the ligands
ith NMR (Figure S10). Therefore, 13.8% of ligands are LA-PEG-
om, 17.4% of ligands are LA-PEG-Tol Blue, and 68.9% of ligands
re LA alone. X-ray photoelectron spectroscopy (XPS) was used
o confirm the elemental composition (Figures S12 and S13).
pecifically, nitrogen is not present in the LAAuNC but is present
n PLANC ligands for pTau and E3 ligase binding (Figure S12).
LANChas a zeta potential of−20.1mV,which is not significantly
ifferent from the charge of LA AuNCs (Figure S14).

o gain a better understanding of the surface-state ligand chem-
stry at the interfaces of the LA AuNCs and PLANC, respectively,
H-1H correlation spectroscopy (COSY) 2D NMR was conducted
Figure 2b; Figure S15). The 1H NMR spectrum of PLANC
ollected previously (Figure S10) indicated that the 1H resonances
f the surface ligands were broadened, likely due to the chemical
hift anisotropic effect. Additionally, complex splitting patterns
ere observed in the LA-PEG-Pom and LA-PEG-Tol blue ligands,
specially for lipoic acid 1H resonances. 1H-1H COSY NMR
evealed a strong correlation between lipoic acid CH2 groups
b,c,d) and the chiral CH group (e). Furthermore, we observed
orrelation between both CH2 groups located adjacent to each
ther on the five-membered heterocycle (f and g). This indication
as quite helpful, as the 1H resonance for ‘g’ is buried beneath the
ominatingCH2 signal attributed to the PEG ligand (h). Lastly, we
bserved some key aromatic 1H resonances from both Pom and
ol blue, generally located from 6.5–8.0 ppm. Unfortunately, due
o the diluted presence of Pom and Tol blue signals compared to
hat of lipoic acid and PEG signals, the non-aromatic CH3 groups
ound on Tol blue (j and k) in addition to the CH and CH2 groups
ound on Pom (l and m) are difficult to resolve. Despite this, 1H-
H COSY NMR revealed useful surface-state ligand chemistry for
oth LA-AuNCs and PLANC, providing a more comprehensive
haracterization technique for the developed system.

ransmission electron microscopy (TEM) and ultra-scanning
ransmission electron microscopy (STEM) were used to deter-
ine the size of the gold core averaged to 1.1 nm across multiple
LANC batches with gold core sizes ranging from about 0.7 to
.4 nm (Figure 2c; Figure S16). STEM imaging further confirmed
lattice structure indicating AuNC formation. To better study
he variation in the size of PLANC including the ligands, poly-
crylamide gel electrophoresis (PAGE) was utilized. The differing
luorescence excitations and emissions of Pom-PEG-LA, Tol Blue-
EG-LA, and PLANC helped confirm AuNC formation as well,
ince neither ligand has a fluorescence with the same stoke shift
s PLANC or LA AuNCs (Figure 2d; Figure S17a–c). Native PAGE
dvanced Functional Materials, 2026
results show a spread of sizes for theAuNCswith fourmain bands
and a fifth lighter one, although the bands are not completely
defined, likely due to some small variations in size due to the
presence of PEG and the variety of ligands capping the surface
(Figure 2d; Figure S17d). Furthermore, the free ligands could
not move down the gel likely due to the size and fairly neutral
charge. Therefore, a sodium dodecyl sulfate (SDS)-PAGEwas run
to additionally separate out the PEG ligands (Figure S17e). While
the discrete bands of the LA AuNCs changed dramatically in the
SDS-PAGE gel, likely due to interactions between SDS and the
AuNCs, it did allow for better separation of the free PEG ligands.
Notably, for PLANC, although the clusters bands became less
discrete in the SDS-PAGE gel than in the native PAGE gel, the
majority of PLANCcameoffwith as a single intense broad band at
a higher molecular weight than either of the free PEGmolecules.
While some of the PLANC sample migrated to the same location
as the free ligand in the SDS-PAGE, the lack of free PEG in the
native PAGE at the top of the well from the same sample suggests
that is due to interactions with SDS, and not due to free ligand in
solution with PLANC.

ESI-MS revealed two groups of peaks related to PLANC (Figure
S18a). First, due to the purification of free ligands out from
solution as well as the lack of free ligand in the native PAGE gel,
LA-PEG-Tol Blue and LA-PEG-Pom peaks seen in the 400 – 800
m/z region appear to have dissociated from the complex during
the ionization process (Figure S18b). Most of these ions showed
+3 and +2 charge states with a deconvoluted average intact mass
ranging between 1450 and 1620 Daltons. Second, high charge
states of the intact PLANC clusters are evident in the m/z 1000–
1800 ion region (Figure S18c). PLANC showed higher charges
states distributions ranging from +20 to +15, however, there was
not complete resolution between the isotopologues with respect
to the intact molecule because of its conjugation to PEG. PEG
usually dominates in the ESI-MS due to its intense signal that
sometimes can mask or suppress the ions including the signal
of the intact Au-LA cluster. A second reason for the resolution
is that the complexity of the molecular design can make it a little
challenging to vaporize into their gas phase. Finally, as PAGE gel
electrophoresis showed there is a small range in sizes of PLANC.
Therefore, each of these individual charge states becomes harder
to resolve. The reasons for this range in sizes likely stem from
LA as the choice in capping ligand. Due to the disulfide on
the surface, AuNCs can potentially need only half the number
of ligands for PLANC formation. For example, the Au25(SR)18
structure could potentially be achieved with Au25(LA)9 as there
are still 18 thiols present to cap the AuNC during synthesis.
Therefore, there is slightly more variation in the number of
ligands on the surface. Although resolutionwas not perfect for the
reasons discussed above, the m/z 1512.7601 ion showed a charge
distribution around+16 (Figure S18d). Based on the ESI-MS data,
the average intact molecular weight of PLANC came around
24439.3660 Daltons. Due to the lower signal intensity, smaller
populations of PLANC showed molecular weight distributions
from 17000–28000 Daltons. Although signal intensity generally
correlates with the size of the population in ESI-MS, if vaporiza-
tion to the gas phase is insufficient or if there is too high of a
concentration, that can cause the signal intensity to not reflect
the size of the population due to the extended dynamic range.
Overall, as the AuNCs were shown to have some dispersity in
atomic number through PAGE gel electrophoresis and ESI-MS,
5 of 17
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here are likely a few populations of AuNCs such as Au25SR18,
u38SR26, Au42SR32, and Au52SR32 with varying numbers of
A to cap the surface due to the disulfide [57–59]. The percentage
f each ligand capping the surface of PLANC is assumed to be
imilar to the proportion found among thewhole populationwith
H-NMRbased quantification of ligands in PLANC.As previously
entioned, the STEM data also correlates as there is a small
istribution in the AuNC core size ranging from 0.7 to 1.4 nm.
ue to the m/z found in ESI, the core size from STEM imaging,
s well as the large molecular weight of the PEG ligands, it is
nlikely that the largest AuNCs of the PLANC size distribution
remuch larger than 70 gold atoms. UV–vis spectra also indicated
LANC formation, Pom conjugation, and Tol blue conjugation to
he AuNC surface (Figure 2e). By taking UV–vis of LA AuNCs as
ell as PLANC, the peaks specific to LA AuNCs versus PROTAC
unctionalized LA AuNCs can be determined. LA AuNCs as well
s all other AuNC conditions had a small absorbance at 320 nm.
urthermore, UV–vis spectra for Pom-PEG-LA capped AuNCs is
he only AuNC with a peak around 520 nm, and Tol Blue-PEG-
A capped AuNCs is the only AuNC with a peak around 630 nm.
he final PLANC absorption spectra have a larger broad peak
etween these peaks due to the overlapping signals that peaks
t about 590 nm. Furthermore, PLANC fluorescence spectra,
hen excited at 290 which led to a satellite peak at 580, showed
missions at 410 and 730 nm, while LA AuNCs showed a small
mission at 360 as well as the emission at 740 nm (Figure 2f).
he change in emissions is due to the intrinsic fluorescence of
omalidomide at 440 nm when excited at 290 nm. Combined,
his data helped confirm PLANC formation with the preferred
igands. The stability of the nanoclusters was tested over time
n several conditions including in media, H2O2, glutathione, and
BS byUV–vis and confirmed to consistently have a peak ranging
rom 550 to 650 nm in all conditions (Figure S19).

o investigate the ROS-scavenging activity of PLANC, we
onducted a peroxidase-like activity assay using the 3,3′,5,5′-
etramethylbenzidine (TMB) method. Peroxidase-like activity
atalyzes the formation of H2O from H2O2 in acidic microenvi-
onments, functionally scavenging the local peroxide. In general,
MB acts as an electron donor during localized peroxidase-like
ctivity, shifting chromogenically from a colorless form to a
lue form, known as a charge-transfer complex. For each H2O2
olecule that is catalyzed, one molecule of TMB is converted
nto its blue form, measurable by UV–vis spectroscopy. In this
tudy, PLANC displayed higher peroxidase-like activity than LA
nd showed activity similar to LA AuNCs in a concentration-
ependent manner (Figure 2g; Figure S20). The ROS scavenging,
inked to peroxidase like activity, confirmed that both LA AuNCs
nd PLANC possessed better activity than LA alone. However,
he antioxidant activity of LA through its disulfide bridge likely
lays a role in the enhanced peroxidase-like activity of LA-AuNCs
nd PLANC, in combination with the known catalytic abilities of
uNCs.

.2 PLANC Optimization and Confirmation of
rotein Degradation

H-SY5Y, a human neuroblastoma cell line, is widely accepted
s an in vitro model for the preliminary evaluation of potential
D therapeutics due to its ability to differentiate into neuron-
of 17
like cells and express relevant AD-related proteins [60–62]. These
cells, derived from human neural tissue, display neuron-like
properties that make them particularly suitable for studying
neurodegeneration and testing novel therapeutic approaches [60,
61]. Therefore, the cells were induced with okadaic acid (OA),
a protein phosphatase 2A inhibitor, to cause excessive pTau and
lead to downstreamROS formation [63–67].Wehypothesized that
free LA on the AuNC surface would lead to increased protein
degradation due to more space between ligands for protein
binding. Therefore, pTau (S202/T205) degradation was compared
with varying ratios of LA to LA-PEG-Pom and LA-PEG-Tol at the
same concentration, and the best condition was determined to
be a 3:1:1 ratio based on the quantification of pTau degradation
(Figure S21). The additional space on the PLANC surface leading
to better protein degradation shows that LA also likely increased
the protein degradation, as PLANC was capped with half the
number of ligands due to the disulfide versus other thiol-based
ligands with a single sulfur. We then tested the ROS scavenging
efficiency of the AuNCs formulated at the optimal 3:1:1 ratio
(determined by Western blot) to evaluate the role of surface LA.
To assess the intracellular ROS-scavenging capacity of PLANC,
we utilized 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-
DA). DCFH-DA is a cell-permeable fluorogenic probe widely
used to detect intracellular ROS levels. The ROS scavenging
had the same significance with LA and LA-PEG-NH2 spacers
as well as the full PLANC system with no spacer (Figure S22).
Increasing the amount of PEG conjugated to LA led to a slight,
non-significant reduction in its antioxidant properties. Despite
this scalable diminishment, all synthesized clusters demonstrated
a statistically significant reduction in ROS. Through these initial
screenings, the two best ligand compositions for PLANC to
achieve the desired therapeutic effects were LA-PEG-Pom: LA-
PEG-Tol blue: LA in a 1:1:3 ratio and LA-PEG-Pom: LA-PEG-Tol
blue: LA-PEG-NH2 in a 1:1:3 ratio. Subsequent concentration-
dependent screenings indicated that both conditions enhanced
cell survival, with viability recovering to similar levels as the
negative control (Figure S23a,c). To determine the effects on
protein degradation, western blot and protein staining were
performed for both LA-PEG-Pom:LA-PEG-Tol blue:LA in a 1:1:3
ratio and LA-PEG-Pom:LA-PEG-Tol blue: LA-PEG-NH2 in a 1:1:3
ratio in a concentration-dependent manner (Figure 3a–c; Figure
S23e,f).

Thioflavin T (ThT) fluorescence assays were performed to vali-
date the observed reduction in intracellular protein aggregates.
ThT, a fluorescent dye that specifically binds to pTau aggregates,
provides a reliable quantitative measure of protein aggregation.
Triplicate measurements demonstrated a significant decrease
in ThT fluorescence, confirming a substantial reduction in
intracellular pTau aggregates (Figure S23b,d). Downregulation of
pTau at serine 202/threonine 205 (S202/T205) was confirmed by
western blot to determine which condition gave optimal protein
degradation (Figure 3c; Figures S23 and S26). The housekeeping
protein beta-actin was also stained to quantify pTau levels in
cells relative to beta-actin levels (Figure 3b; Figures S23 and S26).
Furthermore, cellular uptake of PLANC and LA AuNCs was suc-
cessfully confirmed (Figure S23h). Rhodamine B isothiocyanate
(RITC)-labeled PLANC uptake was studied in a time-dependent
manner and showed significant uptake into the cells after only
4 h (Figure S24). Based on the combined results of cell viability,
protein degradation, and ROS scavenging, the optimal ligand
Advanced Functional Materials, 2026
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FIGURE 3 (a) Mechanism of action for pTau degradation upon PLANC delivery. (b) Western Blot of pTau(S202/T205) with protein extracted from
SH-Sy5y cells upon PLANC delivery. (c) Quantification of pTau(S202/T205) levels from western blot (n = 3). (d) Schematic showing MG-132 inhibition
of the proteasome to prevent protein degradation. (e) Western blot analysis of free Toluidine Blue O delivery and co-delivery of MG-132 and PLANC in
SH-SY5Y cells. (f) Quantification of protein levels following co-delivery of MG-132 and PROTAC LA AuNC (n = 4). (g) Quantification of protein levels
following free Toluidine Blue O delivery (n= 3). (h)Western blot of pTau (T231/S235) with protein extracted from SH-Sy5y cells upon PROTACLAAuNC
delivery. (i) Quantification of pTau (T231/S235) protein levels from western blot (n = 3). Data are mean ± standard deviation; *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001 for figure 3c,f,g, and i by one-way ANOVA with Tukey post-hoc analysis.
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ondition for PLANC was determined to be LA-PEG-Pom: LA-
EG-Tol blue: LA in a 1:1:3 ratio. Therefore, careful optimization
f the LA:LA-PEG-Pom:LA-PEG-Tol blue ratio was essential
o maximize PLANC’s efficacy in degrading pTau and mitigating
nflammation. One of the key advantages of the PLANC system is
ts modularity.

o continue testing the finalized PLANC system, flow cytometry
as used to verify the results of PLANC delivery and showed an
dvanced Functional Materials, 2026
increase in the percent of cells with a low pTau(S202/T205) signal
(<1000), as well as a decrease in the percent of cells with a high
pTau signal (>1000) across all concentrations of PLANC delivery
(Figure S25). To claim the proteasome as the mechanism of pTau
reduction, several controls were required. Cells were treated with
Tol blue delivered by PLANC in the presence and absence of
the proteasome inhibitor MG-132. pTau (S202/T205) levels were
then quantified relative to beta-actin. PLANC co-delivery with
MG-132 led to a significant increase in pTau levels higher than
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A alone (Figure 3e,f; Figure S26), giving evidence that MG-132
nhibits PLANC function as well as eliminates natural protein
egradation by the proteasome. Total protein levels are also given
Figure S27). Tol blue delivery alone, which binds to pTau, led to
o significant changes in pTau levels (Figure 3e,g; Figure S26),
onfirming the inability to degrade tau without Pom binding to
he E3 Ligase. Protein degradation in a time-dependent manner
as studiedwithwestern blot at 6, 12, 24, and 48 h as other studies
ere all conducted at 24 h (Figure S28). To further study time-
ependence, MG-132 was co-delivered with PLANC in a separate
ime-dependent experiment to show proteasome-dependent pro-
ein degradation overtime, which showed significant degradation
f pTau at 8 and 24 h after PLANC delivery unless MG-132 was
o-delivered (Figure S29). Following PLANC and MG-132 co-
elivery, pTau levels did not decrease. Furthermore, there was a
ignificant increase in pTau levels from PLANC treated cells to
LANC +MG-132 treated cells at 24 h. Western blot was also run
n pTau(S231/T235) to confirm the degradation of other isoforms
ritical to AD, and results showed that pTau(T231/S235) levels
ere significantly downregulated with PLANC delivery alone
Figure 3h; Figure S26). However, no significant difference in
Tau protein levels was observed when PLANC was co-delivered
ithMG-132 compared toOA-treated cells, further supporting the
ole of UPP in PLANC-mediated degradation (Figure 3h,i; Figure
26). Finally, to confirm the effects of PLANC versus a small
olecule PROTAC, Pom-PEG4-Tol blue was synthesized, and a
estern blot was run (Figure S30a,b). The western blot results
onfirmed that pTau degradation was less effective than PLANC
ith the same µg/mL delivered (Figure S30c).

.3 Using iPSC-NPCs to Investigate PLANC
ffects in Mature Neurons Induced with pTau

o further evaluate the therapeutic potential of PLANC in a
ore physiologically relevant setting,we utilized human-induced
luripotent stem cell-derived neuroprogenitor cells (iPSC-NPCs).
hese iPSC-NPCs were differentiated into mature neurons and
ubsequently treated with OA to induce pathological conditions
imicking those observed in AD. Following OA treatment, the
eurons were treated with PLANC to assess therapeutic effects
Figure 4a; Figure S31a). While there are some differences from
ature neurons differentiated from iPSC-NPCs and neurons
solated from a brain, differentiated iPSC-NPCs are a commonly
sed cell model to study AD and other brain related diseases
ue to the difficulty of obtaining isolated human neurons [68].
ell viability andROS scavenging assayswere conducted, demon-
trating that PLANC delivery did not affect cell viability while
ffectively reducing ROS levels (Figure 4i; Figure S31b). Treat-
ent with OA significantly reduced cell viability compared to the
egative control group. However, PLANC treatment effectively
estored cell viability to near-negative control levels. After deliv-
ry of RITC-labeled PLANC for 24 h, cell uptake was confirmed
Figure S31d). Western blot was run on protein extracted from
he mature neurons after inducing pTau formation with OA and
reating PLANC or LAAuNCs at both 5 and 10 µg/mL. The results
onfirmed significant downregulation of pTau(T231/S235) with
LANC at both concentrations (Figures S31e and S32). LAAuNCs
ed to less significant downregulation of pTau(T231/235) at both
and 10 µg/mL (Figures S31e,f; Figure S32). The internalization
f PLANC into neurons was determined to be diffusion-based via
of 17

t

uptake experiments at 4◦C (Figure S31g,h). Western blot was run
on NOX4, pTau(s396), and Tau(46) to iPSC-NPCs induced with
OA and incubated with PLANC in a concentration-dependent
manner (Figure 4c; Figure S33). A significant decrease in Tau(46),
pTau(S396), and NOX4 levels was observed across all conditions
after PLANCdelivery (Figure 4d–f). Immunostaining of pTau also
revealed a significant decrease in fluorescent signal for all PLANC
conditions relative to OA-treated cells (Figure 4g,h). RT-q-PCR
was used to confirm mRNA expression relative to gapdh levels
following PLANC delivery to OA-treated cells. Overall, there was
significant downregulation in gsk-3β, nf-κb mtor, akt, and il-1β
with PLANC treatment at 5 µg/mL, the optimal concentration for
therapeutic effects in iPSC-NPCs (Figure 4b).

2.4 Targeting Neuroinflammation and
Neurodegeneration: Assessing PLANCs Effects in
Neuronal and Glial Cell Models

To gain a deeper understanding of PLANC’s effects on cell–cell
interactions within a more physiologically relevant context, we
developed a co-culture systemwith THP-1 cells differentiated into
macrophages and iPSC-NPCs differentiated intomature neurons.
By implementing this co-culture model, we evaluated the ther-
apeutic effects of PLANC within a more dynamic and complex
cellular environment, capturing some of the key interactions
between neurons and immune cells in the brain (Figure S34a,b).
It was determined that adding THP-1 cells to the differentiating
iPSC-NPCs in a 1:1 ratio on day 8 of differentiation led to good
cell viability and low expression of CD40, an inflammatory
surface receptor, on THP-1 cells (Figure S35). A reduction in
CD40 expression upon PLANC delivery was confirmed with
immunostaining, illustrating the anti-inflammatory effects on
macrophages (Figures S34c,d; Figure S36). The PLANC system
offers a multifaceted approach to AD treatment by not only pre-
venting NFT formation and degrading pTau but also scavenging
ROS. This multi-targeted strategy holds promise for effectively
addressing the complex and interconnected pathologies of AD.
CD-40 expression has been implicated in AD as connected to
pTau formation, inflammation, and Aβ plaque formation [69,
70]. PLANC’s ability to lower CD-40 expression on macrophages
suggests it could significantly alter the brain’smicroenvironment,
offering a potential AD treatment. In addition, macrophage
uptake of PLANC was confirmed in a time-dependent manner in
a monoculture (Figure S37).

PLANC was delivered to primary human astrocytes to better
study effects on the brain environment and further confirm anti-
inflammatory effects (Figure 5a) [71–73]. After directing astro-
cytes toward a pro-inflammatory state, PLANC was delivered for
24 h, and there was no significant change in cell viability for all
conditions (Figure S38a). RT-q-PCR showed a significant down-
regulation in gsk-3β, bax, il-1β, and a significant upregulation in
tgf-β after treatment with 10 µg/mL PLANC (Figure S39). RT-q-
PCR also confirmed a downward trend in nf-κb RNA levels and
an increase in bcl2 (Figure S38b,c). Immunofluorescent imaging
revealedNF-κB translocated to the nucleus in a pro-inflammatory
environment and initiated the signaling of pro-inflammatory
molecules (Figure S40a). Quantification of images confirmed
that PLANC also led to a significant decrease in the nuclear co-
localization of NF-κB at 10 µg/mL (Figure S40b). The increase in
Advanced Functional Materials, 2026
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FIGURE 4 (a) Schematic of PLANC effects on mature neurons induced with okadaic acid. (b) Rt-q-PCR of controls and PLANC at 5 µg/mL for
NF-κB, mTOR, AKT, GSK-3β, and IL-1β with significance determined by two-way ANOVA with Tukey post-hoc analysis (n = 3). (c) Western Blot of
tau 46, pTau S396, and NOX4. (d) Quantification of tau 46 with significance determined by one-way ANOVA with Tukey post-hoc analysis (n = 3). (e)
Quantification of pTau S396 with significance determined by one-way ANOVA with Tukey post-hoc analysis (n = 3). (f) Quantification of NOX4 with
significance determined by one-way ANOVA with Tukey post-hoc analysis (n = 3). (g) Immunostaining of pTau(S202/T205), TUJ1, and Hoechst. (h)
Quantification of pTau(S202/T205) immunostaining images by one-way ANOVA with Tukey post-hoc analysis (n = 9). (i) Cell viability in okadaic acid-
induced iPSC-NPCs by one-way ANOVA with Tukey post-hoc analysis (n = 3). Data are mean ± standard deviation; *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 by one-way or two-way ANOVA with Tukey post-hoc analysis.
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F-κB co-localization with the nucleus of astrocytes after TNF-
and IFN-γ delivery shows that it is signaling the transcription
f pro-inflammatory cytokines. PLANC delivery led to a higher
F-κB expression in the cytoplasm and a decrease in NF-κB
uclear translocation, indicating a decrease in NF-κB signaling
dvanced Functional Materials, 2026
of pro-inflammatory cytokines. We have also performed flow
cytometry with NOX4 and IL-1B to confirm anti-inflammatory
effects on an individual cell basis (Figure 5a,b). To further study
the anti-inflammatory effects of PLANC in astrocytes, CASP3, IL-
1β, and LAMP1 levels were further quantified relative to β-actin
9 of 17
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FIGURE 5 (a) Pathway of proposed PLANC mechanism of action on inflammation. (b) Flow cytometry of IL-1β and (c) NOX4 with significance
determined by one-way ANOVA with Tukey post-hoc analysis. (d) pTau(S202/T205) Immunostaining and (e) quantification by one-way ANOVA with
Tukey post-hoc analysis (n = 5–8). (f) Schematic of primary neuron isolation from a mouse. (g) RT-q-PCR of tnf-α, tfeb, il-6, and lamp1with significance
determined by two-wayANOVAwith Tukey post-hoc analysis (n= 3). (h)Western Blot Images of pTau(T231/S235), pTau(S396), andNOX4 protein levels.
(i) Quantification of pTau (S396) protein levels by one-way ANOVA with Tukey post-hoc analysis (n = 3). (j) Quantification of NOX4 protein levels by
one-way ANOVA with Tukey post-hoc analysis (n = 4). (k) Quantification of pTau(T231/S235) protein levels by one-way ANOVA with Tukey post-hoc
analysis (n = 4). Data are mean ± standard deviation; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

10 of 17 Advanced Functional Materials, 2026
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ith western blot, and all three proteins were downregulated
Figures S41 and S42). To assess the impact of PLANC on tau
hosphorylation in astrocytes, we performed immunostaining
or pTau (S202/T205). Quantification of the immunofluorescence
ignal revealed a significant reduction in pTau levels following
LANC treatment (Figure 5d,e). This indicates the effective-
ess of PLANC in targeting and decreasing pTau in astrocytes
Figure 5d,e). IL-1β and cleaved caspase 3 immunostaining also
onfirmed the downregulation of both protein levelswith increas-
ng concentrations of PLANC (Figure S38e). Primary mouse
eurons were isolated and co-delivered with OA and amyloid
eta (Aβ) to induce an AD-like pathology and give a more
epresentative model for the disease (Figure 5f). The cell viability
ssay showed no significant change with any condition (Figure
38d).

LANC led to significant downregulation of pTau levels and
nflammatory cytokine levels at a much lower concentration in
he primary mouse neurons (Figure 5g). At 0.1 µg/mL, PLANC
aused a significant reduction in tnf-α and il-6, and a substantial
ncrease in tfeb RNA levels in the neurons (Figure 5g). Significant
hanges in key mRNA were also linked to AD-related inflam-
ation in astrocytes and primary neurons following PLANC
elivery. This further illustrates the ability of PLANC to regulate
ro-inflammatory cytokines in cell types critical to the AD
nvironment. Il-1β, nf-κb,mtor, tnf-α, il-6, and baxwere all down-
egulated, while tgf-β and tfeb were significantly upregulated.
y examining various mRNA-related pathways influenced by LA
nteractions with cells, we identified significant changes in the
xpression levels of bax and casp-3, both of which play critical
oles in autophagy. Casp-3 is also a key enzyme for apoptosis.
mmunostaining further validated these findings, confirming
heir involvement in the cellular processesmodulated by PLANC.
tor was downregulated in neurons differentiated from iPSC-
PCs, which helps to regulate key pro-inflammatory cytokines,
uch as gsk-3β, which was also significantly downregulated.
he decreased NF-κB co-localization with the nucleus and
verall lower intracellular levels quantified with RT-q-PCR also
onfirmed effects on that inflammatory pathway. il-1β downregu-
ation is highly connected to both NF-κB located in the cytoplasm
nd mtor downregulation. Testing the effects of PLANC in
ature neurons from iPSC-NPCs, primary human astrocytes, and
rimary mouse neurons showed the clinical potential of PLANC,
s it can help regulate inflammation in primary cells that are key
o AD.

estern blot was used to confirm a significant reduction in
Tau(S231/T235), pTau(S396), and NOX4 protein levels in Aβ and
kadaic acid-induced primary mouse neurons after treatment
ith 0.1 µg/mL PLANC (Figure 5h–k; Figure S43). Testing the
egradation of multiple types of pTau (S202/T205, T231/S235,
396), and total tau in multiple cell types (SH-Sy5y cells, iPSC-
PCs, primary human astrocytes, and primary mouse neurons)
ithwestern blot and immunostaining shows the potential of this
ystem for significant pTau degradation that is consistent across
any cell lines and primary cells. Regulation of inflammatory
actors is a key goal because of the role of inflammation in AD.
OX4 helps regulate inflammatory pathways and is dysregulated
n AD [74]. According to the literature, LA can directly interact
ith NADPH oxidase, scavenge ROS, and regulate a multitude
f inflammatory factors downstream [37, 75, 76]. The marked
dvanced Functional Materials, 2026
downregulation of NOX4, a key NADPH oxidase subunit, at
both the mRNA and protein levels supports the role of LA in
modulating neuronal responses.

2.5 Evaluating Blood-Brain Barrier Permeability
of PLANC Using a Transwell System

To investigate the ability of PLANC to penetrate the BBB, we
established an in vitro BBB model using a transwell system. This
model incorporated a co-culture of primary human astrocytes
and human umbilical vein endothelial cells (HUVECs) grown
on a porous membrane with a pore size of 0.4 µm (Figure 6a).
To confirm PLANC effects on HUVEC viability, PLANC was
delivered in a time and concentration-dependent manner to
HUVECs and there was no significant change in viability for
any concentration up to 50 µg/mL or for up to 72 h with 50
µg/mL PLANC (Figure S44). The densities of both astrocytes and
endothelial cells were carefully optimized to ensure complete
coverage of the membrane, thereby creating a tight barrier that
accurately mimics the in vivo BBB (Figure S45). 40 kDa FITC-
Dextran was used to initially confirm proper barrier formation.
To further verify the formation of tight junctions between the
astrocytes and endothelial cells in our BBB transwell model, we
performed immunostaining for the tight junction proteins ZO-1
and occludin (Figure 6b; Figure S46). Staining allowed for clear
visualization of the two cell types and confirmation that tight
junction formation occurred at the endothelial cell–cell interface
in the presence of astrocytes, highlighting their role in enhancing
BBB integrity.

Next, to compare PLANC with other PROTAC systems, a larger
PROTAC AuNP was synthesized and delivered, as well as the
Pom-PEG4-Tol Blue, small molecule PROTAC, described and
characterized earlier. The larger PROTAC AuNP was character-
ized by UV–vis and DLS (Figure S47). The DLS data showed
the AuNPs average size to be 51 nm with a PDI of 0.191. RITC-
labeled PLANC, Pom-PEG4-Tol blue, PROTACAuNPs and FITC-
Dextran delivery were monitored overtime to compare PLANC
passage through the in vitro BBB model to control conditions
(Figure 6c–f; Figure S48). A standard curvewasmadewith known
concentrations of RITC-PLANC, Pom-PEG4-Tol blue, PROTAC-
AuNPs, and FITC-Dextran to quantify the amount allowed to pass
through the BBB (Figure S48). PLANC or control conditions were
delivered at a concentration of 50 µg/mL to the apical side of the
transwell, and the fluorescence intensity on the basolateral side
was monitored over time. This allowed for assessing PLANC’s
ability to traverse the BBB model. After 24 h, only 13.3% of the
Pom-PEG4-Tol blue and 34.8% of the PROTAC AuNP that passed
the empty transwell passed the BBB model, in comparison to
70.2% of PLANC that passed the empty transwell passed the BBB
model as well (Figure 6c–f). At 72 h, 55.6% of PLANC that was
able to pass through the empty transwell passed through the BBB
transwell model. At the same time, only 29% of FITC-Dextran,
33.8% of the PROTACAuNP, and 36.4% of the Pom-PEG4-Tol blue
that had passed through the empty transwell could pass through
the BBB model (Figure 6c). This significant increase in PLANC
passage of the BBB model over control conditions illustrates its
potential. The lack of FITC-dextran, Pom-PEG4-Tol blue, and
PROTAC AuNP that passed the BBB transwell model relative to
RITC-labeled PLANC shows that it is acting to prevent standard
molecules from passing due to strong barrier formation.
11 of 17
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FIGURE 6 (a) Schematic of BBB transwell model development. (b) Tight junctions in the BBB with immunostaining of red cell tracker-labeled
HUVECs, Hoechst, ZO-1(Alexa fluor 647), and green cell tracker-labeled astrocytes. (c) Quantification of 40 kDa FITC-Dextran passage of in vitro BBB
based on the standard curve with significance comparing the HUVECS + Astrocytes and HUVECs alone to the empty transwell at each time point by
two-way ANOVA with Tukey post-hoc analysis (n = 3). (d) Quantification of Pom-PEG4-Tol Blue passage of in vitro BBB based on the standard curve
with significance comparing the HUVECS + Astrocytes and HUVECs alone to the empty transwell at each time point by two-way ANOVA with Tukey
post-hoc analysis (n = 3). (e) Quantification of PROTAC AuNP passage of in vitro BBB based on the standard curve with significance comparing the
HUVECS + Astrocytes and HUVECs alone to the empty transwell at each time point by two-way ANOVA with Tukey post-hoc analysis (n = 3).(f)
Quantification of PLANC passage of the in vitro BBB based on the standard curve with significance comparing the HUVECs + Astrocytes to the empty

12 of 17 Advanced Functional Materials, 2026
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two-way ANOVA statistical analysis with a post-hoc Tukey test
as performed to see if there was a significant difference in the
assage of each transwell condition over time for RITC-PLANC,
ITC-Dextran, Pom-PEG4-Tol Blue, and PROTAC AuNP. Signif-
cantly less of each control condition passed through the model
ith cells then the empty transwell at all tested time points
llustrating the model’s effectiveness (Figure 6c–f). Furthermore,
here was no significant decrease in the amount of RITC-PLANC
assing through the model with cells compared to the empty
ranswell until 72 h after delivery (Figure 6f). This enhanced
ransport may primarily be attributed to PLANC’s small size
nd surface properties. These findings highlight the potential
f PLANC to effectively reach therapeutic targets within the
rain. 31.4% of PLANC successfully traversed the in vitro BBB
odel through passive diffusion, a mechanism validated by the
onfirmed passage of PLANC through the transwell at 4◦C when
ellular processes are halted [77] (Figure S49). While there was
lightly less passage through the transwell model at 4◦C than
7◦C, the significant increase in fluorescence overtime shows
he same mechanism was utilized (Figure S49). Overall, PLANC
assage through diffusion verifies BBB tight junctions do not
revent PLANCpassage due to its ultra-small size. Further testing
n vivo would allow for confirmation of BBB passage. Finally,
o show that pTau degradation still occurs through the BBB
ranswell model, either healthy or OA-induced SH-Sy5y cells
ere seeded on the bottom of a plate and the transwells were
laced in the wells. After delivering PLANC to the apical side
f the transwell, the transwells were removed after 24 h, and
estern blot was conducted (Figure 6g). The OA-induced cells
ad significant pTau upregulation from the negative control, and
here was also significant pTau downregulation in OA-induced
H-Sy5y cells after PLANC delivery (Figure 6h). While BBB
assage is critical for the treatment of AD, there are discrepancies
n BBB function between healthy individuals and AD patients,
ncluding loss of tight junction proteins leading to the facilitated
assage of toxic species into the brain [78, 79]. By adding OA to
he SH-Sy5y cells to induce pTau formation, we aimed to better
eplicate the disease state with our model. Moreover, ICAM1,
hich has been shown to be upregulated in AD, contributes to
n increase in loss of tight junctions, reduces barrier function, as
ell as contributes to a change in endothelial cell morphology
nd TNF-α-induced vascular leakage [80]. GLUT1, which is
ignificantly downregulated in endothelial cells in AD, leads
o cerebral microvascular breakdown and BBB breakdown [81].
herefore, immunostaining of GLUT1 and ICAM1was performed
n the endothelial cells in transwell models with healthy or OA-
nduced SH-Sy5y cells with andwithout PLANCdelivery (Figures
50 and S51). This allowed for studying the effects of pTau-
nduced SH-Sy5y cells on BBB function, as well confirmed that
LANC delivery did not increase endothelial cell activation in the
ealthy or OA-induced BBB model. The imaging of a large area
f the transwell through stitching together nine images showed

hat ICAM1 levels increased in endothelial cells after incubation

ranswell at each time point by two-way ANOVA with Tukey post-hoc analys
ells. (h) Immunostaining of GLUT-1/ICAM1/Hoescht (scale bar = 100µm). (i
j) Quantification of pTau degradation in healthy and OA-induced SH-Sy5y ce
nalysis (n = 4). For all statistical analysis, data are mean ± standard deviat
nalysis.

dvanced Functional Materials, 2026

 a
with OA-induced SH-Sy5y cells. Furthermore, PLANC delivery
to both the healthy and OA-induced model showed slightly less
ICAM1 expression. This is most likely because ICAM1 expression
is activated throughNF-κB translocation to the nucleus and TNF-
α and IL-1β activation which PLANC can regulate, as shownwith
our immunostaining and PCR data in astrocytes and neurons
[82–84]. GLUT1 did not have any obvious changes between the
healthy and OA-induced model, although there may have been
a slight increase in expression upon PLANC delivery which
would be beneficial for AD treatment (Figure S50). Furthermore,
immunostaining of tight junctions showed similar expression for
control and PLANC treated healthy BBB models while the OA-
induced model led to a decrease in occludin expression (Figure
S51). Therefore, the addition of OA-induced SH-Sy5y cells to the
bottom of the BBB transwell model allows for better mimicking
the BBB in the AD state. While the AD BBB model better mimics
the disease environment to confirm therapeutic effects of PLANC,
BBBdysfunction inADhas also been shown to be sporadic, in that
it cannot be relied on for the passage of therapeutics to the brain
in all cases [85]. Overall, PLANC passage was tested through a
healthy BBB model to confirm the feasibility of delivery without
BBB disruption. Furthermore, due to the diffusive mechanism of
PLANC in the context of BBB passage, we hypothesize that tight
junction disruption would lead to an increase in PLANC delivery
through the BBB.

Because of their size, the involvement of AuNCs in renal clear-
ance has been demonstrated, indicating that the next important
step to show clinical translation is to test PLANC renal clearance
in vivo [33, 86]. As most studies were done with human cells
to look at clinical translation potential, primary mouse neurons
isolated from an embryonic mouse brain were used to further test
PLANC effects in mouse cells. The significant downregulation
of pTau (S396) and pTau (S231/T235), along with reduced NOX
expression in mouse cells treated with OA and mouse Aβ,
together with the demonstrated potential for BBB penetration,
emphasizes the promise of PLANC for therapeutic efficacy in an
in vivo AD mouse model. Some limitations of this system that
should be addressed in futurework include hemolysis and plasma
protein absorption studies, targeted delivery to the brain, and
testing renal clearance in vivo. Potential methods for delivery of
PLANC to the brain include intravenous delivery and intranasal
delivery. Future testing of PLANC in an in vivo AD model
would help further confirm the therapeutic potential of PLANC
for AD.

3 Conclusion

In this study, we designed and developed PLANC, a novel, multi-
functional nanotherapeutic platform meticulously engineered to
concurrently address several key pathological hallmarks of AD.
The complex and multifactorial nature of AD, involving protein
is (n = 3). (g) Schematic of BBB model including OA-induced SH-Sy5y
) Western blot of pTau in SH-Sy5y cells under the BBB transwell model.
lls under the transwell model by one-way ANOVA with Tukey post-hoc
ion; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for all statistical
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ggregation, neuroinflammation, and oxidative stress, presents a
ignificant challenge for conventional single-target therapies.Our
latform directly confronts this challenge by synergistically inte-
rating three distinct therapeutic modalities into a single, cohe-
ive entity: (i) Systematically designed and synthesized ligands,
hich hijacks the endogenous ubiquitin-proteasome system to
nduce the selective and highly specific degradation of pathogenic
Tau, (ii) the potent antioxidant and anti-inflammatory agent LA,
hich is covalently conjugated to the platform to neutralize ROS
nd downregulate pro-inflammatory cytokine signaling, and (iii)
ltra-small gold nanoclusters (AuNCs), which act as a nanoscale
elivery vehicle to enhance the stability and cellular uptake
f the therapeutic components while facilitating penetration
cross the BBB. By uniting these functions, PLANC represents
significant advancement over strategies that address these
athological pathways in isolation, offering a holistic approach
o AD treatment. AD has different staging for the spreading
f amyloid beta and tau pathology. As previously mentioned,
raak staging is used to determine the tau spreading and further
rogression is correlated with the expansion of pTau pathology
o specific regions of the brain. Considering AD pathology
n clinical settings, PLANC treatment has the potential for
herapeutic effects across Braak stages as tau spreading occurs.
n Braak stages I and II, PLANC has the potential to prevent
eurofibrillary tangle formation, tau spreading, and neuronal
eath through pTau degradation and anti-inflammatory proper-
ies in the transentorhinal and entorhinal cortexes in the medial
emporal region of the brain. In later Braak stages, PLANC
ill hypothetically have the same therapeutic effects, but pTau
athology includes NFT formation as cell to cell spreading of
au occurs from the medial temporal regions (Braak I-II) to the
imbic regions (Braak III-IV) and finally to the whole cortical
antle (BraakV-VI) [87]. Therefore, in later Braak stages, PLANC
ould be beneficial for reducing pTau levels inmultiple regions of
he brain. Finally, across all Braak stages, reducing inflammatory
evels would be extremely helpful to work synergistically with
Tau degradation to prevent cell to cell spreading through
nflammatory cells known to help in pTau propagation through
he brain. According to experimental data collected, PLANC was
ptake into astrocytes for the degradation of pTau and reduction
nflammatory effects which is extremely relevant for the potential
f reducing pTau as astrocytes help propagate the spreading of
Tau [88].

he therapeutic efficacy and mechanistic action of the PLANC
latformwere systematically validated across a variety of relevant
ell culture systems, including human neuroblastoma SH-SY5Y
ells and primary cortical neurons, confirming its robustness
nd broad applicability. Our results demonstrate that PLANC
ormulation significantly enhanced the degradation of pTau
ompared to the PROTACmolecule alone, indicating a synergistic
ffect conferred by the AuNC scaffold. Similarly, the platform
xhibited superior antioxidant and anti-inflammatory properties
ompared to LA alone, effectively scavenging ROS and reducing
he expression of key pro-inflammatory markers. A critical
chievement of this work was the demonstration of PLANC’s
bility to traverse a restrictive in vitro BBB model. PLANC
xhibited substantial transcytosis, significantly outperforming
he macromolecular control, FITC-dextran, which showed min-
mal passage. This result is paramount, as the inability to cross
he BBB is a primary cause of failure for many promising central
4 of 17
nervous system therapeutics. As each component contributes to
amultifaceted therapeutic effect, these comprehensive validation
studies confirmPLANC functions as an integrated systemwith an
effect that is greater than the sum of its individual parts.

While this study provides compelling preclinical evidence for the
translational potential of PLANC, further investigation involving
in vivo animal models of AD is warranted to rigorously establish
its therapeutic efficacy, biodistribution, and long-term safety
profile. Looking forward, a key advantage of the PLANC platform
is its inherent modularity. The design allows for the straight-
forward substitution of the pTau-binding moiety (toluidine blue)
with alternative small molecules that target other pathogenic
proteins. This “plug-and-play” capability enables the platform
to be rapidly adapted for the treatment of other neurodegen-
erative disorders characterized by protein aggregation, such as
targeting α-synuclein in Parkinson’s disease or huntingtin in
Huntington’s disease. Future efforts will focus on expanding
this library of targeting ligands and optimizing the platform
for in vivo administration. Ultimately, we envision PLANC as
a versatile and transformative paradigm in nanomedicine, with
the potential to shift the treatment of neurodegenerative diseases
from single-target symptom management to a holistic, multi-
pronged strategy that addresses the interconnected and core
drivers of neurodegeneration.
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