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Inhibition of cGAS-STING overactivation has recently emerged as a promising strategy to counteract
Alzheimer's disease (AD). However, current cGAS—-STING inhibitors as immunosuppressants suffer from
instability, non-specific targeting, and innate immune disruption. Here, an endogenous AD brain copper
ion-responsive covalent organic framework (COF)-based nanozyme (denoted as TP@PB-COF@NADH)
has been designed for targeted inhibition of the cGAS—STING pathway for AD treatment. The effective
trapping of excess brain endogenous copper ions by TP@PB-COF@NADH not only inhibits the Cu®*-
induced harmful reactive oxygen species (ROS) production which is one of the mediators of cGAS-—
STING activation, but also activates the nanozyme activity of TP@PB-COF@NADH. Furthermore, the
well-prepared nanozyme catalytically generates NAD™ and consumes hydrogen peroxide (H,O,) through
second near-infrared (NIR-1I) enhanced nicotinamide adenine dinucleotide (NADH) peroxidase (NPX)-like
activity, realizing the efficient inhibition of the cGAS—STING pathway and associated neuroinflammation.

Moreover, replenishing NAD™ levels efficiently restores mitochondrial function and ATP supply. In vivo
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function in 3x Tg-AD mice, with a reduction in amyloid-B (AB) plaque, neuroinflammation and neuronal
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Introduction

Alzheimer's disease (AD) is one of the most prevalent fatal
disorders, pathologically featured by the presence of dense
amyloid plaques, chronic neuroinflammation, oxidative stress
and disturbances in metal ion homeostasis.’”* Notably, elevated
levels of copper have been observed in the serum of AD patients,*
with copper in amyloid plaques reaching nearly 5.7-fold elevated
concentrations compared to healthy brain tissue.” The redox-
active nature of copper ions promotes the generation of reactive
oxygen species (ROS), contributing to the oxidative stress mech-
anisms characteristic of AD pathogenesis.*® Moreover, elevated
copper levels have been shown to stimulate neuroinflammatory
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harmful excess endogenous copper ion-responsive and efficient nanozyme.

cascades, potentially exacerbating the aggregation and deposition
of A plaques.®” Collectively, targeting copper ion dyshomeostasis
represents a highly promising therapeutic strategy for AD.*?
Emerging evidence has suggested that overstimulation of the
cyclic GMP-AMP synthase (cGAS)-stimulator of the interferon
genes (STING) pathway and its associated neuroinflammation are
implicated in the progression of AD.'*** Thus, inhibition of the
c¢GAS-STING pathway has been considered as a new therapeutic
strategy.'>'® Nevertheless, research on ¢cGAS-STING inhibitors is
currently still in its nascent stages and faces numerous challenges.
In particular, cGAS-STING inhibitors acting as immunosuppres-
sants may pose risks by disrupting the innate immune balance in
normal organs, potentially leading to infections."”*®* Moreover, the
therapeutic efficacy of current cGAS-STING inhibitors is often
restricted by off-target effects, instability, rapid clearance from
circulation, blood-brain barrier (BBB) permeability and poor
bioavailability."*?* It is also crucial to avoid unpredictable side
effects from over-inhibition and frequent administration."”
Therefore, developing a novel and effective therapeutic strategy to
down-regulate the over-activated cGAS-STING pathway is highly
desirable for AD treatment and remains a great challenge.
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Nicotinamide adenine dinucleotide (NAD"), a critical regu-
lator of metabolic networks, is crucial for mitochondrial health,
genome integrity and neuronal stress resistance.”*?* Emerging
evidence has demonstrated that elevating NAD" can inhibit the
¢GAS-STING pathway.?**” However, lower levels of NAD" in AD
brains have been identified.'®*”~*° Notably, as the bioavailability
of NAD" declines, enzymes that depend on NAD' compete for
a limited supply of NAD', which may restrict their cellular
functionality.>® Besides, due to the relatively high energy
requirements of neurons, they are highly vulnerable to defi-
ciencies in NAD' levels and ATP production impairment.?*3
Despite substantial efforts, current approaches for NAD'
supplementation with precursors exhibit limited effectiveness
owing to inefficiency, lack of targeting, tissue-specific cytotox-
icity and suboptimal oral bioavailability.””**** Additionally, the
catalytic methods encounter obstacles such as heavy metal
toxicity, low stability in harsh biological fluids, and high cost to
scale up.***** Hence, there is an urgent need to explore an
efficient strategy to elevate NAD' levels for c¢GAS-STING
inhibition.

Nanozymes, an emerging class of artificial enzymes, possess
distinctive physicochemical attributes of nanomaterials
coupled with enzyme-mimicking catalytic capabilities.****
Numerous nanomaterials have been engineered to mimic the
biocatalytic functions of natural enzymes.**** Compared to
natural enzymes, which suffer from limited yields and struggle
to cross the BBB, nanozymes possess many advantages
including remarkable stability, tunable catalysis, and ease of
preparation and functional modifications.***® However, the
metal in nanozymes has a potential risk of dissolving in lyso-
somes, resulting in metal ion accumulation and exacerbation of
metal dyshomeostasis in the context of neurodegenerative
diseases, ultimately causing inflammation and cell death.>*'->
Furthermore, the high reactivity of nanozymes may lead to
undesirable off-target effects during systemic circulation and
incorrect site-specific activation in normal tissues.>**® Consid-
ering the constraints above, covalent organic frameworks
(COFs), a significant metal-free platform with tunable compo-
sitions, are ideal candidates for biocompatible nanozymes with
specific activation capabilities and high catalytic performance.
With the advantages of favorable biocompatibility, high
stability, and flexible structure, COFs have been extensively
used in various catalytic and biomedical applications.””*
Multiple COF-derived materials exhibit exceptional catalytic
properties, while also enhancing the capture of substrate
species.®*® As enzyme-mimetic catalysts, the catalytic activity of
COFs can be regulated through adjusting functional groups.®*%”
By leveraging the distinctive characteristics, we hypothesize that
COFs can be harnessed as metal-free nanozyme systems
capable of inhibiting cGAS-STING, thereby offering a potential
AD therapeutic approach.

Herein, prompted by the biofunctionality of natural NADH
peroxidase (NPX),*® we report a rationally designed COF-based
endogenous copper ion-responsive nanozyme (TP@PB-
COF@NADH) to achieve targeted inhibition of the over-
activated cGAS-STING pathway for AD treatment (Scheme 1).
Benefiting from the merits of COFs with tunable functional
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groups and high surface area, the predesigned TP@PB-
COF@NADH with 2,2-bipyridine (2,2'-Bpy) groups could trap
the excess accumulated Cu”" ions in AD. Capturing and redox
silencing Cu*>* ions with TP@PB-COF@NADH can decrease the
ROS production and toxic effects induced by Cu®* ions,
reducing the abnormal activation of the cGAS-STING pathway.
Additionally, given that COFs possess extended m-conjugated
frameworks and offer adequate contact with reactant substrate
molecules, COF-based porous materials exhibit shortened
electron transportation pathways and promoted electron
transport, thereby improving the catalytic efficiency.®>”® Partic-
ularly, the NPX-like activity of TP@PB-COF@NADH, activated
by in situ Cu** ions of AD, is significantly enhanced by external
NIR-II stimulation. Therefore, our designed nanozyme can
effectively improve NAD" levels and consume H,0,, inhibiting
the over-activation of the cGAS-STING pathway and alleviating
the associated inflammation. Moreover, the supplement of
NAD" effectively reduced oxidative stress, improved mitochon-
drial function, and restored ATP production. Owing to the
covalently grafted target peptides of KLVFFAED, TP@PB-
COF@NADH can pass through the BBB, target Ap and achieve
high accumulation in the brain.”*”* In vivo studies have shown
that TP@PB-COF@NADH with NIR-II irradiation can reverse
cognitive deficits, reduce neuronal injury, decrease AR plaque
deposition and alleviate neuroinflammation in APPSwe/
PS1M146 V/tauP301L triple-transgenic AD (3x Tg-AD) model
mice. Beyond the dual capacity for Cu®>" chelation and oxidative
stress mitigation, our system synergistically integrates NAD'-
mediated energy homeostasis restoration and cGAS-STING-
driven neuroinflammation attenuation, establishing a combi-
natorial strategy addressing oxidative stress, energy homeo-
stasis, and inflammation that is previously unexplored in
copper-targeting AD therapies.*® Our study provides a new
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Scheme 1 (a) Schematic chart of TP@PB-COF@NADH synthesis and

(b) therapeutic mechanism of TP@PB-COF@NADH in AD.
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perspective on inhibiting the cGAS-STING pathway by nano-
zyme catalysis as a potential therapeutic approach for AD.

Results and discussion

The Py-Bpy-COF was synthesized via a solvothermal approach
utilizing the Schiff-base condensation method, employing
1,3,6,8-tetrakis(4-aminophenyl)pyrene (Py-TA) and 2,2'-bipyr-
idyl-5,5'-dialdehyde (BPy-DCA) as the precursors (Scheme 1a).
The synthetic process was carried out in a 1:1 volume ratio
mixture of mesitylene and dioxane at 120 °C for seven days to
obtain the Py-Bpy-COF, with 6 M aqueous acetic acid (HOAc)
serving as the catalyst.” Furthermore, the utilization of the
HOACc solution facilitated the transformation of BPy-DCA into
a more stable cis conformer. The predicted pK, of BPy-DCA
(3.83) exceeded the pH of the reaction mixture (3.15), suggest-
ing that BPy-DCA existed predominantly in the cis configuration
during the reaction, attributed to the creation of the intra-
molecular H-bonding and m-conjugation.” To further verify the
preferred configuration of BPy-DCA under reaction conditions,
UV-vis absorption spectra were recorded. Upon the addition of
6 M HOACc to the BPy-DCA solution, a distinct band emerged at
312 nm, exhibiting a red shift compared to the original solution
(Fig. S11). The peaks at 312 nm and 256 nm corresponded to the
characteristic absorption of the monocationic BPy-DCA species,
indicating the substantial incorporation of cis-configured 2,2’
Bpy into the Py-Bpy-COF during the synthesis. Moreover, the
extended m-interaction between stacked layers stabilized the cis
conformation of 2,2’-Bpy in the Py-Bpy-COF, which is crucial for
subsequent post-synthetic modifications. The successful
synthesis of the Py-Bpy-COF was characterized using Fourier
transform infrared (FT-IR) spectroscopy. As illustrated in

o

—Py-TA
_MYM
s’ 39
1616 (N,

——BPY-DCA

167 oy

1609 (c=%)

Transmittance

4000 3000 2000 1000
¢ ‘Wavenumber (cm™)

Nls .
«== PB-COF-Cu**

— Py-Bpy-COF

d

Cu2p

Cu2p, ,
Satellite  Cu2p ,

Cu2p,,
Satellite

Intensity (a.u.)

410 408 406 404 402 400 398 396
Binding Energy (eV)

965 960 955 950 945 940 935 930
Binding Energy (eV)

Fig.1 (a) FTIR spectra of Py-TA (gray), BPY-DCA (red) and the Py-Bpy-
COF (blue). (b) SEM image of the Py-Bpy-COF. Scale bar = 100 nm.
The inset photograph was the corresponding DLS size distribution
histogram. (c and d) XPS spectra of (c) N 1s and (d) Cu 2p of PB-COF-
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Fig. 1a, the characteristic peak at 1697 cm™ ' (C=0) for BPy-DCA
significantly diminished, and a new peak for the characteristic
stretching vibrations of imine (C=N) groups appeared at
1609 cm ™', indicating the formation of imine linkages in the Py-
Bpy-COF.”” The powder X-ray diffraction pattern (PXRD) anal-
ysis further demonstrated the successful synthesis of the Py-
Bpy-COF (Fig. S2t). The characteristic peaks at 3.15°, 6.4°, and
9.55° are assigned to the (100), (220), and (330) lattice facets,
respectively.”> Subsequently, scanning electron microscopy
(SEM) images and dynamic light scattering (DLS) analysis
revealed that Py-Bpy-COF nanoparticles were approximately
100 nm in diameter (Fig. 1b). Furthermore, the porosity of the
Py-Bpy-COF was demonstrated through CO, adsorption
isotherm analysis (Fig. S31).” The isotherm exhibits a Type I
adsorption behavior, reaching a CO, adsorption capacity of
26.76 cm® g ' at P/P, = 0.03. The Brunauer-Emmett-Teller
(BET) surface area was calculated as 225.4 m* g~ '. Notably, the
absence of a hysteresis between adsorption and desorption
branches indicates reversible physisorption behaviour and
structural stability under CO, loading.

As a versatile building block, 2,2"-Bpy is widely utilized in
complexation due to customizable functionality and good redox
stability.” The complexation of transition metals with 2,2'-Bpy-
based COFs significantly broadens their applications in cata-
Iytic fields.** When the metal-free Py-Bpy-COF reacts with CuCl,
in an aqueous solution, PB-COF-Cu®** can be formed. Induc-
tively coupled plasma atomic mass spectrometry (ICP-MS)
analysis showed that the Cu species loading in PB-COF-Cu**
was about 6.0 wt%. The FT-IR spectra of PB-COF-Cu®" revealed
that the chemical functionalities of the Py-Bpy-COF were largely
preserved, with the exception of a noticeable blue shift in the C-
N stretching vibration peak (Fig. S41), suggesting that Cu®*
coordinates to the bipyridinic N atoms in the Py-Bpy-COF.*'
Furthermore, the zeta potential of the Py-Bpy-COF was
increased after the addition of Cu®" (Fig. S51). X-ray photo-
electron spectroscopy (XPS) provided further structural details
about the coordination of Cu®" ions in PB-COF-Cu®*'. The
presence of Cu®* in PB-COF-Cu*" was verified by the full scan
XPS spectrum, which demonstrated the effective incorporation
of Cu®" into the frameworks (Fig. S6 and S7t). The N 1s XPS
spectrum of PB-COF-Cu®" showed a slight shift in the N 1s peaks
compared to the Py-Bpy-COF, which was attributed to the
coordination with Cu™ (Fig. 1c).** High-resolution Cu 2p XPS
spectra indicated the presence of divalent Cu" in PB-COF-Cu*"
(Fig. 1d). These results suggested robust interactions between
the Cu species and bipyridine groups in PB-COF-Cu>*. More-
over, the SEM image and DLS results revealed that the grain
sizes of PB-COF-Cu”* were comparable to those of the Py-Bpy-
COF, indicating that the framework structures remained
intact after the incorporation of Cu®" (Fig. S8 and S9t). The
PXRD profile of PB-COF-Cu”* was comparable to that of the Py-
Bpy-COF, confirming that the Py-Bpy-COF skeletons were
preserved following the addition of Cu®" (Fig. S27).%

Given that Cu®" accumulates in A plaques (up to 0.4 mM)
and induces ROS production and enhanced AP toxicity,’
sequestering Cu”" from AB has been considered as a crucial
approach for AD treatment.** Due to the high binding affinity of
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evaluation. (f-i) The heating curves of the Py-Bpy-COF, PB-COF-Cu?*, and H,O (f) in the presence of 808 nm or (h) 1064 nm irradiation (1.0

W-cm™2)

808 nm or (i) 1064 nm laser (1.0 W-cm™2).

2,2/-Bpy to Cu®* ® we evaluated the Cu®" sequestration ability of
the Py-Bpy-COF utilizing the intrinsic fluorescence of Tyr10 in
AB42 by fluorescence spectroscopy. As depicted in Fig. 2a, the
Tyr10 fluorescence was quenched, suggesting the binding of
Cu®" to AB42 in close proximity.* Notably, the recovery of Tyr10
fluorescence (308 nm) demonstrated that the Py-Bpy-COF could
effectively remove Cu®” from the AB42-Cu®" complex. Next, the
selectivity of the Py-Bpy-COF for binding and sequestering Cu”*
in the presence of other metal ions was examined. As shown in
Fig. S10,7 the Tyr10 fluorescence of AB42-Cu*" was restored in
the presence of Zn>*, Fe**, and Ca®" after incubation with the Py-
Bpy-COF, indicating that the Py-Bpy-COF selectively bound and
sequestered Cu®>* from the AB42-Cu®>* complex.

As the AB-Cu®* complex is well known to induce the gener-
ation of ROS that is harmful to AD,*” we performed the ascor-
bate consumption assay to determine the impact of the Py-Bpy-
COF on the redox cycling of Cu®*"-ascorbate and the generation
of ROS. As shown in Fig. 2b, ascorbate underwent rapid
consumption in the presence of Cu**. Notably, the consumption
of ascorbate was significantly reduced when Cu** was pre-mixed

7218 | Chem. Sci,, 2025, 16, 7215-7226

. The photothermal stability of the Py-Bpy-COF and PB-COF-Cu®* during five on—off cycles of irradiation (g) in the presence of an

with the Py-Bpy-COF, suggesting that the Py-Bpy-COF possessed
the ability to bind to Cu®>" and effectively impede redox cycling.
In order to mimic conditions more comparable to AD, we
further carried out the ascorbate consumption assay with the
addition of AB. The Py-Bpy-COF significantly reduced ascorbate
consumption in the presence of Ap (Fig. 2c), suggesting that the
binding of the Py-Bpy-COF to Cu** can slow down the Cu*'-
ascorbate redox process even with AB present. Furthermore, the
ability of the Py-Bpy-COF to hinder ROS generation induced by
Cu** was verified by monitoring the production of hydroxyl
radicals ("OH), which was measured through the fluorescence
intensity of 7-hydroxycoumarin-3-carboxylic acid (7-OH-CCA).*
As shown in Fig. 2b—e, when the Py-Bpy-COF was introduced,
the fluorescence intensity significantly increased in the pres-
ence of both ascorbate and Cu®', confirming the effective
mitigation of "OH formation by the Py-Bpy-COF. Above all, these
findings revealed that the Py-Bpy-COF could sequester Cu** and
consequently limit the production of ROS caused by Cu*".

It has been reported that extensive 7-electronic conjugation
and m- interactions between interlayers impart keto-enamine-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a NIR-II-Amplified Nanozyme Effect
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Fig. 3 (a) The schematic illustration of the NIR-II-amplified PB-COF-
Cu?* mediated NADH peroxidase (NPX) nanozyme activity. (b) UV-vis
spectra of NADH conversion with the PB-COF-Cu®* nanozyme at
different times (0-20 min). (c) Temporal absorbance variations at
340 nm following addition of different concentrations of NADH. The
concentrations of NADH are 0, 0.05, 0.1, 0.2, 0.3 and 0.4 mM (labeled
as line a—f). (d) The calibration plot for the conversion of NADH into
NAD*. (e) Temporal absorbance variations at 340 nm with or without
NIR-II irradiation (1.0 W-cm™2). Blue line: NADH + H,O, + PB-COF-
Cu?*. Red line: NADH + H,0, + PB-COF-Cu?* + NIR-II.

linked COFs enhanced photothermal conversion capability.”*°
Next, the photothermal performance of the Py-Bpy-COF was
investigated. To assess the photothermal conversion efficiency
of the Py-Bpy-COF, temperature changes were recorded during
irradiation with the NIR-I laser and NIR-II laser. The longer-
wavelength NIR-II laser offers superior tissue penetration and
reduced background autofluorescence emission,” making it
ideal for deep brain therapy through the scalp and skull.” As
illustrated in Fig. 2f and h, the temperature of the Py-Bpy-COF
rapidly increased after 5 minutes irradiation with 808 nm and
1064 nm lasers, with temperature changes of approximately 11 °©
C and 9 °C, respectively. These findings indicated that the Py-
Bpy-COF could effectively convert NIR-I and NIR-II energy into
thermal energy. Additionally, the results showed that PB-COF-
Cu®" retained similar photothermal conversion properties to
the Py-Bpy-COF. Moreover, the photothermal cycling stability of
the Py-Bpy-COF and PB-COF-Cu®* under NIR laser irradiation
was also evaluated. As illustrated in Fig. 2g and i, the heating
process remained stable for both the Py-Bpy-COF and PB-COF-
Cu®" when NIR-I and NIR-II lasers were alternately turned on
and off in each cycle, demonstrating the outstanding photo-
thermal stability of both the Py-Bpy-COF and PB-COF-Cu*",
Since Cu often serves as the catalytic center of multiple
subsequently investigated the enzyme-like

enzymes, we

© 2025 The Author(s). Published by the Royal Society of Chemistry
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properties of PB-COF-Cu”* towards NADH oxidation and its
catalytic performance under NIR-II irradiation (Fig. 3a). The
NPX-mimicking catalytic activity was assessed through moni-
toring the UV-vis absorption spectrum of NADH. The charac-
teristic band of NADH (340 nm) gradually reduced as the
reaction time increased in the presence of PB-COF-Cu**
(Fig. 3b). This notable change corresponded to the conversion
of NADH to NAD®, demonstrating that PB-COF-Cu>" could
catalyze NADH oxidation with NPX-mimicking activity. More-
over, to gain further insights into the NPX-mimicking activity of
PB-COF-Cu**, we analyzed the enzyme kinetics for the catalytic
oxidation of NADH. Fig. 3c exhibits the time-dependent absor-
bance changes at a wavelength of 340 nm with differing levels of
NADH (0, 0.05, 0.1, 0.2, 0.3, and 0.4 mM). The initial reaction
rates (vo) of NADH oxidation were calculated from the absor-
bance changes. Michaelis-Menten curves were then generated
by plotting v, against the NADH concentrations (Fig. 3d). The
Vmax and Ky, values for the catalytic reaction of PB-COF-Cu**
nanozymes were 19.28 uM min ' and 1.7 pM, respectively.
Collectively, these outcomes indicated PB-COF-Cu*" possessed
NPX-like activity. Furthermore, as a keto-enamine-linked COF
with good thermal properties, PB-COF-Cu®>" exhibited the
potential for enhanced catalytic performance under NIR-II
irradiation. We assessed the NPX catalytic activity of PB-COF-
Cu** under different durations of NIR-II irradiation. As shown
in Fig. 3e, the catalytic activity of PB-COF-Cu®" significantly
increased with prolonged irradiation with a 1064 nm laser
compared with the group without the laser, indicating that the
NPX-like activity of PB-COF-Cu** could be enhanced by NIR-II
irradiation.

Next, a standard methyl thiazolyl tetrazolium (MTT) assay
was conducted to assess the biosafety of the Py-Bpy-COF. The
viability of hippocampal neuronal cell line (HT22) cells
remained above 90% even at Py-Bpy-COF concentrations up to
180 pug-mL ™", demonstrating the outstanding biocompatibility
and biosafety of the Py-Bpy-COF in vitro (Fig. S111). Apoptosis
analysis via annexin V-FITC/PI flow cytometry revealed a low
level of apoptosis in the Py-Bpy-COF group, further confirming
its biocompatibility (Fig. S12+).

Since NAD" is essential for cellular metabolism, mitochon-
drial homeostasis, and genome integrity,>* emerging evidence
indicates that lower levels of NAD" are associated with AD
pathology.*® Elevating NAD" levels has been shown to inhibit
c¢GAS-STING signaling, restore mitochondrial homeostasis, and
reduce neuroinflammation.’® However, previous attempts to
increase NAD" levels, such as orally administering precursors
and directly supplementing cells with NAD" synthesis precur-
sors, have demonstrated poor efficacy.*® Therefore, for effective
catalytic oxidation of NADH to NAD+, NADH was introduced in
the Py-Bpy-COF (referred to as PB-COF@NADH). The incorpo-
ration amount of PB-COF@NADH was estimated to be 6.3%.
Subsequently, we investigated whether PB-COF@NADH could
catalyze the conversion of NADH to NAD" through its NPX-like
catalytic activity by binding to Cu®** and increase cellular
NAD" levels. As shown in Fig. 4a, the intracellular relative ratio
of NAD'/NADH in the AB-Cu®" + PB-COF@NADH treated group
displayed a marked increase compared to the group incubated
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Fig. 4 (a) NAD*/NADH ratio of HT22 cells incubated with AB42-Cu®* following various treatments. (b and c) Flow cytometry (b) and (c) cor-
responding quantitative analysis of intracellular ROS levels following various treatments. The fluorescence intensity of the ROS was represented
by FITC-A. (d) Protein expression of cGAS and STING under different incubation conditions, as evaluated by western blot analysis. Tubulin was
used as a loading control. (e and f) Quantitative analysis of (e) TNF-a secretion and (f) IL-1B secretion after different stimulations. (g and h) Flow
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various treatments (i) and quantitative analysis (j). (k) Intracellular ATP levels following various treatments. (1) Cell viability of HT22 cells after

various treatments. Irradiation with a 1064 nm laser (1.0 W-cm™2).

with AB-Cu®" solely. Moreover, an even stronger restoration was
observed under 1064 nm laser irradiation, indicating that NAD"
homeostasis was significantly restored through the NIR-II
enhanced NPX-mimicking activity of PB-COF@NADH.

Then, we investigated the potential usage of PB-COF@NADH
for the mitigation of oxidative stress. It has been reported that
up-regulating NAD" can reduce oxidative damage, which is
a major pathogenic factor in AD.?”” Thus, the 2',7'-dichloro-
fluorescin diacetate (DCFH-DA) test was conducted to measure
cellular ROS accumulation under various conditions. As illus-
trated in Fig. $13,1 compared to the control group, Ap-Cu**-
treated cells displayed high fluorescent signals, indicating Ap-
Cu”" induced oxidative stress. Notably, cells treated with AB-
Cu®" + PB-COF@NADH + NIR-II showed a significant reduction
in ROS generation. Besides, similar results were obtained via
the flow cytometry analysis (Fig. 4b), as ROS levels in the PB-
COF@NADH + NIR-II - treated group were reduced to one-
third of those in the AB-Cu®'-treated group according to

7220 | Chem. Sci., 2025, 16, 7215-7226

quantitative analysis (Fig. 4c). Collectively, these outcomes
suggested that oxidative stress could be reduced by the NIR-II-
enhanced NPX-like catalytic activities of PB-COF@NADH.
Additionally, the redox silencing of Cu** by PB-COF@NADH
further contributed to the mitigation of oxidative stress.
Previous studies have reported that oxidative stress and
NAD" depletion cause increased activation of the cGAS-STING
pathway, which accelerates the progression of AD.' Next, we
evaluated the effect of PB-COF@NADH on the inhibition of
cGAS-STING overactivation by western blot. The expression
levels of cGAS and STING proteins in HMC3 human microglial
cells were considered as the quantitative indicators. As shown
in Fig. 4d, the cells treated with AB-Cu”* exhibited significantly
higher levels of ¢cGAS and STING expression compared to PBS-
treated cells. As expected, the expressions of cGAS and STING
proteins in AB-Cu®** + PB-COF@NADH + NIR-II treated cells
markedly decreased, respectively. These results demonstrated
that the overactivated cGAS-STING pathway was inhibited by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Timeline of the in vivo experimental procedure. (b) Escape latency to locate the platform across different groups. (c) Swimming speed

during training after various treatments. (d) The count of platform passes after different treatments. (e) Proportion of durations allocated to the
target quadrant. (f) Typical swimming paths following different treatments.

PB-COF@NADH through replenishing NAD" levels and
decreasing ROS, mediated by the NIR-II-enhanced NPX-
mimicking activity.

Given the crucial role of the cGAS-STING pathway in various
autoinflammatory, autoimmune and degenerative diseases,”*
we next investigated the ability of PB-COF@NADH to decrease
STING-dependent neuroinflammation. The expressions of
neuroinflammation-related markers in HMC3 cells were
subsequently studied. The secretion of key proinflammatory
markers, IL-1B and TNF-a, was evaluated using enzyme-linked
immunosorbent assay (ELISA). The data in Fig. 4e and f
demonstrated that the secretion of IL-1f and TNF-o. signifi-
cantly decreased following PB-COF@NADH + NIR-II treatment,
while the production of IL-1p and TNF-a increased in the AB-
Cu”* treated group. Subsequently, the level of integrin CD11b
was detected by flow cytometry, as CD11b is expressed on the
microglial surface during activation (Fig. 4g). Quantitative
analysis revealed an obvious decline in the expression of CD11b
in the AB-Cu** + PB-COF@NADH + NIR-II group compared to
the AB-Cu®" treated group (Fig. 4h). Taken together, the above
results indicated that PB-COF@NADH + NIR-II treatment miti-
gated neuroinflammation. PB-COF@NADH possessed a multi-
faceted therapeutic potential that involved the in situ activation
of NIR-II-enhanced NPX-mimicking activity and redox silencing
of Cu®". This resulted in the elevation of NAD" levels, mitigation

© 2025 The Author(s). Published by the Royal Society of Chemistry

of oxidative stress, inhibition of the overactivated cGAS-STING
pathway, and ultimately attenuation of neuroinflammation.

NAD' depletion and oxidative stress have been reported to be
associated with mitochondrial dysregulation, which is a hall-
mark of AD.”” To further explore the restorative effects of PB-
COF@NADH, we used the JC-1 fluorescent probe (5,5,6,6'-tet-
rachloro-1,1’,3,3"-tetraethylbenzimidazolyl-carbocyanine
iodide) to assess its protective effect on mitochondrial func-
tion.”” As presented in Fig. 4i, the AB-Cu®* treated group
exhibited intense green fluorescence, indicating significant
depolarization of the mitochondrial membrane potential
(MMP), which led to the loss of mitochondrial function.
Importantly, treatment with PB-COF@NADH + NIR-II prevented
the depolarization of MMP, as evidenced by decreased green
fluorescence and increased red fluorescence (Fig. 4j). These
results suggested that PB-COF@NADH could restore mito-
chondrial homeostasis by elevating NAD" levels and reducing
oxidative stress through NPX-mimicking activity.

Given that mitochondria are regarded as the cellular energy
factories and responsible for synthesizing ATP, the ability of PB-
COF@NADH to restore ATP production was then investigated.
Following the incubation with PB-COF@NADH nanozymes, the
cellular ATP production was considerably restored, showing an
increase of approximately 73.3% compared to the AB-Cu**-treated
group (Fig. 4k). ATP levels were elevated by about 93.2% under

Chem. Sci., 2025, 16, 7215-7226 | 7221
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(a—c) Nissl staining of neurons in (a) DG, (b) hippocampus, and (c) cortex areas of the brains in WT mice and 3x Tg-AD mice after different

treatments. Insets: the enlarged images. The red and white arrows denote the shrunken and intact Nissl bodies, respectively. (d and e) AB staining
in the (d) hippocampus and (e) cortex areas of the brains in WT mice and 3x Tg-AD mice after different treatments. Scale bar = 100 um.

1064 nm laser irradiation. These results suggested that the PB-
COF@NADH nanozyme, with NIR-II-promoted NPX-mimicking
activity, could effectively restore the NAD'/NADH ratio and
mitochondrial function, thereby enhancing ATP synthesis.

Subsequently, the impact of PB-COF@NADH on neuronal
survival under AB-Cu®* toxicity was evaluated. The results
indicated a notable decrease in cell viability following AB-Cu**
treatment, indicating that AB-Cu®* caused cell death (Fig. 41). In
contrast, co-treatment with AB-Cu?** and PB-COF@NADH
significantly increased cell viability, which was further
enhanced with 1064 nm laser irradiation. These results
demonstrated that PB-COF@NADH effectively mitigated the AB-
Cu**-induced cytotoxicity, attributed to the therapeutic effects
of redox silencing of Cu** and NIR-II enhanced NPX-mimicking
activity of PB-COF@NADH.

The BBB is well recognized as a major obstacle hindering the
majority of drugs from entering the brain.”* Recently, nano-
particles modified with the 8 amino-acid peptide KLVFFAED
have been designed to improve BBB penetration for the treat-
ment of AD.”” The interaction between KLVFFAED and the

7222 | Chem. Sci, 2025, 16, 7215-7226

receptor for advanced glycation end-products (RAGE) increases
the efficiency of nanoparticle traversal through the BBB.™*%
Accordingly, we propose that PB-COF@NADH could cross the
BBB after modification of KLVFFAED. Besides, KLVFFAED can
enable PB-COF@NADH to specifically target AB.”® Furthermore,
given the photothermal properties of PB-COF@NADH, its
ability to permeate the BBB could be enhanced under NIR
irradiation.® The KLVFFAED peptide was covalently modified
on the Py-Bpy-COF (referred to as TP@PB-COF). The FT-IR
spectra of the TP@PB-COF exhibited characteristic stretching
vibrations of N-H and C=O0O from KLVFFAED, as well as C=N
from the Py-Bpy-COF, confirming the successful synthesis of the
TP@PB-COF (Fig. S141).%”* The DLS analysis of TP@PB-
COF@NADH displayed a hydrodynamic diameter of about
200 nm (Fig. S15t). Next, the MTT assay demonstrated the
outstanding biocompatibility of TP@PB-COF@NADH in vitro,
with cell viability exceeding 90% at concentrations up to 160
pg-mL ™" (Fig. S167). In subsequent in vivo experiments, the
traversal of TP@PB-COF@NADH across the BBB was assessed.
Cyanine3 was incorporated into the TP@PB-COF@NADH

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(denoted as TP@PB-COF@NADH@Cy3) to track BBB transport.
Following intraperitoneal administration of TP@PB-
COF@NADH®@Cy3 for 24 hours, the AD model mice were
euthanized. Their brains along with major organs were har-
vested for fluorescence imaging. A significant fluorescence
signal was detected in the brain of the 3 x Tg-AD mouse model
treated with TP@PB-COF@NADH@Cy3 (Fig. S17a and bf¥).
Conversely, the fluorescence signal from the brain of the mice
treated with PB-COF@NADH®@Cy3 without KLVFFAED signifi-
cantly decreased (Fig. S17c and df). These findings demon-
strated that KLVFFAED facilitated active targeting to the brain,
thereby enhancing the penetration of TP@PB-COF@NADH
across the BBB.”* Next, we proceeded to assess the in vivo
therapeutic efficacy of TP@PB-COF@NADH in 3x Tg-AD mice,
which involved intraperitoneal injection once every three days
for six times and NIR-II (1064 nm, 0.7 W-cm ) irradiation for
10 minutes daily (Fig. 5a). After 2 weeks of continuous irradia-
tion following the injections, the Morris water maze (MWM)
experiment was conducted for assessment of the cognitive
abilities of the mice. As illustrated in Fig. 5b-f, after a 4 days
training process, the mice with TP@PB-COF@NADH treatment
in combination with NIR-II irradiation exhibited significant
improvements in memory performance, as evidenced by the
greater proportion of time spent within the target area,
increased swimming velocity, higher frequency of platform
crossings, and reduced latency to reach the platform compared
to the other groups. These results suggested that TP@PB-
COF@NADH with NIR-II light radiation could improve cogni-
tive functions in 3x Tg-AD mice.

Finally, following the MWM test, all mice underwent
euthanasia, and their major organs including brains were har-
vested for subsequent evaluation. Nissl staining was performed
to evaluate the neuroprotective effects of our approach. As
depicted in Fig. 6a-c, compared to the healthy wild-type mice,
the untreated 3x Tg-AD mice exhibited neuronal loss and
noticeable neuron nuclear shrinkage with deep staining (indi-
cated by red arrows) in the hippocampus, dentate gyrus (DG)
and cortex.”®® Conversely, AD mice treated with TP@PB-
COF@NADH under NIR-II irradiation showed intact, full-
shaped neuronal cell bodies with faint blue staining (indi-
cated by white arrows), indicating the remarkable neuro-
protective effect of the COF-based nanozyme as a cGAS-STING
inhibitor. These results were further validated by hematoxylin
and eosin (H&E) staining (Fig. S187). Likewise, immunohisto-
chemical analysis for AB in the hippocampal and cortical
regions revealed that the “TP@PB-COF@NADH + NIR-II” group
exhibited the greatest decrease in AP plaques compared to the
other groups (Fig. 6d and e). This indicated that TP@PB-
COF@NADH could reduce AB plaques in the lesion areas
through the cGAS-STING pathway.'® Moreover, the levels of
proinflammatory cytokines TNF-o and IL-1B significantly
decreased in the brain of AD mice treated with TP@PB-
COF@NADH + NIR-II (Fig. S19 and S20%), indicating that
TP@PB-COF@NADH synergistically alleviated the cerebral
inflammation in 3x Tg-AD model mice. Furthermore, H&E
staining images showed no significant injury to the major
organs in AD mice treated with TP@PB-COF@NADH and NIR-II

© 2025 The Author(s). Published by the Royal Society of Chemistry
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irradiation (Fig. S211), demonstrating the excellent biocom-
patibility of TP@PB-COF@NADH. The hemocompatibility of
TP@PB-COF@NADH was evaluated through in vitro hemolytic
testing according to ISO 10993-4.°” The average hemolysis rate
was below the 5% safety threshold, indicating negligible
erythrocyte disruption and superior hemocompatibility of
TP@PB-COF@NADH (Fig. $221).

Conclusion

In summary, we have developed a promising therapeutic
approach to targeting the cGAS-STING pathway for the treat-
ment of AD. This approach utilizes an endogenous copper ion-
responsive COF nanozyme (TP@PB-COF@NADH) with NIR-II-
enhanced activity. Excessive Cu®" in AD could be sequestered
and redox silenced by TP@PB-COF@NADH, resulting in
decreased generation of ROS, one of the trigger factors of cGAS-
STING activation. Besides, during the treatment process,
TP@PB-COF@NADH exhibited a significant ability to generate
NAD" and consume H,0, through NIR-IT augmented NPX-like
catalytic activities in situ activated by Cu®". This mechanism
effectively prevented the overactivation of the cGAS-STING
pathway, reduced neuroinflammation, and restored mitochon-
drial function. Furthermore, in vivo studies demonstrated that
the designed nanozyme inhibitor significantly alleviated
cognitive impairment in 3 x Tg AD mice, suggesting the efficacy
of this therapeutic approach. Overall, our study provides new
insights into the inhibition of cGAS-STING overactivation for
treatment of AD by using an AD brain harmful excess endoge-
nous copper ion-responsive and efficient nanozyme.
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