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Introduction: Alzheimer’s disease (AD), a neurodegenerative condition, stands as the most prevalent form of dementia. Its complex
pathological mechanisms and the formidable blood-brain barrier (BBB) pose significant challenges to current treatment approaches.
Oxidative stress is recognized as a central factor in AD, underscoring the importance of antioxidative strategies in its treatment. In this
study, we developed a novel brain-targeted nanoparticle, Ce/Zr-MOF@Cur-Lf, for AD therapy.

Methods: Layer-by-layer self-assembly technology was used to prepare Ce/Zr-MOF@Cur-Lf. In addition, the effect on the
intracellular reactive oxygen species level, the uptake effect by PC12 and bEnd.3 cells and the in vitro BBB permeation effect
were investigated. Finally, the mouse AD model was established by intrahippocampal injection of AP;4, and the in vivo
biodistribution, AD therapeutic effect and biosafety of the nanoparticles were researched at the animal level.

Results: As anticipated, Ce/Zr-MOF@Cur-Lf demonstrated efficient BBB penetration and uptake by PC12 cells, leading to attenua-
tion of H,0,-induced oxidative damage. Moreover, intravenous administration of Ce/Zr-MOF@Cur-Lf resulted in rapid brain access
and improvement of various pathological features of AD, including neuronal damage, amyloid-p deposition, dysregulated central
cholinergic system, oxidative stress, and neuroinflammation.

Conclusion: Overall, Ce/Zr-MOF@Cur-Lf represents a promising approach for precise brain targeting and multi-target mechanisms
in AD therapy, potentially serving as a viable option for future clinical treatment.

Keywords: metal-organic frameworks, Alzheimer’s disease, drug delivery, brain targeting, oxidative stress

Introduction
Alzheimer’s disease (AD) is a prevalent neurodegenerative disorder characterized by progressive cognitive dysfunction
and memory loss.! With the aging global population, AD incidence continues to rise. According to the World Alzheimer
Report 2022, approximately 55 million people worldwide are currently affected by AD, a number expected to escalate to
139 million by 2050 if no effective interventions are developed.? Current treatments only alleviate symptoms and do not
cure the disease. This limitation is partly due to the complex and not fully understood mechanisms underlying AD.
Notably, two pathological hallmarks of AD are extracellular senile plaques composed of amyloid beta (AP) and
intracellular neurofibrillary tangles caused by hyperphosphorylated tau protein (pTau).** Unfortunately, most therapeutic
candidates targeting Ap and pTau have failed to improve cognitive functions in phase II or III clinical trials,> casting
doubt on the long-standing dominance of the AP and pTau hypotheses. Consequently, there is a critical need to explore
other potential therapeutic targets, such as oxidative stress, to develop more effective treatments for AD.

Recently, the oxidative stress hypothesis has gained attention due to its strong connection with the development
of AD. This hypothesis highlights the link between the overproduction of reactive oxygen species (ROS) and AD
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progression.” Key sources of ROS in AD include damaged mitochondria,® abnormal metal homeostasis,” and activated
microglia.'” The gradual accumulation of ROS leads to sustained oxidative stress, a common physiological change in the
early stages of AD brains. This stress disrupts the metabolism of biomacromolecules, Ca**and energy homeostasis,
mitochondrial function, and synaptic activity, ultimately resulting in cognitive decline.” Consequently, oxidative stress is
often considered as a core factor in the early phases of AD,'" potentially preceding other pathological features such as Ap
and tau pathology.”'? Moreover, these abnormal metabolisms may further enhance ROS accumulation in a positive
feedback loop, creating a vicious cycle that ultimately leads to neuronal death.*” Therefore, therapies targeting excessive
ROS could be crucial for effectively treating AD.

Nanozymes, nanomaterials with intrinsic enzyme-like activity, have sparked increasing interest in the redox field due
to their stable and desirable enzymatic catalytic functions.'® Recently, various nanomaterials have been developed to act
as artificial nanozymes, mimicking the function of natural antioxidative enzymes. These include Ce-based,'* palladium,’
and carbon-based nanoparticles.'””> Among these, Ce-based nanoparticles, particularly ceria nanoparticles, have been
reported to effectively regulate oxidative states through a reversible redox ability mediated by Ce ions. The unique redox
cycle between Ce®" and Ce*" ions can relieve excess free radicals and mitigate the oxidative stress response of cells
under the condition of physiological pH.'®"'® Additionally, mixed-valence ceria exhibited stable antioxidative property,
which facilitated to overcome the instability and easy deactivation of natural antioxidants.>® Thus, mixed-valence ceria
were selected for this study to modulate oxidative stress in AD.

Interestingly, nanoparticle-based delivery systems have emerged as an effective strategy to overcome the limitations of
therapeutic drugs, including curcumin. Among various nanomaterials, metal-organic frameworks (MOFs) represent a growing
class of crystalline porous materials at the nanoscale level. Compared with natural enzymes or catalytic nanomaterials, MOFs
have the advantages of high enzyme activity, low cost and good stability, MOFs have garnered extensive interest and are
recognized as a potential superior drug delivery materials.?'>* Specifically, Ce/Zr-MOF is a type of bimetallic mixed metal-
organic framework. This compound not only retains the stability of Zr-MOF but also has a smaller size than that of pure Ce-
MOF, which is more suitable for in vivo applications.** Additionally, Ce/Zr-MOF contains metal Ce ions, which function as
ROS scavengers similar to antioxidative enzymes, helping alleviate oxidative stress. Additionally, doping with Zr ions can
enhance the catalytic performance of Ce** and Ce*" states in scavenging ROS.? 27 Current research on bimetallic Ce/Zr-
MOF primarily focuses on its material characteristics, such as structural information,® topological transitions,> thermal and
chemical stability,** and detoxification properties against neurotoxic agents.>® However, few studies have utilized its porous
structure to load therapeutic drugs for disease treatment, including AD. In light of this, we have pioneered the use of Ce/Zr-
MOF as a nanoplatform for drug delivery and disease treatment.

However, the BBB significantly limits this delivery strategy in the treatment of AD. Consequently, a BBB-targeting unit
is essential to ensure precise delivery of the system into the brain. Previous studies have shown that the lactoferrin receptor
(LfR) is highly expressed on the surface of cerebrovascular endothelial cells,' especially in the brains of those with age-
related neurodegenerative diseases such as AD and PD.*>> Therefore, LfR-mediated transport across the BBB is
considered a promising approach. Concurrently, lactoferrin (Lf) has been widely used as a targeting reagent in the
construction of brain-targeted delivery systems.*>*® By mimicking the endogenous Lf transport route, the Lf-modified
nanoplatform can rapidly penetrate the BBB through specific binding with LfR, subsequently exerting intracerebral effects.

Herein, we developed a novel multifunctional nanoparticle, Ce/Zr-MOF@Cur-Lf, with brain targeting ability for AD
treatment via multi-pronged modulation (Figure 1). Curcumin was loaded onto a nanoscale bimetallic mixed metal-organic
framework (Ce/Zr-MOF) through electrostatic adsorption and coordination interactions. Subsequently, Lf was coated on the
surface of Ce/Zr-MOF@Cur to enhance brain targeting, forming Ce/Zr-MOF@Cur-Lf. The coexistence of Ce*" and Ce*" in
the MOFs gave it the antioxidative activity to prevent with oxidative stress. Upon intravenous administration, Ce/Zr-
MOF@Cur-Lf rapidly accessed the brain via LfR-mediated transport and addressed multiple pathological features of AD
mice through a multi-target strategy facilitated by both the carrier and the drug. Moreover, the ROS scavenging ability of Ce/
Zr-MOF@Cur-Lf can be further enhanced with the mesoporous structure of MOFs. Overall, our work demonstrates the
promising potential of Ce/Zr-MOF@Cur-Lf as a viable candidate for AD therapy.
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Figure | Schematic illustration of the preparation of curcumin-loaded and lactoferrin-modified nanoparticles (Ce/Zr-MOF@Cur-Lf) and the underlying mechanisms for AD
therapy after intravenous injection.

Materials and Methods

Materials
We purchased 1.4-phthalic acid (H,BDC), cerium ammonium nitrate (NH4Ce(NOs)g), zirconiumnitrate oxide hydrate
(ZrO(NO3),-H,0), Lf, hydrogen peroxide (H,0O,, 3%), and Cur from Shanghai Aladdin Biochemical Technology Co.,
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Ltd. (Shanghai, China). Dulbecco’s Modified Eagle Medium (DMEM), trypsin, penicillin-streptomycin solution and fetal
bovine serum (FBS) were purchased from Hyclone laboratories Inc. (South Logan, UT, USA). Amyloid-f (1-42) protein
(AP1.42) was purchased from MedCellExpress (New Jersey, USA). RIPA lysis buffer and phenylmethylsulfonyl fluoride
(PMSF) were purchased from Beyotime Biotech Inc. (Shanghai, China). All chemical reagents were of analytical grade
and pure water was used in all experiments.

Cells

The rat pheochromocytoma PC12 cells and mouse brain microvascular endothelial bEnd.3 cells were provided from the
American Type Culture Collection (Rockville, MD, USA). They were cultured in DMEM containing 10% FBS and 1%
penicillin-streptomycin solution at 37 °C with 5% CO,, and the culture medium was changed every 2 days.

Preparation of Ce/Zr-MOF

The synthesis of the mixed-metal Ce/Zr-MOF compound was accomplished following previous synthesis methods with
slight modifications.”**° Briefly, 127.6 mg of H,BDC was dissolved in 3.6 mL of DMF and transferred into the reaction
bottle. Aqueous solutions of NH4Ce(NO3)g (0.533 M), (ZrO(NOs),'H,0 (0.533 M), and 1.03 mL of anhydrous HCOOH
were added subsequently. The total volume of the two metal salt solutions was 1200 uL (Table S1). The mixture was then
heated at 100 °C for 15 min. Next, the products were first centrifuged at 4000 rpm for 5 min to remove bigger particles.
The supernatant was centrifuged at 10000 rpm for 10 min, followed by washing three times with DMF and ethanol.
Finally, the products were stored in ethanol at 4 °C.

Preparation of Ce/Zr-MOF@Cur

We added 2.5 mg/mL of Cur ethanol solution into 1 mL of Ce/Zr-MOF ethanol solution. The mixture was continuously stirred
for 24 h in the dark at room temperature, then centrifugated and washed three times with ethanol and water, respectively. The
obtained precipitation was Ce/Zr-MOF@Cur. The supernatant was collected, in which free Cur was measured using the
ultraviolet-visible (UV-vis) method at 433 nm. The drug loading content (LC) and encapsulation efficiency (EE) of Cur were
calculated via following equations: LC (%) = (Mg -Mg)/M*100%; EE (%) = (M, -Mg)/M*100%. My is the initial mass of
curcumin. Mg is the mass of free curcumin in the supernatant. M is total mass of Ce/Zr-MOF@Clur.

Preparation of Ce/Zr-MOF@Cur-Lf

LBL technology was used to prepare the targeted nanoparticles. First, the Ce/Zr-MOF@Cur was coated with negative
HA. Different volumes of HA aqueous solution (2 mg/mL) were added into 1 mL of Ce/Zr-MOF@Cur solution. The
mixture was mildly stirred for 30 min at room temperature, then centrifugated and washed to obtain Ce/Zr-MOF@Cur-
HA. Next, to obtain Lf modified nanoparticles, different volumes of Lf aqueous solution (10 mg/mL) were added to 1 mL
of previously prepared Ce/Zr-MOF@Cur-HA. The mixture was gently stirred for 30 min, followed by centrifugation and
washing to obtain the final Ce/Zr-MOF@Cur-Lf. The supernatant was collected to determine the content of the free Lf
using the BCA Protein Assay kit (Solarbio, PC0020, Beijing, China). The blank Ce/Zr-MOF-Lf was prepared using
a similar procedure, with the exception that drugs were added.

Characterization of Nanoparticles

The hydrodynamic diameter (Dy), polydispersity index (PDI), and zeta potential (ZP) were determined by the dynamic
light scattering (DLS) method using particle size and a zeta potential analyzer (Litesizer 500, Anton Paar, China). The
morphology of nanoparticles was observed via a field-emission scanning electron microscope (SEM, Apreo 2C; Thermo
Scientific, USA) and transmission electron microscopy (TEM, Talos F200S; Thermo Scientific, USA). Energy dispersive
X-ray spectroscopy (EDS) analysis was performed with an energy dispersive spectrometer (SU8220; Hitachi, Japan).
X-ray photoelectron spectroscopy (XPS) was conducted using an X-ray photoelectron spectrometer (ESCALAB Xi';
Thermo Scientific, USA). X-ray diffraction (XRD) patterns were gained with an X-ray diffractometer (Ultima IV;
Rigaku, Japan). An N, isothermal adsorption-desorption experiment was performed on an automatic physical adsorption
instrument (Autosorb-iQ; Quantachrome, USA). Fourier transform infrared (FTIR) spectroscopy was performed with an
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infrared spectrometer (Nicolet Is10; Thermo Scientific, USA). UV-vis absorption spectroscopy was measured via
a multifunctional microplate reader (SpectraMax iD5; Molecular, USA).

Release of Cur in vitro

To evaluate the release behavior of Cur in vitro, 1 mg of free Cur dispersed in ethanol solution was used as a control. Ce/
Zr-MOF@Cur, Ce/Zr-MOF@Cur-HA, and Ce/Zr-MOF@Cur-Lf containing 1 mg curcumin were loaded in the dialysis
bags (30 kDa). The bags were then placed in 15 mL PBS (pH 7.4) solution containing 50% ethanol.>’*° Then, the
devices were shook at 120 rpm and at 37 °C for 5 d. At predetermined time points, an aliquot (5 mL) of dialysis medium
was withdrawn, and the same volume of fresh PBS solution was added. The cumulative release rate was calculated via
UV-Vis analysis at 433 nm.

Hydroxyl Radical and Superoxide Anion Radical Scavenging Assay
Briefly, 0.5 mL of MV solution (SXIO_5 M), 0.5 mL of Ce/Zr-MOF or Ce/Zr-MOF-Lf solutions, 0.5 mL FeSO,4 solution
(5x107% M) and 0.5 mL H,0, (3%) were added in turn into 0.5 mL of Tris-HCI solution (0.1 M, pH 4.7). After
incubation for 5 min at room temperature, the clearance rate at 586 nm was calculated via a multifunctional microplate
reader (SpectraMax iD5; Molecular, USA).

0.5 mL of Ce/Zr-MOF or Ce/Zr-MOF-Lf solutions, and 0.1 mL of pyrogallol solution (6 mm) were in turn placed into
5 mL of Tris-HCI solution (0.05 M, pH 8.2). After incubation for 15 min at room temperature, the clearance rate at 318
nm was calculated via a multifunctional microplate reader (SpectraMax iD5; Molecular, USA).

Intracellular ROS Detection

To detect the intracellular ROS level, the 2',7"-Dichlorofluorescein diacetate (DCFH-DA) probe was used according to the
ROS assay kit (Beyotime, S0033S, Shanghai, China). Briefly, PC12 cells were seeded on 24-well plates at a density of 8x10*
cells/well and cultured overnight. The cells were treated with different drugs for 12 h (H,O,, H,O, + Ce/Zr-MOF-Lf, H,O, +
free Cur, H,0, + Ce/Zr-MOF@Cur, and H,0O, + Ce/Zr-MOF@Cur-Lf). The concentration of curcumin was 2 pg/mL. After
co-incubation for 12 h, the culture medium was removed. The cells were washed with PBS, and incubated with DCFH-DA
(7.5 uM) for 30 min in the dark. Next, the cells were washed three times with PBS to remove extracellular probes, and
observed with an inverted fluorescent microscope (OLYMPUS CKX41, Olympus, Japan). To quantify the results, PC12 cells
were collected and resuspended in PBS for a flow cytometry (FCM) analysis (NovoCyte 2070R, Agilent, USA).

Cellular Uptake

The uptake of nanoparticles by PC12 and bEnd.3 cells was evaluated by observing the fluorescent intensity of free FITC and
Ce/Zr-MOF-Lf/FITC with a fluorescent microscope. Briefly, PC12 and bEnd.3 cells were seeded on 24-well plates at a density
of 8x10* cells/well. Free FITC and Ce/Zr-MOF-Lf/FITC at an equal FITC concentration (5, 10, and 20 pg/mL) were added
into the plates and incubated for 1, 2, 4, and 6 h. After incubation, the cells were fixed with 4% paraformaldehyde solution for
30 min. Then, the cells were washed and stained with 1 pg/mL DAPI solution for 10 min in the dark. Next, they were washed
again and observed using an inverted fluorescent microscope (OLYMPUS CKX41, Olympus, Japan).

In vitro BBB Penetration Assay

To establish the BBB model in vitro, bEnd.3 cells and PC12 cells were employed. Briefly, bEnd.3 cells were seeded in
the upper chambers of 12-well Transwell plates (3-um pore size; JET, China) at a density of 8x10* cells/well. Then,
PC12 cells were seeded in the lower chambers at a density of 1.5x10° cells/well. Free FITC and Ce/Zr-MOF-Lf/FITC at
an equal FITC concentration were added into the upper chambers and incubated for 8 h and 12 h, respectively. The cells
were collected and resuspended in PBS for FCM analysis (NovoCyte 2070R; Agilent, USA).

In vivo Imaging
We purchased 5-week-old male Balb/c nude (15-18 g) and ICR mice (20-25 g) from Byrness Weil Biotech Ltd.
(Sichuan, China) and housed them under a 12/12h dark/light cycle with free access to drinking water and food. All
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procedures involving animals were conducted following the ethical guidelines outlined in the Guidelines for Care and
Use of experimental animal management committee of Sichuan Provincial People’s Hospital, and were approved by the
Animal Ethics Committee of Sichuan Provincial People’s Hospital. The study was assigned the approval/accreditation
number SCXK(CHUAN)2020 — 030.

Male Balb/c nude mice were randomly divided into two groups and injected intravenously with 200 pL of free FITC
and Ce/Zr-MOF-L{/FITC, respectively. At 4, 8, 12, and 24 h after injection, in vivo fluorescent images were collected
using an in-vivo imager (AniView100, Biolight, China). The in vivo fluorescent intensity was semi-quantified using
AniView software. Next, the mice were immediately euthanized at 24 h post-injection, and different organs (heart, liver,
spleen, lungs, kidneys, and brain) were quickly harvested. The ex vivo fluorescence intensity was visualized by an in-
vivo imager (AniView100, Biolight, China) and semi-quantitatively analyzed by the AniView software.

Establishment of the AD Model in vivo and Drug Treatment

The AD model was established as described previously.***' The male ICR mice were anesthetized by intraperitoneal
injection of 4% chloral hydrate (0.10 mL/10 g) and then fixed in a brain stereotactic apparatus. Each mouse was
bilaterally injected into the hippocampus (£1.8 mm lateral, 2.3 mm posterior, 2 mm deep) with 5 uL aggregated AB,_4,
(1 mg/mL) for 5 min via a microinjection. The needle stayed for another 3 min and was then withdrawn slowly. The
sham animals were injected with an equivalent volume of saline.

One week after operation, the mice were randomly divided into six groups (n = 3) for a different treatment. The
normal control mice (sham group) were intraperitoneally injected with saline solution every 2 days for seven times.
The AD mice (AD group) received AP;_4, via a microinjection and were intraperitoneally injected with saline solution
every 2 days for seven times. The spare AD mice were treated with different samples (Ce/Zr-MOF-Lf, Cur, Ce/Zr-
MOF@Cur and Ce/Zr-MOF@Cur-Lf) every 2 days for seven times (equivalent to 7.5 mg/kg of Cur).

Nissl, HE, Iba-I, and GFAP Immunohistochemistry Staining

The mice were euthanized by cervical dislocation after a 2-week administration. The brain tissues were separated and
fixed in 4% paraformaldehyde solution. Then, Nissl staining, HE staining, and immunohistochemistry staining of Iba-1
and GFAP were performed. Both Nissl staining and HE staining were conducted to evaluate the histological change of
neurons. Iba-1 and GFAP immunohistochemistry assays were performed to observe the activation status of microglia and
astrocytes in the brain, respectively.

Measurement of Hippocampal Indices

To investigate the protective effect of Ce/Zr-MOF@Cur-Lf NPs against AD in vivo, the activity of the antioxidative system
and cytokine levels of inflammation in the hippocampus were detected. The hippocampi were separated and homogenized in
ImL of RIPA lysis buffer containing 1 mm PMSF (protease inhibitors), followed by centrifugation at 12500 rpm for 10 min
at 4 °C. The supernatant was collected to determine the total protein content using a BCA assay kit (Solarbio, PC0020,
Beijing, China). The level of AB;_4,was detected with an AP, _4, ELISA kit (Jianglai, JL11386, Shanghai, China). The AChE
activity was determined by an assay kit (Jiancheng, A024-1-1, Nanjing, China). The MDA content and T-SOD activity were
quantitatively determined with assay kits (Jiangchen, A003-1-2, A001-1-2, Nanjing, China). Cytokine levels of TNF-a, IL-
1B, and IL-6 were quantified with ELISA kits (Neobioscience, EMC102a, EMCO001b, EMCO004, Shenzhen, China).

Statistical Analysis

All data are presented as the mean = SD. For multiple-group comparisons, one-way ANOVA was used followed by
Tukey’s post hoc test. For two-group comparisons, an unpaired Student’s #-test (two-tailed) was performed. p < 0.05 was
considered statistically significant (***and *** represent p< 0.05, p< 0.01, and p< 0.001, respectively).
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Results and Discussion
Preparation and Characterization of Ce/Zr-MOF

The mixed-metal Ce/Zr-MOF compounds were prepared in one step using the solvothermal method as previously
reported.”*** As pure Ce-MOF is unstable and easier to form larger aggregates during the synthesis process,** Zr ions
were chosen as a doping agent to narrow the particle size of the products.24 It has been reported that the addition of other

metal ions, such as Zr,** La,**

and Sm™* into Ce-based nanoparticles can affect the two states of Ce* and Ce*", thereby
increasing their catalytic performance in scavenging ROS.>>?7 Based on the results of these previous studies, we
synthesized Ce/Zr-MOF. To obtain the ideal Ce/Zr-MOF, the molar ratio of Ce:Zr was optimized using SEM and DLS
(Figure 2A and Table S1). First, their morphology and particle size were characterized by SEM. The average diameters of
different nanoparticles were 99.35 + 33.37 nm, 126.54 £ 35.73 nm, and 175.91 + 56.11 nm, respectively. MO1 and M02
were relatively small with uniform dispersion, whereas M03 had a larger particle size, facilitating aggregation.
Furthermore, the Dy, PDI, and ZP of products were measured by the DLS method (Figure 2B and Table S2). With
the increase of the molar ratio of Ce:Zr, the particle size and PDI gradually increased, which is consistent with the trends
of SEM and the results reported in the literature.?* It should be noted that the slight difference in size between the SEM

and DLS results was likely due to the different statuses of nanoparticles during the measurement process, which was
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Figure 2 Characterization of Ce/Zr-MOF and Ce/Zr-MOF@Cur. (A) SEM images (insert: size distribution) and (B) hydrodynamic diameter of Ce/Zr-MOF (M01, M02, and M03).
Bar=2 pm. (C) EDS mapping images and (D) XPS spectra of Ce/Zr-MOF (M02). Bar = 50 nm. (E) Loading capacity and encapsulation efficiency of curcumin. The data are presented
as mean % SD (n = 3). (F) N, absorption-desorption isotherms of Ce/Zr-MOF and Ce/Zr-MOF@Cur. (G) XRD patterns of Cur, Ce/Zr-MOF, and Ce/Zr-MOF@Cur.
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a normal phenomenon.*® The ZP of all samples was positive (approximately 43 mV) in water (Table S2), which was
helpful for the loading of negative drugs due to electrostatic attraction. Considering that the MOl sample may have
contained fewer antioxidant Ce ions, and the M03 sample was unstable, the M02 sample was selected for the subsequent
experiments and measurements.

Furthermore, to obtain the elemental distribution and valence states of Ce in the Ce/Zr-MOF, SEM-EDS and XPS
were also performed (Figure 2C and Figure S1). The EDS mapping results showed that the nanoparticles contained C, O,
Ce, and Zr, whose mass percentages were 37.81%, 24.46%, 1.19%, and 36.54%, respectively, indicating the successful
preparation of nanomaterials co-doped with Ce and Zr ions. In addition, the characteristic peaks at 285, 531, 886, and
183 eV in the XPS spectrogram demonstrated the existence of C, O, Ce, and Zr, respectively (Figure 2D), consistent with
the EDS results. Notably, the XPS spectrum of Ce 3d suggested that Ce ions in the structure coexisted in the +3 and +4
valence states, and the percentages of the +3 and +4 valence states were 21.74% and 78.26%, respectively (Figure S2).
Meanwhile, the peaks at 886.27 and 903.38 eV were attributed to the existence of Ce(IIl), whereas the peaks at 882.21,
900.61, and 905.45 eV were assigned to the existence of Ce(IV). Previous studies have shown that the larger the ratio of
Ce**/Ce*" in the structure, the better its ability to simulate SOD and perform HORAC for the removal of O, - and -OH,
respectively. The smaller the ratio of Ce**/Ce*", the better its ability to simulate CAT for the removal of H,O,.'"*” The
coexistence of the two valence states allows the Ce ions to exhibit a reversible redox switching between Ce** and Ce*" to
adapt to the ambient chemical environment, which has the ability to scavenge ROS for a prolonged period.?”*’

Preparation and Characterization of Ce/Zr-MOF@Cur
The LC and EE of Cur in Ce/Zr-MOF was detected via UV-Vis at 433 nm (Figure 2E and Table S3). According to the
results, the LC and EE gradually decreased as the weight ratio of Cur: Ce/Zr-MOF increased from 0.25:1 to 2.5:1. When
the weight ratio was 0.25:1, the DL and EE were the largest (15.14% + 1.60% and 75.69% + 7.99%, respectively).
Therefore, the 0.25:1 ratio was chosen as the optimum weight ratio of Cur:Ce/Zr-MOF for loading Cur.

N, isothermal adsorption and desorption experiments of Ce/Zr-MOF and Ce/Zr-MOF@Cur were performed
(Figure 2F, Figure S3 and Table S4). Ce/Zr-MOF and Ce/Zr-MOF@Cur are both type I isotherms (Langmuir isotherms),
which reveals that the Ce/Zr-MOF material is a porous structure. The surface area, micropore volume and micropore

diameter of Ce/Zr-MOF@Cur were reduced compared to those of Ce/Zr-MOF, thus confirming the presence of Cur in the
Ce/Zr-MOF structure. Furthermore, the crystal structures of Cur, Ce/Zr-MOF, and Ce/Zr-MOF@Cur were characterized
by XRD (Figure 2G). The XRD pattern of Ce/Zr-MOF displayed some sharp peaks (7.3°, 8.42°, and 25.5°), indicating
crystalline forms of Ce/Zr-MOF.*° In the diffraction pattern of Ce/Zr-MOF@Cur, the main peaks of Ce/Zr-MOF
remained and no new XRD diffraction peak appeared. These results indicate that Cur might be loaded inside the
framework, and the structure of Ce/Zr-MOF is stable and not easily affected by drug loading.

Preparation and Characterization of Ce/Zr-MOF@Cur-Lf

LBL technology was used to prepare the Lf modified nanoparticles. This strategy is mainly based on electrostatic
adherence between different components. Research has shown that the LBL approach can not only endow the core with
a targeting function, but also control the release of cargoes to some extent.*® HA was chosen as the first layer to provide
negative charge due to the positive surface charge of Ce/Zr-MOF@Cur. The morphology of prepared nanoparticles was
characterized by TEM (Figure 3A). Ce/Zr-MOF had a small particle size and a slight hexagonal structure. There were
very small cavities in the Ce/Zr-MOF microstructure, facilitating drug encapsulation. Compared with Ce/Zr-MOF, the
particle size of Ce/Zr-MOF@Cur slightly increased after drug loading, and the internal pores of that decreased. After
coating with HA and Lf, a transparent film coating on the outer layer could be observed, especially in blank Ce/Zr-MOF-
Lf structures (Figure S4). The particle size and surface potential of prepared particles are measured by the DLS method
(Figure 3B, C, and Table S5). The particle size of nanoparticles gradually increased from 201.1nm to 286.0 nm with the
increase of the peripheral layers. The low PDI (< 0.25) of all nanoparticles showed good uniformity. The potential of
nanoparticles decreased from 41.1 mV to 16.3 mV after loading negative Cur. The potential reversed to —16.0 mV after
coating with HA, while after the deposition of the cationic Lf layer, the ZP of NPs became positive (5.2 + 0.3 mV) again.
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Figure 3 Characterization, drug release, and ROS scavenging performance of nanoparticles. (A) TEM images, (B) hydrodynamic diameter, (C) zeta potential, and (D) FTIR
spectra of Ce/Zr-MOF, Ce/Zr-MOF@Cur, Ce/Zr-MOF@Cur-HA, and Ce/Zr-MOF@Cur-Lf. Bar =100 nm (inset: bar = 50 nm). (E) Cumulative release profile of Cur from

different nanoparticles in PBS (pH 7.4). The data are presented as the mean * SD (n = 3). (F) Hydroxyl radical and (G) superoxide anion radical clearance rates of Ce/Zr-
MOF and Ce/Zr-MOF-Lf under aqueous conditions. The data are presented as mean = SD (n = 3).

As expected, a complete charge reversal was observed with each coating step, suggesting that the Ce/Zr-MOF@Cur was
successfully coated with HA and Lf layers by electrostatic interaction.

The FTIR spectra were obtained to illustrate the chemical structures of the products (Figure 3D). The broad peak
3400 cm™' was considered as the O—H stretching vibration of H,BDC or H,O. The weak band at 1654 cm™ ' was assigned
to the C=0 carbonyl stretching in H,BDC,* whereas the typical bands at 1579 cm ™' and 1384 cm™' were attributed to
the O—C—O asymmetric and symmetric stretch in the carboxylate group of H,BDC.>° The band located at 1505 cm ™' was
attributed to the vibration of C=C in the benzene ring. The peaks at 820 cm !, 748 cm !, and 652 cm ! could be
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attributed to the O—H and C—H vibration of H,BDC.”' The spectra of the Ce/Zr-MOF@Cur, Ce/Zr-MOF@Cur-HA, and
Ce/Zr-MOF@Cur-Lf were little different from that of Ce/Zr-MOF, indicating that the doping of Cur, HA, and Lf could
not affect the chemical structure of Ce/Zr-MOF.

Release of Cur in vitro

The dynamic dialysis method was employed to investigate the in vitro release profile of Cur loaded on preparations
(Figure 3E). According to the results, the cumulative release rate of Cur reached 89.50 + 0.71% within 12 h and 95.47 +
0.98% within 72 h in the PBS (pH 7.4) solution. However, the cumulative release of Cur from all nanoparticles was only
approximately 22% within 72 h, which indicated that nanocarriers could protect Cur from burst release and degradation
before targeted cell internalization, showing sustained release behavior.

Intracellular ROS Detection

Excessive ROS in cells can interfere with redox homeostasis and lead to oxidative stress and neuron damage, which is
considered an important reason for AD aggravation.’>>® The clearance rate of Ce/Zr-MOF-Lf increased gradually in
a concentration-dependent manner, as detected by the Fenton and pyrogallol reactions (Figure 3F and G). Furthermore,
a DCFH-DA probe was used to detect the ROS level in PC12 cells (Figure 4A). After the cells were treated with different
drugs, the intracellular ROS fluorescence decreased, especially after the Ce/Zr-MOF@Cur-Lf treatment for
12 h. According to the FCM analysis (Figure 4B), the ROS level significantly decreased after the different drug
treatments, which was probably attributed to the ROS scavenging activity mediated by Ce ions in the carrier.
Compared with the H,O, group, the Cur and Cur-loaded nano-preparation groups showed a significant reduction in
cellular ROS levels, suggesting that Cur has certain antioxidant effects. However, the ROS level in Ce/Zr-MOF@Cur and
Ce/Zr-MOF@Cur-Lf groups was lower than that in the free Cur group, which might be due to higher cellular endocytosis
and the synergetic antioxidant effects of Cur and Ce ions. These results indicate that Ce/Zr-MOF@Cur-Lf is a potential
antioxidant, with potential for use in the treatment of AD-like oxidative stress diseases.

Cellular Uptake

To simulate BBB and neurons in the brain, bEnd.3 and PC12 cells were used, respectively. PC12 and bEnd.3 cells were
incubated with both free FITC and FITC-labeled Ce/Zr-MOF-Lf (Ce/Zr-MOF-Lf/FITC) for different durations at 37°C.
Cellular uptake was characterized by the fluorescence stain (Figures S5 and S6). The green fluorescence signals gradually
increased with the increase of FITC concentration. The results revealed that the cellular accumulation of both FITC and
Ce/Zr-MOF-L{/FITC in PC12 and bEnd.3 cells increased in a concentration-dependent manner. At the same FITC
concentration, the green fluorescence signals gradually increased as the incubation time extended (Figures S7 and S8),
suggesting that the cellular uptake significantly increased in a time-dependent manner. Moreover, after 6 h of incubation,
the uptake amount of Ce/Zr-MOF-Lf/FITC was higher than that of free FITC in PC12 and bEnd.3 cells at the same FITC
concentration (Figure 4C—E). The results revealed that Ce/Zr-MOF-Lf could increase the uptake of drugs in PC12 and
bEnd.3 cells, which might be attributed to the targeting molecule Lf coated on the surface of the nanoparticles.

In vitro BBB Penetration Assay

To assess the BBB permeation ability of nanoparticles in vitro, a BBB transwell model was established with bEnd.3 cells
in the upper chamber and PC12 cells seeded on the lower chamber (Figure 5A). An obvious height difference still
observed after 4 h indicates the formation of a dense cell monolayer, successfully establishing an in vitro BBB model
(Figure S9). The fluorescence intensity of PC12 cells in the lower chamber after incubation for 8 h and 12 h was
measured by FCM (Figure 5B). As the incubation time extended, the fluorescence intensities of FITC and Ce/Zr-MOF-
L{/FITC in PCI12 cells gradually intensified, suggesting that the penetration process across the BBB occurred in a time-
dependent manner. Moreover, after incubation for 8 h and 12 h, the fluorescence intensity of the Ce/Zr-MOF-L{f/FITC
group was stronger than that of the free FITC group, confirming a higher penetration ability of Ce/Zr-MOF-L{f/FITC
through the BBB.
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In vivo Imaging

Motivated by the satisfactory cellular uptake and in vitro BBB penetration performance of Ce/Zr-MOF-L{/FITC, we
further investigated the BBB penetration ability in Balb/c nude mice. FITC and Ce/Zr-MOF-L{/FITC were intravenously
administrated for in vivo tracking. Then, in vivo fluorescence images of FITC were obtained at predesigned time points
to monitor their accumulation in the brain and biodistribution in different organs (Figure 5C and D). The fluorescence
signal of the Ce/Zr-MOF-Lf/FITC group was stronger in comparison to that of the FITC group in the brain, with the
fluorescence signal peaking at 24 h. These results demonstrate enhanced intracerebral accumulation and improved brain-
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Figure 5 The ability of nanoparticles to penetrate the BBB in vitro and in vivo. (A) Schematic illustration of the in vitro BBB transwell model. (B) Quantitative fluorescence
intensity of PCI2 cells after adding FITC and Ce/Zr-MOF-Lf/FITC for 8 h and 12 h. The data are presented as mean * SD (n = 3). **p < 0.01, and **p < 0.001. (C) In vivo
fluorescence imaging of Balb/c nude mice after intravenous injection with FITC and Ce/Zr-MOF-Lf/FITC at different times. (D)Semiquantitative analysis of fluorescence intensity
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targeting capability of Ce/Zr-MOF-L{/FITC, which might be attributed to the surface exposure of Lf and the enhanced
retention effect of nanoparticles.

Next, to further verify the biodistribution of nanoparticles, major organs and brain tissues of Balb/c nude mice were
isolated at 24 h post-injection for ex vivo imaging (Figure SE and F). The weak fluorescence signal of FITC was observed in
the brain due to the restriction of BBB. However, the fluorescence intensity of the brain in the Ce/Zr-MOF-L{/FITC group was
1.48-fold higher than that in the free FITC group, thereby confirming the increasing accumulation of Ce/Zr-MOF-L{/FITC in
the brain. Therefore, the nanoparticles modified with the Lf ligand had the ability to achieve brain targeting, efficiently
promoting drug accumulation in the brain, which possibly favors the intracerebral drug availability.

Neuroprotective Effect of Nanoparticles in vivo

To evaluate the neuroprotective performance of Ce/Zr-MOF@Cur-Lf in vivo, Nissl and HE staining were performed
(Figure 6A and B). In Nissl staining, darker nuclear staining, nuclear shrinkage, neuronal hypocellularity, and decreasing
Nissl bodies are regarded as the pathological characteristics of AD.>* As we expected, these features could be observed in
the cortex and the CA1, CA3, and DG regions of the hippocampus in the AB;_4,-induced AD group, but not in the sham
group. However, the pathological changes could be ameliorated after the treatment, especially using Ce/Zr-MOF@Cur-
Lf. A similar phenomenon was also observed after the HE staining of brain sections (Figure 6B). These results
demonstrated that Ce/Zr-MOF@Cur-Lf had a protective effect on damaged neurons in AD mice.
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Figure 6 Neuroprotective effect and mechanisms of nanoparticles in AD mice. (A) Nissl and (B) HE staining in the cortex and hippocampus of mice after treatment with
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after treatment with different preparations. Bar = 20 pum. (F) Quantitative analysis of TNF-o (left), IL-1B (middle), and IL-6 (right) in the hippocampus of mice after treatment
with different preparations, determined by an ELISA assay. The data are presented as mean * SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001.
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Multiple Mechanisms of Nanoparticles in vivo

To explore the possible mechanisms of nanoparticles for neuroprotective effects, we focused on several key aspects,
including AP plaques, neuronal acetylcholinesterase (AChE) activity, oxidative stress, and neuroinflammation. The
results showed that senile plaques, one of the pathological hallmarks of AD, are caused by AP plaque deposition in
the brain.’” Thus, reducing the Ap burden is considered to be one of the potential strategies in AD therapy. The content of
AP in the brain of each mice was determined by an ELISA assay (Figure 6C). The results showed that the AB;_4, level in
the AD group was significantly higher compared to the sham group. Furthermore, the content of AB;_4, in the brain
of AD mice significantly decreased after the Ce/Zr-MOF@Cur and Ce/Zr-MOF@Cur-Lf treatment, suggesting that Ce/
Zr-MOF@Cur-Lf has the ability to clear the Ap plaques in the AD mice.

Additionally, oxidative stress is a contributing factor in the occurrence and development of many neurodegenerative
diseases, including AD. Therefore, the MDA content and T-SOD activity in the brain were detected using assay kits
(Figure 6D). The MDA content reflects the damage degree to the tissue from ROS, while the T-SOD activity reflects the
ability to resist ROS damage. The MDA content in the brain of AD mice was significantly higher, and the T-SOD activity
in AD mice was significantly lower than those of sham mice, suggesting that the intrahippocampal injection of AB;_4,
could facilitate peroxidation, decrease the ability of mice to scavenge free radicals and increase oxidative damage.
However, these symptoms were significantly relieved in mice receiving Ce/Zr-MOF@Cur-Lf. Studies have suggested
that Cur can downregulate the ROS level and alleviate oxidative damage.’®>’ Furthermore, the Ce ions in the structure of
nanoparticles would consume a certain number of ROS, which could further alleviate oxidative stress. Together, these
properties enable Ce/Zr-MOF@Cur-Lf to reduce excessive ROS in the brain of AD mice, thus attenuating AB;_4o-
induced oxidative damage.

In addition to high levels of AP, abnormal AChE activity, and oxidative stress, neuroinflammation is also
a conspicuous brain-threatening factor. A large amount of fuscous Iba-1 microglia staining and GFAP astrocyte staining
was found in the brains of AD mice, indicating massive gliosis (Figure 6E). However, fewer activated microglia and
astrocytes were observed in AD mice after the treatment with Ce/Zr-MOF@Cur-Lf nanoparticles. Moreover, the
expression of TNF-a, IL-1B, and IL-6 in the brain of AD mice was detected using ELISA kits (Figure 6F). The levels
of TNF-a, IL-1B, and IL-6 were 2.45-, 2.46-, and 1.83-fold higher, respectively, in the AD mice than those in the sham
group. However, the TNF-q, IL-1B, and IL-6 contents decreased significantly after the Ce/Zr-MOF@Cur-Lf treatment,
attributed to the anti-inflammatory effects mediated by Cur. These results suggest that Ce/Zr-MOF@Cur-Lf could
ameliorate inflammation in the brain by modulating abnormally activated microglia and astrocytes and down-regulating
the level of pro-inflammatory cytokines in AD mice. Furthermore, Ce/Zr-MOF@Cur-Lf had excellent biocompatibility
and low systemic toxicity (Supplementary Informations 1, 2 and Figure S10), showing great potential in clinical

applications.

Conclusion

In summary, novel multifunctional nanoparticles with brain targeting ability and antioxidative properties were con-
structed for AD treatment. This system has the following merits compared with current AD approaches. (i) Robust
antioxidant effect. The +3 and +4 valence states of Ce have been reported to be typically antioxidant, associated with its
ROS scavenging ability by mimicking SOD and CAT and performing HORAC. (ii) Multiple target strategies. Ce/Zr-
MOF@Cur-Lf has the ability to protect the neurons of AD mice from AP;_4-induced damage, down regulate the
elevated AB;.4> level, balance the cholinergic system, and suppress neuroinflammation. These results may be due to the
synergistic effect of carriers and cargoes, displaying promising therapeutic effects in AD model mice. (iii) Excellent brain
targeting efficiency. Our system exhibited great BBB penetration ability after connecting with Lf. The nanoparticles have
the ability to bypass the BBB and enhance the drug accumulation in mouse brains. Overall, our findings showed that Ce/
Zr-MOF @Cur-Lf multifunctional nanoparticles resulted in significant improvements in variable AD pathologies, offering
a new choice for AD therapy. Moreover, the antioxidative effect of the Ce/Zr-MOF system may also be applied to the

treatment of other oxidative stress-associated diseases.
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