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Alzheimer's disease (AD) is one of the most fatal and irreversible neurodegenerative diseases, which causes
a huge emotional and financial burden on families and society. Despite the progress made with recent
clinical use of inhibitors of acetylcholinesterase and amyloid-B (AB) antibodies, the curative effects of AD
treatment remain unsatisfactory, which is probably due to the complexity of pathogenesis and the
multiplicity of therapeutic targets. Thus, modulating complex pathological networks could be an
alternative approach to treat AD. Here, a neutrophil membrane-coated MOF nanozyme (denoted as
Neu-MOF/Fla) is biomimetically engineered to disturb the malignant A deposition—inflammation cycle
and ameliorate the pathological network for effective AD treatment. Neu-MOF/Fla could recognize the
pathological inflammatory signals of AD, and deliver the photo-triggered anti-inflammatory CO and MOF
based hydrolytic nanozymes to the lesion area of the brain in a spontaneous manner. Based on the in

vitro and in vivo studies, Neu-MOF/Fla significantly suppresses neuroinflammation, mitigates the AP
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Accepted 17th July 2024 burden, beneficially modulates the pro-inflammatory microglial phenotypes and improves the cognitive

defects of AD mice models. Our work presents a good example for developing biomimetic
DOI: 10.1039/d4sc02598a multifunctional nanotherapeutics against AD by means of amelioration of multiple symptoms and

rsc.li/chemical-science improvement of cognitive defects.
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Introduction

Alzheimer's disease (AD) is one of the most fatal neurodegen-
erative diseases, which affects millions of people throughout
the world and causes a huge family and social burden.'?
Emerging evidence indicates that the deposition of amyloid-
B (AB) in the brain is the key hallmark in the progress of AD.**
Current treatments targeting the AB, such as small molecules,*®
metal complexes,” peptides or antibodies,"™* and nano-
materials'>*® have been constructed to eliminate AB and block
AP aggregation. Although there have been some benefits, most
have failed in the clinical trials and remain unsatisfactory.'***
This is probably because pathological progression in AD is
orchestrated by multiple factors, and improvement of one or
a few may not be adequate to prevent or reverse disease
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progression.'**®* Many indicators of inflammation are found in
AD: elevated levels of immune molecules, over activated
microglia (the brain-resident immune cells), and increased
changes in the specialized vasculature of the blood-brain
barrier (BBB) support the hypothesis that inflammation is an
integral part of AD.*>*° Plentiful clinical trials for Alzheimer's
drugs have hit a roadblock because of a series of inflammation
events caused by these drugs.**> Moreover, highly insoluble AB
deposition in the illness is regarded as classical stimulants of
inflammation, causing excessive production of inflammatory
factors and abnormal activation of glial cells, thus exacerbating
neuroinflammation.?*>* In turn, in neuroinflammation, the y-
secretase modulatory protein, IFITM3, is expressed in neurons
and astrocytes induced by inflammatory cytokines, and is
responsible for upregulating the activity of y-secretase, thereby
increasing the production of AB;*® on the other hand, dysfunc-
tional microglia and astrocytes decrease the phagocytosis and
clearance of AB, thus further promoting AB deposition.*” This
malignant AB deposition-inflammation cycle severely exacer-
bates disease progression and greatly increases the difficulty of
treatment of AD. Therefore, it is of interest to develop alterna-
tive strategies that conquer the complexity and diversity of the
pathological network for effective AD treatment."”
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Currently, studies have demonstrated that carbon monoxide
(CO) serves as an intrinsic gas neurotransmitter and exhibits
anti-inflammatory effects, thus endowing it with potential drug
activity.”®3° It is believed that CO plays a key role in the allevi-
ation of oxidative stress and the inhibition of inflammation for
neuroprotection in AD.***** As such, the efficient delivery of CO
in the brain for neuroinflammation management is a promising
alternative strategy to treat AD. Several CO releasing molecules
(CORMs) have been used to deliver CO; however, there are still
key issues to overcome for biomedical applications. These
CORMs have aroused a series of problems in the inflammation
treatment because of their nonspecific biodistribution, fast
renal excretion, poor tissue permeability, and low retention at
pathological sites.** In view of the advancement of nanotran-
sport systems, an ideal CO nanocarrier with targeted delivery,
high loading capacity, optimized physicochemical properties
and biocompatibility is highly desired but challenging.**-*

In the past few decades, nanozymes have received much
attention;**** this is not only due to their specific enzyme-like
activities but also retaining their intrinsic multifunctional
repertoires, such as magnetic heat** and photocatalytic prop-
erties.’” Recently, metal-organic framework (MOF)-based
nanozymes have been widely used owing to their microporosity,
uniformly structured cavity, catalytically active sites and
adjustable surface functionality.***” However, more than 90%
of existing studies focus on redox enzyme mimics, while only
a small fraction focused on hydrolytic enzyme mimics.** A Zr(wv)-
based MOF, MOF-808, has been verified to be an excellent
heterogeneous catalyst for catalytic peptide bond hydrolysis in
a large number of peptides.* Meanwhile, the excellent pore
structure of MOF-808 is expected to be ideal for efficient CORM
loading. With this in mind, we attempt to construct a MOF
based hydrolytic nanozyme with CO delivery, which is expected
to disrupt the malignant AB deposition-inflammation cycle and
ameliorate the pathological network for effective AD treatment.

Here, we have developed neutrophil membrane-coated MOF
nanozymes (named Neu-MOF/Fla) and employed them in neu-
roinflammation management as well as clearance of AB plaques
for AD treatment. Cell membrane coating strategies have been
widely applied to deliver drugs to homotypic cancer cells,* or
inflammatory sites.>* It has been demonstrated that neutrophils
can be attracted by pro-inflammatory factors and chemo-
attractants, spontaneously crossing the BBB and homing in on
neurons during the process of neuroinflammation in AD.**"** In
this context, a neutrophil cell membrane is utilized for
inflammation targeting and BBB penetration. As illustrated in
Scheme 1, the MOF-808 nanoparticles are used for encapsu-
lating Fla, a photo-induced CORM (MOF/Fla).**** Then MOF/Fla
is further coated with a neutrophil cell membrane to obtain
Neu-MOF/Fla. In an Alzheimer's mouse model, the adminis-
trated Neu-MOF/Fla could cross the BBB and migrate to the
inflammatory sites. Subsequently, Neu-MOF/Fla achieves in situ
rapid photo-induced CO release and degradation of AP. The
smart designed neutrophil membrane-based MOF hydrolytic
nanozyme with CO delivery is explored for the first time,
showing great potential as a candidate for AD treatment.
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Scheme 1 Schematic illustration of (A) Neu-MOF/Fla synthesis and (B)
neutrophil membrane-targeted in situ CO release and degradation of
AP for synergistic treatment of AD.

Results and discussion

As illustrated in Scheme 1A, Neu-MOF/Fla was constructed in
three steps. First, MOF-808 nanoparticles were synthesized by
the microwave irradiation method according to previous liter-
ature.®” The transmission electron microscopy (TEM) as well as
scanning electron microscopy (SEM) images suggested the
MOFs had a uniform octahedral morphology with a diameter of
about 80 nm (Fig. 1A and S1). The X-ray diffraction (XRD)
patterns revealed that the diffraction peaks could be well
indexed to the reported crystalline MOF-808 (Fig. S21).%” Second,
Fla was encapsulated into MOF-808 for CO release. Before
encapsulating Fla, the nitrogen adsorption-desorption experi-
ment was carried out to evaluate the porous properties. As
shown in Fig. 1B, a clear hysteresis at higher p/p, was observed,
indicating the creation of mesoporous in MOF-808. In addition,
the BET surface area and average pore size of MOF-808 were
determined to be 913.49 m”> g~ and 3.01 nm, respectively. The
high porosity and large surface area made it promising for
efficient drug loading. Afterwards, the Fla synthesized as
previously reported®® was loaded into the porous MOF-808
under ultrasonication and stirring (MOF/Fla). The fluores-
cence and absorption spectra of the MOF/Fla suspension
showed an obvious characteristic peak of Fla, indicating that Fla
was successfully loaded into MOF-808 (Fig. S3 and S47). Most
visibly, the MOF-808 nanoparticles changed from white to pale
yellow in color after Fla loading (Fig. S5t). Moreover, the Fourier
transform infrared (FTIR) spectrum and the XRD patterns of
MOF/Fla were closely analogous to that of pure MOF-808,
indicating that the incorporation of Fla had negligible inter-
ference on the structure of MOF-808 carriers (Fig. S6 and S77).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) TEM images of MOF-808. The ethanol solution of the
samples was dripped onto formvar stabilized with carbon support films
for the test. (B) Nitrogen adsorption—desorption curves of MOF-808.
Inset figure: pore size distributions derived from the adsorption
branch. (C) Flow cytometric analysis of the purity of neutrophils
stained with FITC-conjugated Ly6g antibodies. (D) DLS measurements
of MOF-808 and Neu-MOF/Fla. (E) Zeta potential of MOF-808, Neu-
MOF/Fla and the neutrophil membrane. The samples were dispersed in
an aqueous solution. (F) TEM images of Neu-MOF/Fla. (G) HAADF-
STEM image and elemental mapping for neutrophil membrane-coated
MOF-808.

The loading capacity reached a satisfactory value of 15%, as
determined by using UV-vis spectra. Third, MOF/Fla was further
coated with a neutrophil cell membrane derived from purified
and activated mouse bone marrow neutrophils (Fig. 1C, S8 and
S9) to obtain Neu-MOF/Fla. Explanatorily, red blood cells (RBCs)
were chosen as a control because they had analogous structures
to neutrophils, but RBCs are less plastic in traversing the BBB
and migrating to an inflamed brain compared to neutro-
phils.*»*> The average hydrodynamic size of Neu-MOF/Fla
increased to ~17 nm after membrane coating by dynamic
light scattering (DLS) measurements (Fig. 1D). Meanwhile, the
surface zeta potential of Neu-MOF/Fla was dramatically reduced
from 28.4 mV to —20.2 mV, matching the surface zeta potential
of the neutrophil membrane vesicles (Fig. 1E). In addition, the
TEM image showed that Neu-MOF/Fla had an obvious neutro-
phil membrane coating (Fig. 1F). The elemental mapping
further suggested the successful coating of a neutrophil
membrane (Fig. 1G). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) additionally supported the preser-
vation of membrane proteins in Neu-MOF/Fla (Fig. S10%).
Overall, all the quality assurance specifications for the prepa-
ration of Neu-MOF/Fla were employed to ensure physicochem-
ical and biological reproducibility of the nanoparticles.

In AD, AP are known to activate microglia and produce
chemoattractants for reliable recruitment of neutrophils,
during which they transmigrate in the central nervous system
and play an important role in neuroinflammation.***® We next
examined whether Neu-MOF/Fla could target the activated
inflammatory cells. Before cell-based studies, we first evaluated
the biocompatibility of Neu-MOF/Fla. There was no obvious

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reduction in the cell viability under our experimental condi-
tions, indicating the low cytotoxicity and acceptable biocom-
patibility of Neu-MOF/Fla (Fig. S111). Then, we selected BV2
cells, a cell in the brain responsible for immune and inflam-
matory regulation, and tested if they could be activated by AB,o.
A significant rise in expression levels of CD16 (a pro-
inflammatory phenotype marker) of BV2 cells was observed
after treatment with AB,, (Fig. S127). Then, Neu-MOF/Fla was
added to BV2 cells activated with AB,,, while RBC-MOF/Fla was
tested as a control. Fla has been demonstrated to be useful for
fluorescence imaging in vitro and in vivo.*>*® After incubation
with Neu-MOF/Fla, the cells showed an obvious fluorescence,
but no significant fluorescence was observed for the cells
incubated with RBC-MOF/Fla (Fig. 2A). Furthermore, flow
cytometry analysis also showed a significant enhancement in
fluorescence after incubation with Neu-MOF/Fla (Fig. 2B). These
results indicated that Neu-MOF/Fla was able to target inflamed
BV2 cells with the assistance of the neutrophil membrane
coating. This is mainly due to the protein-receptor interactions
mediated by CD11b on the neutrophil membrane.*"%

Then, we examined the CO-releasing capability of Neu-MOF/
Fla, which plays prominent roles in neuroinflammation
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Fig.2 (A) Fluorescence images and (B) flow cytometric analysis of BV2
cells after incubation with RBC-MOF/Fla (25 pg mL™Y) and Neu-MOF/
Fla (25 pg mL™Y), respectively. Cells were activated with AB4o before
being treated with nanoparticles.
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management. The schematic CO-releasing reaction of Fla is
shown in Fig. 3A. It has been reported that the CO release of Fla
causes the loss of emission features, and it is is easy to achieve
“real-time” monitoring of CO release from fluorescence
changes. In the presence of irradiation, gradual reduction of the
fluorescence of Neu-MOF/Fla was observed within 6 min
(Fig. 3B). Moreover, the color of Neu-MOF/Fla solution changed
from pale yellow to colorless after irradiation (Fig. S13+t). Since
the reactive product had no fluorescent signal, this indicated
that the release of CO was efficient during irradiation. Mean-
while, as shown in Fig. 3C, irradiation resulted in ~60%
conversion to CO within 6 min. Subsequently, we investigated
the intracellular CO release of Neu-MOF/Fla in BV2 cells using
confocal microscopy. After incubation with Neu-MOF/Fla, the
BV2 cells showed good uptake, as indicated by the evident
emission in the green channel (Fig. 3D). When the cells were
irradiated for 10 min, an apparent disappearance of the emis-
sion was observed in the green channel, but not in the blue
channel (Fig. 3D). Furthermore, a fluorescent CO probe was
used to detect the intracellular release of CO. As shown in Fig.
S14,7 the fluorescence intensity of the cells treated with Neu-
MOF/Fla was remarkably enhanced under illumination, while
that of the control in the absence of Neu-MOF/Fla or
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Fig. 3 (A) The schematic CO-releasing reaction of Fla. (B) Emission

spectra of Neu-MOF/Fla (50 pg mL™%) with light illumination for 6 min.
(C) Linear curves of photo-induced emission changes in Neu-MOF/Fla
(50 pg mL™Y). The emission wavelength being monitored was 596 nm.
(D) Fluorescence images of BV2 cells exposed to Neu-MOF/Fla (50 ng
mL~Y) with light illumination for different times. Scale bar = 25 um.
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illumination exhibited rather weak fluorescence. The above
results demonstrated the efficient CO release of Neu-MOF/Fla in
tubes/cells and its potential as an anti-inflammatory reagent.

As revealed in previous studies, MOF-808 has been an
excellent heterogeneous catalyst for the catalytic hydrolysis of
the peptide bond in many peptides.***** In view of the critical
role of AB in AD pathogenesis, we then studied the ability of our
MOF-808 as a nanozyme to hydrolyze AB,, monomers in vitro
(Fig. 4A). The matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) assay showed
that the normalized peak intensity of AB,, monomers at m/z:
4331.5 was significantly reduced after incubation with MOF-808
at 37 °C for 24 h (Fig. 4B). Moreover, several low molecular
weight peaks were obviously observed, indicating the effective
occurrence of AB,, degradation when incubated with MOF-808
(Fig. 4C). The turbidity analysis exhibited similar results
(Fig. S157). In addition, the XRD patterns of MOF-808 after
hydrolysis further indicated the stability of the MOF-808
hydrolytic nanozyme under our experimental conditions
(Fig. S167). The SEM images of MOF-808 after hydrolysis further
showed that the morphology was retained, suggesting that the
MOF-808 nanozyme had excellent stability over the hydrolytic
process (Fig. S17t). These results may provide new opportuni-
ties for cytotoxic AP clearance and avoidance of plaque depo-
sition in AD.

Having demonstrated the targeted CO release and effective
AB degradation of Neu-MOF/Fla, we further investigated the
ability of Neu-MOF/Fla to modulate microglia-associated neu-
roinflammation and dysfunction. Reactive gliosis and neuro-
inflammation are widely considered to be some of the key
hallmarks of AD, as resident immune cells in the brain,
microglia, play an important role in brain function and
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Fig. 4 (A) Schematic representation of the AB hydrolysis catalyzed by

MOF nanozymes. (B and C) MALDI-TOF-MS analysis of the AB4o
monomers incubated with/without the MOF nanozymes for 24 h.
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dysfunction.®>*® It is estimated that the changes in the microglia
cell phenotype affect the progression of the disease to some
extent. In a healthy brain, the anti-inflammatory phenotype
(responsible for expressing anti-inflammatory cytokines,
degrading toxic proteins, such as amyloid plaques, and
continually surveying the local environment) is activated trying
to maintain brain homeostasis. However, during the course of
neurodegeneration, there is a switch to the pro-inflammatory
phenotype, upregulating the level of inflammatory cytokines,
resulting in aggravation of the disease process.”””* Thus, we
investigated the cell phenotype and the pro-inflammatory
cytokine levels of BV2 cells with or without treatment of Neu-
MOF/Fla in Af-induced inflammation. The anti-CD16 anti-
body (PE) was used to evaluate the pro-inflammatory phenotype
while the anti-CD206 antibody (FITC) was used to evaluate the
anti-inflammatory phenotype of BV2 cells. As shown in Fig. 5A
and B, no obvious CD16 or CD206 signal was observed in BV2
cells treated under normal conditions (control); however, the
BV2 cells treated with AP displayed a distinct CD16 signal,
indicating that most BV2 cells switched from a homeostatic
status to the pro-inflammatory phenotype. Notably, treatment
with Neu-MOF/Fla and light illumination significantly
enhanced CD206 signaling, and the signal of CD16 was totally
quenched. Meanwhile, the immunofluorescence intensity ratio
between CD206 and CD16 changed from 0.37 to 2.54 (Fig. 5C).
Additionally, the bright field images showed that the cell
morphology was reversed after treatment with Neu-MOF/Fla
and light illumination (Fig. 5A), which was closely related to
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phagocytic function of microglia. These studies suggested that
Neu-MOF/Fla regulated the pro-inflammatory to anti-
inflammatory microglia polarization in the AB-induced
inflammatory process. In addition, we further evaluated the
expression of typical pro-inflammatory cytokines, TNF-o and IL-
1B, up-regulated in BV2 cells activated with AB, which decreased
significantly upon treatment with Neu-MOF/Fla and light illu-
mination (Fig. 5D). This may be attributed to the targeted CO
release and effective AP degradation of Neu-MOF/Fla. Overall,
the results suggested that Neu-MOF/Fla was able to beneficially
modulate pro-inflammatory microglial phenotypes and
suppress neuroinflammation for pleiotropic neuroprotection.
The efficacy of Neu-MOF/Fla in ameliorating pathological
characteristics of AD was further evaluated using a 3xTg-AD
mouse model. Prior to in vivo evaluation, Cy5-labelled Neu-
MOF/Fla was used to investigate the BBB permeability. The
images of the brain and major organs showed that Neu-MOF/
Fla successfully crossed the BBB and accumulated in brain
parenchyma (Fig. S181). We next conducted Morris water maze
(MWM) experiments to evaluate the ability of Neu-MOF/Fla to
restore cognitive function in 3xTg-AD mice. Here, a two-photon
approach was employed to trigger CO release from adminis-
tered Neu-MOF/Fla because of the low phototoxicity and deep
tissue penetration.® Compared with AD mice, mice treated with
Neu-MOF/Fla and light illumination exhibited shortened
escape latency, increased crossing number and time at the
target quadrant, and spatially oriented swimming behavior
(Fig. 6A-D). Moreover, immunofluorescence staining of Af
showed that the AB plaques was diminished in the brains of
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3xTg-AD mice treated with Neu-MOF/Fla and light illumination
compared to that of other groups (AD, Light, Neu-MOF/Fla)
(Fig. 6E). Furthermore, the increased immunofluorescence of
CD206 in the “Neu-MOF/Fla + Light” group revealed that Neu-
MOF/Fla alleviated the neuroinflammation and reduced the
reactive gliosis in the brain of 3xTg-AD mice (Fig. S19%). In
addition, no evident potential toxicity was observed under our
experimental conditions, suggesting the good biocompatibility
of our system in vivo (Fig. S20-S22+t). Overall, these investiga-
tions with 3xTg-AD mice models demonstrated that the
biocompatible Neu-MOF/Fla significantly improved cognitive
defects, mitigated the AP burden, beneficially modulated pro-
inflammatory microglial phenotypes and suppressed the
neuroinflammation.

Conclusions

In summary, we have constructed Neu-MOF/Fla and demon-
strated its therapeutic potential for AD treatment. Unlike the
reported nanoparticles that have limited accumulation in the
brain based on the modified targeting ligands (such as anti-
bodies, peptides or small molecules), Neu-MOF/Fla can recog-
nize the pathological inflammatory signals of AD, and deliver
the photo-triggered anti-inflammatory CO and MOF based
hydrolytic nanozymes to the lesion area of the brain in a spon-
taneous manner. The photo-trigger released CO significantly
inhibits neuroinflammation. Meanwhile, the MOF based
hydrolytic nanozyme is responsible for clearance of AB. As
a result, Neu-MOF/Fla strongly suppresses neuroinflammation,
mitigates the AP burden, beneficially modulates pro-
inflammatory microglial phenotypes and improves cognitive
defects in 3xTg-AD mice. Moreover, blood biochemistry and
histology analysis indicate Neu-MOF/Fla has no obvious toxicity
under our experimental conditions. Therefore, our work
provides new insights on the design of biomimetic multifunc-
tional nanotherapeutics for the treatment of AD by means of
amelioration of multiple symptoms and improvement of
cognitive defects.
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