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Customized Intranasal Hydrogel Delivering Methylene Blue
Ameliorates Cognitive Dysfunction against Alzheimer’s
Disease

Yujing Liu, Yun Tan, Guopan Cheng, Yaqiong Ni, Aihua Xie, Xiaozhen Zhu, Chao Yin,
Yi Zhang,* and Tongkai Chen*

The accumulation of hyperphosphorylated tau protein aggregates is a key
pathogenic event in Alzheimer’s disease (AD) and induces mitochondrial
dysfunction and reactive oxygen species overproduction. However, the
treatment of AD remains challenging owning to the hindrance caused by the
blood–brain barrier (BBB) and the complex pathology of AD. Nasal delivery
represents an effective means of circumventing the BBB and delivering drugs
to the brain. In this study, black phosphorus (BP) is used as a drug carrier, as
well as an antioxidant, and loaded with a tau aggregation inhibitor, methylene
blue (MB), to obtain BP-MB. For intranasal (IN) delivery, a thermosensitive
hydrogel is fabricated by cross-linking carboxymethyl chitosan and aldehyde
Pluronic F127 (F127-CHO) micelles. The BP-MB nanocomposite is
incorporated into the hydrogel to obtain BP-MB@Gel. BP-MB@Gel could be
injected intranasally, providing high nasal mucosal retention and controlled
drug release. After IN administration, BP-MB is continuously released and
delivered to the brain, exerting synergistic therapeutic effects by suppressing
tau neuropathology, restoring mitochondrial function, and alleviating
neuroinflammation, thus inducing cognitive improvements in mouse models
of AD. These findings highlight a potential strategy for brain-targeted drug
delivery in the management of the complex pathologies of AD.

1. Introduction

Alzheimer’s disease (AD) is among the most prevalent neurode-
generative diseases worldwide, affecting an estimated 50 million
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individuals globally. The disease is char-
acterized by memory loss and cognitive
dysfunction, and its burden is continu-
ously increasing with population aging.[1]

Extracellular deposits (plaques) of amyloid-
𝛽 (A𝛽) and intracellular neurofibrillary tan-
gles (NFTs) composed of hyperphospho-
rylated tau (p-tau) aggregates are consid-
ered the hallmarks of AD.[2] However, over
the past few decades, most AD clinical tri-
als targeting the A𝛽 burden have largely
been unsuccessful. Therefore, more atten-
tion has been paid to tau-targeting thera-
pies, particularly because tau pathology ap-
pears to be more closely linked to cog-
nitive decline than A𝛽 accumulation.[3]

Tau is a microtubule (MT)-associated
protein that is mainly expressed in neu-
rons, contributing to the stability of ax-
onal MTs and regulating axonal transport
and growth.[4] In AD, tau shows elevated
levels of phosphorylation, which causes
it to detach from microtubules and un-
dergo oligomerization and self-aggregation
to generate NFTs.[5] The pathophysiology
of tau includes the disruption of the

axonal transport of organelles, such as mitochondria, which ul-
timately leads to synaptic dysfunction.[6] Mitochondrial are fun-
damental subcellular organelles and play an essential role in pro-
viding bio-energy to neurons. Notably, previous studies indicate
that hyperphosphorylated tau impairs mitochondrial function
by enhancing mitochondrial fission and impairing mitochon-
drial transport, thus decreasing adenosine triphosphate (ATP)
production and increasing oxidative stress.[7] In turn, mitochon-
drial oxidative stress promotes the abnormal phosphorylation
and polymerization of tau by inducing an imbalance of pro-
tein phosphatases and kinases.[8] This results in a vicious circle
and promotes AD progression. Therefore, mitigating oxidative
stress, restoring mitochondrial function, and inhibiting p-tau ag-
gregation simultaneously could be a promising strategy for AD
treatment.[9]

One strategy to directly target tau involves blocking its ag-
gregation. Methylene blue (MB), a widely studied drug that
has been proven to prevent tau aggregation and attenuate tau
phosphorylation, shows beneficial effects on AD and mem-
ory improvement.[10] However, the short systemic half-life and
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insufficient brain accumulation of MB limit its efficacy in AD
therapy. Therefore, additional drug delivery methods should be
explored to improve the targeted delivery efficiency and bioavail-
ability of MB.

Nanocarriers have been widely applied as drug delivery agents
to improve drug biodistribution and enhance their targeting.
Among them, black phosphorus nanosheets (BP NSs) are a novel
type of 2D nanomaterial consisting of puckered honeycomb lay-
ers of phosphorus (P) atoms that are connected via strong intra-
layer P─P bonds and weak inter-layer van der Waals forces.[11]

Due to their benign elemental composition (P), large surface
area, photosensitivity, broad light absorption spectrum, and nat-
ural biodegradability,[12] BP NSs have attracted immense inter-
est in biomedical applications including neurodegenerative dis-
ease therapy. The negative charge and corrugated surface struc-
ture of BP NSs make them ideal vehicles for drug loading. More-
over, their photothermal effect has been demonstrated to in-
crease the permeability of the blood–brain barrier (BBB) to al-
low brain-targeted drug delivery. In our previous reports, BP
NSs-based drug delivery nanoplatforms were constructed to treat
Parkinson’s disease and achieved a satisfactory outcome, alle-
viating the associated symptoms.[13] In another study, BP NSs
were confirmed to have chemically reacted with reactive oxygen
species (ROS) and finally degraded into non-toxic phosphorus
oxides,[14] indicating their great potential in managing oxidative
stress-related diseases management. Given these characteristics,
BP NSs could not only act as drug carriers for MB but also func-
tion as nanocaptors to scavenge excessive ROS. However, the an-
tioxidant capacity of BP NSs has not been investigated in AD
treatment.

Another challenge in AD treatment is the BBB, which is
formed by the monolayer of tightly-sealed endothelial cells
along the vascular tree. These cells have low paracellular and
transcellular permeability[15] and thus restrict the passage of
therapeutic drugs from the blood to the brain parenchyma.
Intranasal (IN) administration has emerged as a promising and
feasible alternative that circumvents the BBB and directly intro-
duces therapeutics to the brain via the olfactory and trigeminal
nerves.[16] Unlike oral delivery, systemic administration, and
intracerebroventricular injection, the IN route avoids first-pass
metabolism, gastrointestinal exposure, systemic clearance, and
the hindrance caused by the BBB, making it a patient-friendly
and effective treatment option for neurological disorders. The
highly vascularized nasal mucosa serves as the main site for
drug absorption and deposition.[17] However, nasal drug delivery
also presents several obstacles, including mucociliary clearance,
the low permeability of the nasal epithelium, enzymatic degra-
dation, and a short drug retention time, substantially curtailing
the efficacy of IN therapy.[18] Therefore, a suitable mucoad-
hesive system is necessary to resolve these limitations.[19] A
desirable candidate for such a system is hydrogels, which are
characterized by water-rich (above 90 wt%) 3D cross-linked
polymer networks.[20] In particular, injectable thermoresponsive
hydrogels are promising IN delivery vehicles, as they can be
easily administrated in their initial liquid state and transformed
into a gel in response to thermal stimuli.[21] These viscous
hydrogels can adhere to the nasal mucosa, serving as a depot
for sustained drug release, thus facilitating drug absorption
through the nasal epithelium. Due to their porous network

structure, hydrogels can also be loaded with various therapeutic
agents.[22]

Modification via dynamic covalent bonds or physical bonds is
an effective strategy for improving the physicochemical proper-
ties of a hydrogel.[23] As shown in Figure 1, in this study, a hy-
drogel system was constructed via a Schiff-based reaction be-
tween carboxymethyl chitosan (CMCS) and aldehyde Pluronic
F127 (F127-CHO, FC) micelles. MB was loaded onto BP NSs
to yield BP-MB nanocomposites, which were then incorporated
into the fabricated F127-CHO/CMCS (F/C) hydrogel. F127-CHO,
an amphiphilic triblock copolymer with temperature-responsive
gelation capacity, provided aldehyde groups that reacted with
the amine groups of CMCS to form dynamic and reversible
Schiff-base linkages, making the hydrogel injectable and giving
it self-healing capacity. Our in vitro study showed that BP-MB
nanocomposites could scavenge multiple types of ROS and pro-
tect neurons form okadaic acid (OA)-induced damage by reduc-
ing oxidative stress, improving mitochondrial function, and in-
hibiting tau protein aggregation. To expand these results in an in
vivo context, we used the F/C hydrogel platform for the nasal de-
livery of BP-MB (BP-MB@Gel). The resultant BP-MB@Gel was
able to bypass the BBB and increase drug accumulation in the
brain, ultimately reversing cognitive deficits, reducing neuronal
injury, and restoring brain glucose metabolism in OA-induced
AD models. Further examination indicated that the therapeutic
effects of BP-MB@Gel were mediated by the inhibition of tau
phosphorylation, mitochondrial protection, antioxidative effects,
and the alleviation of neuroinflammation. Collectively, the results
show that the BP-MB@Gel can serve as a useful tool for brain-
targeted AD therapy.

2. Results and Discussion

2.1. Characteristics of BP NSs and BP-MB

BP NSs were prepared using a classic liquid-phase exfolia-
tion method as described previously.[13] Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
demonstrated that the synthesized BP NSs had a typical 2D flake
morphology with a size of about 200 nm (Figures 2A and S1,
Supporting Information). In addition, elemental mapping in-
dicated the distribution of P and O were within the BP NSs
(Figure S1, Supporting Information). Atomic force microscopy
(AFM) images further confirmed the thin layer structure of the
BP NSs (thickness: 6 nm) (Figure S2, Supporting Information).
Dynamic light scattering (DLS) experiments showed that the hy-
drodynamic size and zeta potential of BP NSs were 187.9 nm and
−33.76 mV, respectively (Figure 2B,D). Further, the UV–vis ab-
sorbance spectrum of the BP NSs (Figure 2C) was consistent with
the reported literature.[24] These results validated the successful
preparation of BP NSs.

According to previous reports, cationic MB can be absorbed
into BP NSs via electrostatic interaction according to previous
reports.[25] The BP-MB synthesized in this study retained a 2D
morphology, as visualized via TEM (Figure 2E). Meanwhile, com-
pared to bare BP NSs, BP-MB showed a remarkable increase in
hydrodynamic size (291 nm) and zeta potential (−26.34 mV),
as well as noticeable color changes, further verifying the suc-
cessful loading of MB (Figure 2F and Figure S3, Supporting
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Figure 1. Schematic overview of the preparation of BP-MB@Gel and its application for improving AD pathology.

Information). The drug loading capacity was determined using
UV–vis spectroscopy. As shown in Figure 2G, BP-MB showed
characteristic absorption peaks at 292 and 664 nm, indicating
the interaction between BP and MB. Furthermore, the load-
ing capacity increased in a feeding amount-dependent manner
(Figure 2H). SEM image and elemental mapping in Figure 2I

further demonstrated that the elements P, C, S, and N elements
all coexisted in BP-MB. AFM analysis found that the thickness of
the nanosheets after MB absorption decreased slightly from 6 to
4 nm (Figure 2J,K), consistent with a previous study.[25a]

ROS overproduction is a typical characteristic of oxidative
stress and a significant initiator of neuronal damage and thus
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Figure 2. Characteristics of BP NSs and BP-MB. A) Representative TEM image, B) particle size distribution, and C) UV–vis spectrum of a series of
concentrations of BP NSs. D) Zeta potential of BP NSs and BP-MB (n = 3). E) TEM image of BP-MB. F) Size distribution of BP-MB. G) UV–vis absorption
spectra of MB, BP, and BP-MB. H) Drug loading capacity of BP at various feeding ratios of BP: MB (w/w) (n = 3). I) SEM image and elemental mapping
of BP-MB. J) Typical AFM image and K) height profile curve of BP-MB. L) O2

•−, M) ·OH, and N) H2O2 scavenging ability of BP NSs (n = 3). O) Standard
curve and images of Trolox at different concentrations incubated with an ABTS solution. Concentration-dependent antioxidant activity and corresponding
photographs of P) BP NSs and Q) BP-MB (with a concentration of 40, 80, 160, and 320 μg mL−1) characterized using the ABTS method (n = 3). Data
in (D), (H), (L–N), and (P,Q) were processed using GraphPad Prism 8.0 and are presented as the mean ± SD.
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contributes to the pathogenesis and progression of AD. Hence,
depleting excessive ROS is a potential strategy for treating the
condition.[26] We herein evaluated the antioxidant capacity of MB,
BP, and BP-MB against multiple ROS species including O2

•−,
·OH, and H2O2. As shown in Figure 2L–N, MB, BP, and BP-
MB all displayed a concentration-dependent ROS scavenging ac-
tivity. In addition, at 80 μg mL−1, BP-MB could achieve more
than 90% clearance for all ROS. The total antioxidant capacity
(T-AOC) was further tested using the T-AOC assay kit. In this
assay, ABTS acted as a chromogenic substrate and was oxidized
by H2O2 to green ABTS⚫+ under the catalysis influence of the
peroxidase mimetics. However, antioxidants can inhibit ABTS⚫+

production.[27] The reaction is as follows: ABTS⋅+ Antioxidant
→ ABTS.

In this study, Trolox was used as a standard antioxidant reagent to
generate a standard curve (Figure 2O). The T-AOC of BP NSs and
BP-MB were examined spectrophotometrically and calculated us-
ing the Trolox standard curve. As illustrated in Figure 2P,Q, a gra-
dient of green color dodge was clearly observed in the presence of
increasing concentrations of BP NSs and BP-MB. Moreover, BP-
MB exhibited stronger antioxidative capacity. Therefore, BP-MB
could be utilized as an efficient antioxidant for in vivo applica-
tions.

2.2. Characterization of BP-MB@Gel

Figure 3A,B illustrates the preparation of cross-linked BP-
MB@Gel via a Schiff base reaction between F127-CHO and
CMCS. 1H nuclear magnetic resonance (1H NMR) spectroscopy
was performed. The formation of covalent bonds in F/C hydro-
gels was proven by the 1H NMR spectra. As shown in Figure 3C,
specifically, compared to the 1H NMR spectrum of F127, the
F127-CHO showed a fresh peak at 9.58 ppm in the spectrum,
corresponding to the aldehyde (─CHO) group. This indicated
that the primary alcohol groups of F127 were oxidized to alde-
hyde groups. It is worth noting that the peaks corresponding to
the Schiff base hydrogen (─CH═N─) appeared at 7–8.5 ppm in
the 1H NMR spectrum of the F/C hydrogel, but not in the 1H
NMR spectrum of F127-CHO and CMCS. In addition, the peak
corresponding to the hydrogen of ─CHO disappeared in the 1H
NMR spectrum of the F/C hydrogel. This confirmed that the co-
valent crosslinks in the hydrogel were formed by a Schiff base re-
action between F127-CHO and CMCS. The chemical structures
of F127-CHO, CMCS, and the F/C hydrogel were further identi-
fied using Fourier-transform infrared spectroscopy (FTIR). The
characteristic peak at 2888 cm−1 was assigned to ─CH stretch-
ing. Compared with F127, the spectrum of F127-CHO displayed
a new absorption peak at 1727 cm−1, which could be attributed
to the C═O stretching in the aldehyde group, confirming the
successful grafting of an aldehyde group onto the F127 chain.
The characteristic peaks at 1583 and 1417 cm−1 showed in the
FTIR spectrum of CMCS could be attributed to the antisymmet-
ric stretching vibrations and stretching vibration of the ─COO−

group, respectively.[28] Thus, the experiments showed that car-
boxymethyl groups were successfully introduced into the chi-
tosan polymeric chain. Moreover, the absence of the band at 1727
cm−1 and the new peak at 1590 cm−1 (─C═N) in the F/C hydro-
gel spectrum proved the occurrence of the Schiff base reaction
between the aldehyde groups and the amino groups (Figure 3D).

The properties of a blank hydrogel can be modulated by tun-
ing the concentration ratio of F127-CHO and CMCS. Herein,
different concentration ratios of F127-CHO to CMCS includ-
ing 3:4, 4:4, and 4:5 were chosen for properties optimiza-
tion investigating. As depicted in Figure S4, Supporting In-
formation, as the temperature increases, the storage modu-
lus (G′) gradually exceeds the loss modulus (G″). The tem-
perature at which G″ was equal to G′ represented the lower
critical solution temperature (LCST). Higher concentrations of
CMCS resulted in lower gelation temperatures, and the LCST
of these hydrogels was determined to be 29.8, 28.8, and <25 °C,
respectively.

The rheological properties of these hydrogels were also stud-
ied. G′ represents elastic properties, while G″ represents viscous
properties. The frequency sweep profiles are displayed in Figure
S5, Supporting Information. Under an increasing angular fre-
quency, the G′ of these hydrogels with different compositions
became apparently higher than their G″, demonstrating the dom-
inant elastic properties of these hydrogels. Moreover, given that
the network of the hydrogel can collapse under a certain strain
and thus cause a switch from the gel to a quasi-liquid state (when
G″ > G′), dynamic strain sweep tests were performed. The in-
tersection points between G′ and G″ were identified at a strain
of 225%, 190%, and 250%, respectively, at ratios of 3:4, 4:4, and
4:5. Hence, these hydrogels would liquefy under a strain beyond
these respective thresholds (Figure S6, Supporting Information).
Hydrogels with injectable properties allow easy operation during
nasal administration. The viscosity of the prepared hydrogels de-
creased dramatically as the shear rate changed from 0.1 to 100
s−1. This typical shear-thinning behavior reflected the facile in-
jectability of these hydrogels (Figure S7A, Supporting Informa-
tion).

The blank hydrogel prepared using a concentration ratio of 3:4
exhibited the most optimal LCST (29.8 °C) for in situ gelation
upon in vivo application and also showed a large deformation
tolerance (with a critical strain of 225%). Hence, we synthesized
the F/C hydrogel using this ratio and then loaded BP-MB for fur-
ther experiments. The incorporation of BP-MB into the F/C hy-
drogels was confirmed based on the FTIR spectrum. As shown
in Figure 3E, the peaks at 1641 and 1001 cm−1 in the spectrum
of BP corresponded to phosphate groups. For BP-MB, the peak
at 1440 cm−1 could be assigned to the ─C─H bond. Moreover,
a broad absorption peak at 3419 cm−1 suggested the existence
of intermolecular hydrogen bonds in BP-MB. Furthermore, the
typical peaks of BP-MB were also detected in the spectrum of BP-
MB@Gel, indicating the successful integration of BP-MB into
F/C hydrogel. The normal temperature range of the nasal mucosa
is about 34 °C.[29] Thermo-sensitive gelation behavior was tested
using a vial tilting method, and both the F/C hydrogel and BP-
MB@Gel displayed sol–gel transition at 34 °C (Figure 3F). There-
fore, the thermosensitive hydrogel remained in the gel state in
the nasal mucosa. The morphology of lyophilized hydrogels was
examined via SEM and both hydrogels presented a typical inter-
connected and porous network structure (Figure 3I). Notably, the
encapsulation of BP-MB did not change the internal structure of
the hydrogel. Compared with the blank gel, BP-MB@Gel showed
a higher LCST (31.8 °C), which remained to be a suitable tem-
perature for in situ gelation (Figure 3G). Oscillatory frequency
sweep measurements indicated that as the angular frequency
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Figure 3. Characterizations of BP-MB@Gel. A) Schematic illustration showing the synthesis process of the F127-CHO/CMCS hydrogel. B) Schematic
illustration of the cross-linked F127-CHO/CMCS hydrogel. C) The 1H NMR spectra of F127, F127-CHO, CMCS, and F/C hydrogel. D) FTIR spectra of
F127, F127-CHO, CMCS, and the F/C hydrogel synthesized through the Schiff base reaction between F127-CHO and CMCS. E) FTIR spectra of MB,
BP, BP-MB, and BP-MB@Gel. F) The optical images of the sol–gel transition of hydrogel in response to changes in temperature. Scale bars: 1 cm. G)
Temperature sweep tests and H) frequency sweeps of the blank hydrogels and BP-MB@Gel. I) Representative SEM images (scale bar: 10 μm) and the
magnified images (right, scale bar: 4 μm) of the blank hydrogel and BP-MB@Gel. J) Strain sweep of the blank hydrogel and BP-MB@Gel. K) Storage
(G′) and loss (G″) modulus of BP-MB@Gel at recycled strains.

increased, BP-MB@Gel with an elastic solid state was generated
(Figure 3H). In addition, compared with the blank gel, the viscos-
ity of BP-MB@Gel sharply decreased with an increasing shear
rate (Figure S7B, Supporting Information), indicating its shear
thinning property. This behavior could also be visually verified
via an easy injection through a narrow needle (as shown in Video

S1, Supporting Information). The strain sweep test demonstrated
that BP-MB@Gel would transform from a solid to a fluid state
at a strain above 278% (Figure 3J). This threshold was slightly
higher than that for the blank hydrogel (225%). Afterward, high-
strain and low-strain cyclic scanning tests were conducted to as-
sess the self-healing ability of BP-MB@Gel. Benefiting from the
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reversibility of the dynamic Schiff-base linkages, both G′ and G″
dropped sharply at a high strain (500%) but returned quickly to
their initial values when the strain reverted to 1%. Notably, this
process was repeatable (Figure 3K), illustrating the excellent self-
healing properties of BP-MB@Gel.

In order to evaluate the nasal diffusion performance of BP-
MB and BP-MB@Gel, in vitro nasal mucosa permeation assays
were conducted. The results showed that the initial burst re-
lease occurred in the first 12 h, followed by a steady release.
Notably, ≈100% of MB was released from BP-MB (97.18%) and
BP-MB@Gel (92.81%) within 48 h. Compared to BP-MB, MB-
BP@Gel displayed a slower release behavior, suggesting that the
hydrogel system prolonged the overall duration of drug release
(Figure S8, Supporting Information).

2.3. Transport across the Nasal Mucosal Barrier

To enable the nasal delivery of drugs to the brain, the nasal mu-
cosal barrier needs to be crossed. Therefore, human nasal ep-
ithelial cells (HNEpC) were selected as the cellular model to
study transport. We first examined the cytotoxicity of different
formulations in HNEpC. The CCK-8 assay showed that both
BP and BP-MB had good biocompatibility at concentrations of
2.5–40 μg mL−1, while MB exerted obvious cytotoxicity at a con-
centration of 20 μg mL−1 (Figure S9, Supporting Information).
We thus chose a suitable concentration of MB (8 μg mL−1)
and BP-MB (BP: 40 μg mL−1; MB equivalent: 8 μg mL−1) for
subsequent experiments. The transport of drugs through the
nasal membrane and the mechanisms underlying this process
were explored using a transwell culture model (Figure 4A). Free
MB displayed a high permeability exceeding 70%, and BP-MB
showed comparable permeability (67.43%), indicating that both
were effective in crossing the HNEpC monolayer (Figure 4B).
Moreover, the transepithelial electrical resistance (TEER) value
did not change significantly in treated groups during transport
studies (Figure 4C), suggesting that the transcellular movement
of MB and BP-MB was due to the transcytosis process from
the apical to the basolateral cell membrane rather than due to
paracytosis.[30]

We further investigated the transport mechanisms of BP-MB
by blocking different transport pathways. To this end, differ-
ent pharmacological inhibitors were used, as described in Table
S1, Supporting Information. The cell viability assay showed that
these various inhibitors did not influence the survival of HNEpC
(Figure S10, Supporting Information). Monensin and brefeldin
A are common inhibitors of the Golgi transport network. Mon-
ensin can inhibit the transport from the Golgi apparatus to the
plasma membrane (PM), and brefeldin A can block transport
from the ER to the Golgi apparatus.[31] Bafilomycin A1 is a V-
ATPase inhibitor commonly used to inhibit the reacidification of
vesicles after endocytosis.[32] As shown in Figure 4D, the transcel-
lular movement of almost 31% and 40% of BP-MB was blocked
in the presence of monensin and brefeldin A, respectively (com-
pared with the control group). Further, bafilomycin A1 treatment
had no significant inhibition effects on the transcytosis, suggest-
ing that BP-MB transport mainly involved the ER/Golgi appara-
tus pathway and Golgi/PM pathways but was largely unrelated to
the reacidification of vesicles.

2.4. Endocytosis Mechanisms and Intracellular Trafficking in
Human Nasal Epithelial Cells and SH-SY5Y Cells

A detailed understanding of nanocarrier cellular uptake mecha-
nisms is crucial for understanding the biological processing of
nanocarriers and the mode of drug action. Herein, Cy5-labeled
BP NSs were used for the endocytosis mechanism and intracellu-
lar trafficking study. Positively-charged Cy5-PEG-NH2 was loaded
on the negative-charged BP NSs through electrostatic adsorption.
As shown in Figures S11 and S12, Supporting Information, the
intracellular fluorescence intensity of BP-Cy5 in both HNEpC
and SH-SY5Y cells obviously increased with increasing BP-Cy5
concentrations and prolonged incubation durations, indicating
that endocytosis was time- and concentration-dependent. Subse-
quently, we explored the endocytosis pathways for BP-Cy5 using
various relevant inhibitors (Table S2, Supporting Information).
To ensure the safety and effectiveness of these inhibitors, their
appropriate concentrations were determined based on the cyto-
toxicity results (Figures S13 and S14, Supporting Information).
We selected 8 mm of methyl-𝛽-cyclodextrin (M𝛽CD), 0.3 m of hy-
pertonic sucrose (HS), 30 μm of chlorpromazine (CPZ), and 50
μm of 5-(N-Ethyl-N-isopropyl) amiloride (EIPA) for the endocy-
tosis studies in HNEpC cells. Meanwhile, in SH-SY5Y cells, the
safe effective concentrations chosen for M𝛽CD, HS, CPZ, and
EIPA were 1 mm, 0.2 m, 30 μm, and 50 μm, respectively. Cells in-
cubated with BP-Cy5 without any inhibitors were designated as
the control group, and the fluorescence intensity of each group
was measured.

The cellular uptake of BP-Cy5 by HNEpC cells is shown
in Figure 4G. All the inhibitors apparently reduced the cellu-
lar fluorescence intensity of BP-Cy5, indicating that more than
one endocytic pathway was involved in the internalization pro-
cess of BP-Cy5. More specifically, internalization was reduced
by 31.3%, 64.5%, 52.1%, and 78.9% in the presence of M𝛽CD,
HS, CPZ, and EIPA, respectively (Figure 4K). This indicated
that macropinocytosis was predominantly responsible for the
endocytosis of BP-Cy5, followed by clathrin-mediated endocyto-
sis. Meanwhile, caveolar-mediated endocytosis played a relatively
limited role.

We then extended our analysis to the intracellular trafficking of
both free Cy5 and BP-Cy5 following uptake. The colocalization of
Cy5 and BP-Cy5 with different subcellular organelles was exam-
ined using confocal laser scanning microscopy (CLSM). Three
organelles, including lysosomes (Lyso), endoplasmic reticulum
(ER), and mitochondria (Mito), were stained using specific track-
ers, and the degree of colocalization between organelles and both
free Cy5 and BP-Cy5 was determined based on Pearson’s cor-
relation coefficient (PCC). The colocalization of these markers
in HNEpC cells is illustrated in Figure 4H. Here, the regions
of yellow fluorescence represent regions of colocalization. The
findings suggested that both free Cy5 and BP-Cy5 could be dis-
tributed to all these organelles after internalization. Cy5 showed
the highest colocalizations with the ER (PCC = 0.69), followed by
Lyso (PCC = 0.37) and Mito (PCC = 0.36). However, there were
no significant differences in the PCC of BP-Cy5 with the Lyso, ER,
and Mito apparatus (0.4, 0.34, and 0.38, respectively) (Figure 4M).

According to the above results, the transmembrane behav-
ior of BP-Cy5 is summarized in Figure 4E. First, BP-Cy5 was
mainly taken up through macropinocytosis, but clathrin-and
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Figure 4. Transportation study of BP-Cy5 across the in vitro nasal mucosal barrier/endocytosis and colocalization of BP-Cy5 in SH-SY5Y cells. A)
Schematic illustration of BP-MB transportation across the HNEpC monolayer in the transwell model. B) In vitro nasal mucosal barrier crossing ability
of MB and BP-MB (n = 3). C) TEER values of HNEpC monolayers before and after the experiment (n = 3). D) Transcytosis mechanism investigation of
BP-MB through the HNEpC monolayer (n = 3). Groups that were not treated with inhibitors were set as the control and their values were normalized to
100%. *p < 0.05 and **p < 0.01 versus the control group. E) Schematic diagram showing the endocytosis and transmembrane pathways of BP-Cy5 in
HNEpC. F) Schematic diagram showing the cellular uptake and transport of BP-Cy5 in SH-SY5Y cells. G) CLSM images showing the effects of various
inhibitors on the endocytosis of BP-Cy5 in HNEpC. Scale bar: 50 μm. H) Colocalization of Cy5 and BP-Cy5 with the ER, Lyso, and Mito in HNEpC cells
visualized using CLSM. Scale bar: 10 μm. I) CLSM images showing the endocytosis of BP-Cy5 in SH-SY5Y cells after incubation with various inhibitors.
Scale bar: 50 μm. J) Colocalization of Cy5 and BP-Cy5 with the ER, Lyso, and Mito in SH-SY5Y cells visualized using CLSM. Scale bar: 10 μm. Quantitative
comparison of fluorescence intensity of BP-Cy5 in K) HNEpC and L) SH-SY5Y cells following incubation with various inhibitors (n = 3). **p < 0.01 and
***p < 0.001 versus the control group. Pearson’s correlation coefficient between Cy5 and BP-Cy5, and the ER, Lyso, and Mito, in M) HNEpC and N)
SH-SY5Y cells, measured using ImageJ software (n = 3). Data in (B–D) and (K–N) were processed using GraphPad Prism 8.0 and are presented as the
mean ± SD. The p-values were determined using one-way ANOVA with Tukey’s post-hoc test.
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caveolae-mediated endocytosis was also involved. During intra-
cellular trafficking, BP-Cy5 was found to be transported to lyso-
somes, ER, and mitochondria. Then, it followed the ER–Golgi
complexes–basolateral membrane route and was excreted out.

The cellular uptake of BP-Cy5 by SH-SY5Y cells was then in-
vestigated. As illustrated in Figure 4I, all inhibitors suppressed
the internalization of BP-Cy5 to various degrees. HS treatment
triggered the greatest attenuation of intracellular fluorescence
signals (81%), followed by CPZ (54.2%), EIPA (36%), and M𝛽CD
(23.8%), indicating that the uptake of BP-Cy5 largely occurred via
clathrin-mediated endocytosis (Figure 4L). In addition, EIPA and
M𝛽CD also decreased the cellular uptake of BP-Cy5, revealing the
roles of macropinocytosis and caveolae endocytosis.

To examine intracellular trafficking in SH-SY5Y cells, confo-
cal micrographs and corresponding Pearson’s correlation analy-
sis were obtained (Figure 4J,N). The ER is involved in the traf-
ficking of intracellular cargo. In line with this, both Cy5 and BP-
Cy5 showed the highest PCC with ER (0.7 for Cy5 and 0.55 for
BP-Cy5), indicating that large amounts of Cy5 and BP-Cy5 were
transported to the ER. Moreover, the PCC of Cy5 (0.51) and BP-
Cy5 (0.46) with Mito revealed that a fair percentage of these ma-
terials also accumulated in the mitochondria. Since the patho-
genesis of AD is inextricably linked to mitochondrial dysfunc-
tion, we speculated that the mitochondrial distribution of drugs
would help in regulating mitochondrial function post-treatment.
In addition, the lowest PCC was observed between Lyso and Cy5
(0.25), demonstrating that only a small proportion of Cy5 was
transported into lysosomal compartments. In contrast, BP-Cy5
exhibited higher accumulation in Lyso (PCC = 0.48) than free
Cy5 (Figure 4N). The cellular endocytosis pathway and transport
of BP-Cy5 in SH-SY5Y cells are summarized in Figure 4F.

Timely lysosome escape is crucial for preserving the pharma-
cological activity of endocytosed nanomedicines. We further in-
vestigated the lysosome escape of BP-Cy5 in SH-SY5Y cells. Flu-
orescence images and correlations between BP-Cy5 and Lyso as a
function of incubation time are shown in Figure S15, Supporting
Information. The PCC values at 1, 2, and 4 h post-treatment were
0.52, 0.51, and 0.52, respectively. These results indicated that the
accumulation of BP-Cy5 in lysosomes occurs very soon, within
the first 1 h, and is maintained for at least 4 h.

2.5. BP-MB Alleviated Neuronal Damage In Vitro

Hyperphosphorylated tau can induce oxidative stress and im-
pair mitochondrial function, subsequently causing caspase-
dependent neuronal apoptosis.[7a] To evaluate the antioxidative
and neuroprotective ability of BP-MB, we first studied the cyto-
toxicity of different formulations against SH-SY5Y cells. As pre-
sented in Figure 5A, the cell viability of the MB, BP, and BP-MB
groups at various concentrations all exceeded 87.55%, indicat-
ing the good compatibility of these agents. In addition, we tested
the compatibility of these formulations in bEnd. 3 cells and RAW
264.7 cells (Figure S16, Supporting Information). Minimal cyto-
toxicity was observed with various concentrations of BP and BP-
MB, while 16 μg mL−1 MB exhibited obvious cytotoxicity in RAW
264.7 cells.

OA is a potent inhibitor of protein phosphatase PP-1 and PP-
2A and has been widely used for inducing tau-related AD patho-

genesis. [33]Thus, we constructed a tauopathy-like cellular model
by treating SH-SY5Y cells with OA. At concentrations of 40 nm or
higher, OA was highly cytotoxic to SH-SY5Y cells (Figure 5B). In
order to ensure the achievable rescue effects, we selected 40 nm
OA for subsequent modeling. Cells were incubated with MB, BP,
or BP-MB for 24 h after OA pretreatment. As shown in Figure 5C,
MB attenuated the cytotoxicity of OA in SH-SY5Y cells at 2 μg
mL−1, with the cell viability increasing from 50.44% to 63.35%.
With its antioxidant activity, BP exhibited obvious anti-apoptotic
effects at 5 μg mL−1. Moreover, 10 μg mL−1 of BP-MB exerted
excellent synergistic protective effects, elevating cell viability to
85.10%, significantly higher than BP (77.07%) or MB (63.35%)
alone.

Subsequently, flow cytometry analysis was also executed for
apoptosis analysis based on Annexin V-FITC staining (Figure
S17, Supporting Information). OA treatment led to a cell apopto-
sis rate of 47.56%, but BP-MB intervention (10 μg mL−1) strongly
alleviated cell damage, causing the cell apoptosis rate to 11.74%.
Its effects were better than those of MB treatment (18.2% apop-
tosis) and BP treatment (22.22%) alone. These results suggested
that BP-MB could effectively rescue neurons from OA-induced
death.

Studies have demonstrated that hyperphosphorylated tau, mi-
crotubule disorder, and NFTs can promote ROS generation, sub-
sequently causing neuronal death.[26] Therefore, we assessed the
anti-oxidative ability of BP-MB in an OA-induced cell model.
Cellular ROS levels were detected by flow cytometry using a
ROS-sensitive dye, dichlorodihydrofluorescein diacetate (DCFH-
DA). OA treatment generated a large amount of ROS in treated
cells. By contrast, the ROS content in all treatment groups
showed a decreasing trend, and the ROS level was lowest in
cells subjected to 10 μg mL−1 BP-MB. This may be due to the
synergistic therapeutic effect achieved by combining the anti-
oxidative activities of MB and BP (Figure S18, Supporting In-
formation). MB has been reported to accumulate within mito-
chondria, improve mitochondrial respiration, and inhibit super-
oxide production.[34] Thus, MB was also expected to inhibit mi-
tochondrial ROS in this study. We explored the mitochondrial
ROS scavenging capability of BP-MB using a MitoSox kit in
which the fluorescence intensity represents mitochondrial ROS
accumulation. As shown in Figure 5G, OA-treated cells exhib-
ited strong fluorescence. Comparatively, the MB group showed
remarkably lower fluorescence intensity levels, while BP-MB
demonstrated the best mitochondrial ROS inhibition efficacy. It
was also verified by the quantification of the mean fluorescence
intensity (MFI) of mitochondrial ROS (Figure S19, Supporting
Information).

Elevated ROS levels cause mitochondria to produce proapop-
totic proteins and finally induce neuronal apoptosis.[35] A decline
in mitochondrial membrane potential (MMP) reflects the acti-
vation of the mitochondrial apoptosis pathway.[36] Thus, we de-
tected the MMPs of SH-SY5Y cells subjected to different treat-
ments using JC-1 staining. As shown in Figure S20, Support-
ing Information, compared with non-treated cells, cells treated
with OA showed a higher proportion of P2 (green fluorescence
monomers; increased to 42.5%), reflecting the lower MMP due
to mitochondrial damage. However, 10 μg mL−1 BP-MB signif-
icantly attenuated the damage in OA-treated cells, as evidenced
by the decreased proportion of P2 (reduced to 13.12%). These
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Figure 5. BP-MB protected neurons from OA-induced damage. A) Cytotoxicity measurement in SH-SY5Y cells following various treatments (n = 3). B)
Cell viability of SH-SY5Y cells treated with different concentrations of OA (n = 3). *p < 0.05 and ***p < 0.001 versus the control group. C) Cell viability of
OA-pretreated SH-SY5Y cells subjected to different treatments (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 versus the OA group. #p < 0.05 versus
the BP group. The mRNA levels of D) CD86 and E) CD206 in OA-pretreated BV2 cells following the indicated treatments (n = 3). ***p < 0.001 versus
the control group. #p < 0.05, ###p < 0.001 versus the MB group. ▲▲p < 0.01, ▲▲▲p < 0.001 versus the BP group. F) Mechanism underlying the
restoration of mitochondrial function following BP-MB treatment. G) Mitochondrial ROS levels detected using the MitoSox probe. Scale bar: 50 μm. H)
Confocal fluorescence images of p-tau (S396) in SH-SY5Y cells. Scale bar: 25 μm. I) Representative fluorescence images of tau aggregation examined
using the ThS probe. Scale bar: 50 μm. J) Quantification of the mean fluorescence intensity (MFI) of ThS in OA-pretreated SH-SY5Y cells subjected to
different treatments (n = 3). **p < 0.01 and ***p < 0.001 versus the OA group. #p < 0.05 versus the MB group. Data in (A–E) and (J) were processed on
GraphPad Prism 8.0 and are presented as the mean ± SD. The p-values were determined using one-way ANOVA with Tukey’s post-hoc test.
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results indicated that BP-MB could effectively inhibit impair-
ments to the mitochondrial membranes of neurons.

2.6. BP-MB Restored the Mitochondrial Function of Neurons

Mitochondrial damage can be induced by pathogenic tau and
ROS elevation, aggravating AD pathology.[37] Hence, we hypoth-
esized that BP-MB could restore the mitochondrial function of
neurons by reducing oxidative stress. Therefore, seahorse experi-
ments were executed and the effects of BP-MB on mitochondrial
respiration were examined. Oxygen consumption rate (OCR) is
an indicator of mitochondrial oxidative respiration,[38] and it is
measured by treating SH-SY5Y cells with oligomycin (an ATP
synthase inhibitor), FCCP (an agent uncoupling the mitochon-
drial electron transport chain), and a mixture of rotenone and
antimycin A (an inhibitor of mitochondrial complex III and I)
one after the other (Figure S21, Supporting Information). In com-
parison with the control group, cells treated with OA exhibited
significant OCR inhibition, as indicated by reduced basal respira-
tion, ATP production, H+ proton leak, and maximum respiration
levels. However, cells treated with BP-MB exhibited the most re-
markable improvements in these energy indicators (Figure S22,
Supporting Information), demonstrating that BP-MB could ame-
liorate the dysfunction of mitochondrial respiration in cellular
AD models.

Mitochondrial dysfunction can activate the caspases, leading
to apoptotic cell death.[39] Thus, we further assessed the role of
BP-MB in mitochondrial protection by analyzing the expression
levels of caspase 3 and caspase 9. As evidenced in Figure S23A,B,
Supporting Information, OA exposure significantly up-regulated
caspase 3 and caspase 9 levels in treated cells. As expected, BP-
MB treatment obviously reduced the levels of these two cas-
pases, and these findings were confirmed by quantified analyses
(Figure S23C,D, Supporting Information). Collectively, this evi-
dence demonstrated that BP-MB could reduce ROS content, res-
cue mitochondrial dysfunction, and down-regulate caspase pro-
tein expression, thereby alleviating neuronal damage (Figure 5F).

2.7. BP-MB Modulates Neuroinflammation and Inhibits p-Tau
Aggregation

Microglia play a crucial role in the regulation of neuroinflamma-
tion and brain repair by switching between an anti-inflammatory
and pro-inflammatory state. ROS overproduction may promote
microglial polarization toward the M1 phenotype.[40] To investi-
gate the effect of BP-MB on microglial polarization, the mRNA
expression of CD86 (M1 marker) and CD206 (M2 marker) was
evaluated using RT-qPCR. OA pre-treatment induced the proin-
flammatory transformation of BV-2 cells, as evidenced by in-
creased CD86 and decreased CD206 levels. By contrast, the ex-
pression of CD86 was remarkably reduced after treatment with
BP-MB. Meanwhile, the levels of the M2 marker CD206 were in-
creased following the BP-MB treatment (Figure 5D,E). These re-
sults suggested that BP-MB could modulate microglia-induced
neuroinflammation for AD therapy.

Hyperphosphorylated tau tends to aggregate intracellularly
and forms NFTs that can damage neurons.[41] Herein, the lev-

els of hyperphosphorylated tau were estimated based on im-
munofluorescence staining. As shown in Figure 5H and Figure
S24, Supporting Information, the highest fluorescence intensity
of p-Tau S396 was observed in OA-treated cells, demonstrating
the up-regulation of cellular tau phosphorylation. However, the
fluorescence signals were negligible in the cells treated with BP-
MB, illustrating its effectiveness in inhibiting tau phosphoryla-
tion. We then performed a Thioflavin S (ThS) fluorescence assay
to detect the degree of tau aggregation. As shown in Figure 5I,J,
the fluorescence intensity of OA-stimulated cells increased sig-
nificantly when compared with the control group, suggesting that
OA could induce tau aggregation. However, the ThS signal was
weakened after incubation with MB due to its inhibitory effects
on tau-tau interaction.[42] BP also induced an obvious decrease in
fluorescence intensity, which could be ascribed to its antioxidant
activities, while BP-MB displayed the most marked reduction in
ThS fluorescence intensity. This proved that the tau aggregation
was effectively constrained following BP-MB treatment.

2.8. Brain Accumulation and Pharmacokinetics In Vivo

IN administration enables the direct delivery of drugs from the
nose to the brain, bypassing the BBB (Figure 6A). Hence, to evalu-
ate drug accumulation in the brain, we detected the fluorescence
intensity of free Cy5, BP-Cy5, and BP-Cy5@Gel in the mouse
brain at designated time points following IN administration. A
fluorescence signal was clearly visible in all treatment groups af-
ter 1 h. Moreover, free Cy5 showed the strongest fluorescence
intensity after 2 h, but it was gradually metabolized and became
undetectable after the 4 h time point. The strongest fluorescence
intensity for BP-Cy5 was observed at 4 h, while BP-Cy5@Gel took
a longer time to reach peak accumulation in the brain (6 h). This
could be attributed to the sustained drug release effect of the hy-
drogel. Compared with BP-Cy5, BP-Cy5@Gel exhibited signifi-
cantly higher accumulation in the brain at 6 h and maintained
this advantage even at 24 h (Figure S25, Supporting Information).
These results were validated using fluorescence quantitative anal-
ysis (Figure 6B). Above all, these results proved that BP-Cy5@Gel
could prolong nasal drug retention to sustain the drug release for
brain-targeted delivery. Hence, we further investigated the fluo-
rescence distribution of BP-Cy5@Gel in different brain regions.
As shown in Figure 6C, the fluorescence signal was more con-
centrated in the hippocampus and entorhinal cortex, while the
enrichment in the periaqueductal gray was limited. In fact, the
fluorescence signal was 10.34-fold and 12.30-fold higher in the
hippocampus and entorhinal cortex than in the periaqueductal
gray, respectively (Figure 6D). Since dysfunction within the hip-
pocampus and entorhinal cortex was closely linked to cognitive
impairment in AD,[43] and NFTs were most frequently found in
these two regions,[44] drug accumulation in these sites could fa-
cilitate AD treatment.

We subsequently performed a pharmacokinetic study to an-
alyze MB levels in the plasma and brain post the intravenous
(IV) or IN administration of different formulations. The critical
pharmacokinetic parameters were calculated and given in Tables
S3 and S4, Supporting Information. The plasma concentration-
time profiles following IV administration and IN administra-
tion are shown in Figure 6E,F, respectively. Rats administrated
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Figure 6. Brain accumulation and pharmacokinetics of formulations following IN administration. A) Schematic illustration of the IN administration of
BP-MB@Gel. B) Quantitative analysis of fluorescence intensity in the brain (n = 3). *p < 0.05 versus the Cy5 group. ##p < 0.01 versus the BP-Cy5 group.
C) Representative confocal images of fluorescence distribution in different brain regions following IN administration of BP-Cy5@Gel. Scale bar: 100 μm
and 20 μm for magnified images. D) Quantitative analysis of fluorescence intensity in the indicated mouse brain regions (n=3). **E–H) Plasma MB
concentration versus time curves following E) IV administration and F) IN administration. Brain MB concentration versus time curves following G) IV
administration and H) IN administration. Data in (B) and (D–H) were processed on GraphPad Prism 8.0 and are presented as the mean ± SD. The
p-values were determined using one-way ANOVA with Tukey’s post-hoc test.

with MB and BP-MB intravenously showed a time-dependent
manner decrease in plasma MB levels. Although free MB was
only detectable during the first 8 h, BP-MB treatment prolonged
MB circulation to 24 h. Moreover, the area under the plasma
concentration-time curve from 0 to t (AUC0−t) value of BP-MB
was 4.13-fold that of the MB solution. Following IN administra-

tion, as seen in Figure 6F, free MB was the first to achieve its
peak concentration (22.17 ± 1.98 ng mL−1). However, its levels
quickly decreased and became very low by 4 h. By contrast, the
BP-MB@Gel group exhibited a longer systemic circulation life
(12 h) and a significantly longer half-life (T1/2) (3.80 ± 0.36 h vs
0.71 ± 0.11 h). Moreover, the AUC0−t of BP-MB@Gel (50.91 ±
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4.66 ng h mL−1) was also higher than that of MB (46.08 ± 4.31
ng h mL−1) and BP-MB (39.12 ± 3.58 ng h mL−1). Consistently, a
higher mean residence time (MRT0−t) value was observed in the
BP-MB@Gel group (3.68 ± 0.35 h) than in the MB (2.16 ± 0.24 h)
and BP-MB groups (2.63 ± 0.27 h). These results demonstrated
that the BP-MB@Gel system provided sustained and controlled
drug release behavior, which facilitated an enhancement of drug
efficacy.

The IN route is useful for brain-targeted delivery.[45] There-
fore, we assessed whether nasal administration could provide
better MB distribution in the brain than the IV route. As seen
in Figure 6G,H, free MB was metabolized rapidly from the brain
within 6 h after IV and IN administration. By contrast, BP-MB
could prolong brain retention and enhance the bioavailability of
MB, leading to significantly higher MRT0-t (5.44 ± 0.56 h for IV;
3.84 ± 0.43 for IN) and AUC0−t (83.74 ± 7.88 ng h mL−1 for
IV; 535.46 ± 56.39 ng h mL−1 for IN). Meanwhile, the hydrogel
would undergo sol–gel transition in the nasal cavity, thus increas-
ing drug residence time and releasing the drug sustainably.[46]

Therefore, we speculated that IN BP-MB@Gel could improve
the efficiency of brain-targeted delivery. IN BP-MB@Gel took the
longest time to reach its maximum brain concentration (Tmax)
and peak brain concentration (Cmax), and the drug retention time
in the brain was up to 48 h post-IN administration (Figure 6H).
The T1/2 value in the BP-MB@Gel group (5.83 ± 0.61 h) was re-
markably longer than that after IV (1.80 ± 0.15 h) or IN treatment
(2.63 ± 0.28 h) with BP-MB (Tables S3 and S4, Supporting Infor-
mation). Moreover, the Cmax of the brain MB in the BP-MB@Gel
group was 3.88 times that of the BP-MB IN group (46.81± 4.01 vs
12.06 ± 1.04 ng mL−1), and BP-MB@Gel required a longer time
to reach peak MB levels (4.89 ± 0.51 vs 6.51 ± 0.58 h). Notably,
the brain AUC0−t value of BP-MB@Gel was 535.46 ± 56.39 ng h
mL−1, which was 3.23-fold and 6.39-fold higher than that of BP-
MB administered via the IN and IV routes, respectively. Further-
more, the MRT0-t of BP-MB@Gel (10.76 ± 1.21 h) was also much
longer than that of free MB (2.59 ± 0.24 h for IV; 1.93 ± 0.22 h
for IN) and BP-MB group (5.44 ± 0.56 for IV; 3.84 ± 0.43 for IN).
Interestingly, the AUC0−t values for the BP-MB group and BP-
MB@Gel group were both remarkably higher in the brain than
in the plasma after IN administration, indicating that most of
the MB was transported to the brain and only a small portion
reached the systemic circulation. Notably, BP-MB@Gel showed
the highest AUCbrain/AUCplasma ratio. Moreover, its DTE% and
DTP% values were calculated to be 54.79% and 98.55%, respec-
tively. Altogether, the above results verified that the nasal delivery
of BP-MB@Gel provided the advantages of enhancing the accu-
mulative brain distribution of MB and prolonging drug residence
duration to realize the long-term treatment of AD.

2.9. BP-MB@Gel Rescued the Cognitive Decline in AD Model
Mice

The pathogenic tau protein can spread from a diseased neuron
to a healthy one in a “prion-like” manner,[47] leading to diffused
neurodegeneration in the brain. Injecting OA into the amygdala
was reported to induce a rapid spread of phosphorylated tau pro-
tein and result in tau protein aggregation.[48] Herein, we used
OA to develop a tau-related mouse model of AD and assess the

neuroprotective efficacy of BP-MB@Gel in vivo. The treatment
schedule is illustrated in Figure 7A. A series of behavior tests
were implemented to evaluate memory and cognition in AD mice
following the IN administration of various formulations.

In the Morris water maze (MWM) test, representative swim-
ming paths for each group are displayed in Figure 7B. Com-
pared with the control group, the OA-induced AD group exhib-
ited spatial learning impairments, which presented a significant
increase in escape latency from the fourth day of the acquisition
period. By contrast, mice in the treatment groups, especially the
BP-MB@Gel group, all exhibited a decreasing trend of escape la-
tency (Figure 7C). Since mice with good retention abilities exhib-
ited spatially oriented swimming behavior instead of wandering
around, their swimming distances were also shorter than those of
the OA group (Figure S26, Supporting Information). In the probe
trial, as indicated by the swimming path in Figure 8B, tauopathy
mice performed poorly during the platform search. They spent
much less time in the target quadrant and exhibited fewer plat-
form crossings than the control group (Figure 7D,E). However,
mice in the BP-MB@Gel group preferentially moved toward the
initial platform area, showing the longest time in the target quad-
rant and the highest frequency of platform crossings among the
treatment groups. These results verified that BP-MB@Gel ex-
erted the most prominent effects for attenuating spatial memory
deficits in AD mice.

Nest-building behavior can be impacted due to hippocampal
damage and neurodegenerative disease.[49] Therefore, the nest-
ing performance of mice was also evaluated in this study. As
shown in Figure 7F, the nest constructed by OA-treated mice was
made up of partially torn material, and the material was not gath-
ered into a nest but rather spread around the cage. This was indic-
tive of impaired nesting behavior. By contrast, BP-MB@Gel treat-
ment remarkably improved nesting scores (Figure 7G). These
mice had an identifiable nest with walls higher than the height of
the mouse. Consistent with the results obtained from the MWM
test, BP-MB@Gel treatment also attenuated the cognitive de-
clines.

The open-field test was conducted to investigate the locomotor
activity and exploratory behavior of mice. In a new open envi-
ronment, mice tend to travel around the periphery due to fear,
and this behavior is particularly evident in mice with anxiety.
The exploratory trajectory of mice in this study (Figure S27A,
Supporting Information) showed that OA-treated mice tended to
stay away from the central area, spent less time in the central
zone, and had a shorter movement distance than the normal con-
trol group (Figure S27B,C, Supporting Information). Hence, they
showed heightened anxiety levels and lower exploratory desires.
Nevertheless, BP-MB@Gel treatment ameliorated the anxiety-
related behaviors of mice, providing the best effects, as evidenced
by the increased travel path length and the time spent in the cen-
tral area. Moreover, the total locomotor activity was also improved
following BP-MB@Gel treatment as well (Figure S27D, Support-
ing Information).

Finally, five-choice serial reaction-time (5-CSRT) task touch-
screen experiments were performed to test attention and exec-
utive functioning in rodents, which depends on GABAergic sys-
tems in the medial prefrontal cortex.[50] The stages for 5-CSRT
task trainning were displayed in Table S5, Supporting Informa-
tion. As illustrated inFigure 8H, in the task, mice who nose-poked
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Figure 7. Behavioral evaluation of AD model mice following BP-MB@Gel therapy. A) Schedule of drug treatment and behavioral tests. B) Representative
swimming paths for each group in the Morris water maze. C) Mean escape latency, D) frequency of crossing of the initial platform, and E) swimming
time in the targeted quadrant in all groups of treated mice (n = 6). F) Representative images and G) scores for nesting behavior on day 3 (n = 6).
H) Schematic depicting the 5-CSRT task. DT, delay time; SD, stimulus time; RT, reaction time. I) Accuracy (percent correct), J) the percentage of errors
(incorrect+ omissions), and K) the percentage of omissions in the 5-CSRT task (n = 4). L) Correct location of each stimulus on the screen. M) Schematic
illustration of the PAL task. N) PAL test with six possible trial types (S+, correct; S−, incorrect). O) Percentage of correct responses across blocks of
trials in the PAL task. P) Latency (s) to respond to a stimulus and Q) latency (s) to collect food reward (n = 4). *p < 0.05 and **p < 0.01 versus the OA
group. #p < 0.05 and ##p < 0.01 versus the MB group. ▲p < 0.05 versus the BP-MB group. Data in (C–E), (G), (I–K), and (O–Q) were processed on
GraphPad Prism 8.0 and are presented as the mean ± SD. The p-values were determined using one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 8. BP-MB@Gel attenuated neuronal damage and relieved p-tau burden in vivo. A) Immunostaining of NeuN-positive cells (red) in the hippocam-
pal DG. Scale bar: 200 μm. B) Representative images of H&E staining in the DG. Scale bar: 100 and 20 μm for magnified images. C) Ultrastructure of
hippocampal mitochondria observed using Bio-TEM. Scale bar: 500 nm. D) Quantitative analysis of [18F]-FDG uptake in the left and right hippocampal
regions (n = 3). E) Quantitative analysis of the NeuN/DAPI ratio (n = 6). Contents of F) MDA, G) ROS, H) GDH, and I) ATP in the hippocampus (n
= 4). MDA, malondialdehyde; ROS, reactive oxygen species; GDH, glutamate dehydrogenase; ATP, adenosine triphosphate. Levels of proinflammatory
cytokines such as J) tumor necrosis factor-𝛼 (TNF-𝛼), K) interleukin 6 (IL-6), and L) interleukin 1𝛽 (IL-1𝛽) in the hippocampus (n = 4). ELISA analysis of
p-tau levels in the M) thalamus, N) cortex, and O) hippocampus (n = 4). *p < 0.05 and **p < 0.01 versus the OA group. #p < 0.05 and ##p < 0.01 versus
the MB group. ▲p < 0.05 and ▲▲ p < 0.01 versus the BP-MB group. Data in (D–O) were processed on GraphPad Prism 8.0 and are presented as the
mean ± SD. The p-values were determined using one-way ANOVA followed by Tukey’s post-hoc test.
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a visual stimulus at the right location within a reaction time (RT)
of 5 s received a reward. Meanwhile, incorrect responses (nose-
poking wrong stimulus location) and omissions (failing to in-
dicate stimulus location within RT) were scored as errors and
considered as results of impaired concentration.[51] After train-
ing, the performance of mice in the BP-MB@Gel group (accu-
racy at 2-s stimulus time [SD]) became similar to that of controls.
However, OA-treated mice displayed poorer accuracy and made
more omissions and erroneous responses (Figure 7I–K). This re-
vealed that attention deficits in AD model mice were effectively
improved by BP-MB@Gel treatment. Another touchscreen test,
the paired associate learning (PAL) task, was conducted to test the
cognitive capability of the mice.[52] As shown in Figure 8L,M, the
mice were required to learn and recall multiple objects (flower,
spider, and plane) associated with one of three locations on the
touch screen (left, middle, and right, respectively).[53] The possi-
ble trial types are listed in Figure 7N. The control group (normal
mice) exhibited progressive improvements in accuracy across
various blocks of training trials, giving around 60% correct re-
sponse by the end of training. In comparison, OA-treated mice
maintained a significantly lower accuracy of <12% across train-
ing, suggesting a severe impairment of object-location PAL. Sim-
ilar to the controls, mice in the BP-MB@Gel group progressively
acquired associative learning, indicating that BP-MB@Gel treat-
ment could reverse cognitive impairment in AD mouse mod-
els (Figure 7O). Finally, control mice exhibited the shortest re-
sponse latency and reward latency among all groups. Although
OA-treated mice displayed the longest response latency to both
stimulus and food reward collection, BP-MB@Gel-treated mice
responded as rapidly as control mice (Figures 7P and 8Q).

2.10. BP-MB@Gel Restored the Brain Function

Decreased cerebral glucose uptake has been shown to com-
promise neuronal function and health, and hippocampal glu-
cose metabolic disorder was associated with learning and mem-
ory deficits.[54] Therefore, in this study, 2-deoxy-2-(18F) fluoro-D-
glucose (18F-FDG-PET) was used as a contrast agent for positron
emission tomography (PET) imaging to reveal brain glucose up-
take in mice.

A significant decrease in FDG-PET signals was detected in
AD models, suggestive of abnormal cerebral glucose utilization.
However, this metabolic depression was attenuated in the brains
of AD mice after treatment with different formulations, and mice
treated with BP-MB@Gel showed a homogenous signal distri-
bution and the highest FDG uptake in all brain regions (Figure
S28, Supporting Information). We further quantified hippocam-
pal FDG uptake based on calculated standardized uptake values
(SUVs). As depicted in Figure 8D, relative to OA-induced mice,
the BP-MB@Gel group showed much higher glucose uptake in
both the left and right hippocampus (2.38 ± 0.16 and 2.39 ± 0.15,
respectively). Moreover, these values were comparable to those in
the control group (2.43 ± 0.18 and 2.44 ± 0.16, respectively). The
findings implied that BP-MB@Gel had a positive impact on en-
ergy metabolism and neuronal function in the brain.

Next, to investigate whether BP-MB@Gel treatment could at-
tenuate neuronal impairment, the expression of the neuronal
marker NeuN was analyzed in the hippocampus. Massive neu-

ron loss was observed in the OA group, with a noticeably re-
duced density of NeuN-positive (red) cells. After treatment with
MB, BP, BP-MB, and BP-MB@Gel, the number of neurons in-
creased in mice, albeit to various degrees (Figure 8A). Notably,
BP-MB@Gel treatment provided the highest NeuN/DAPI ratio
(Figure 8E), implying that BP-MB@Gel administration could ex-
ert better neuroprotective effects than any other treatment. Fur-
thermore, hematoxylin and eosin (H&E) staining was performed
to stain nerve cells, and obvious neuronal damage characterized
by cell shrinkage and nuclear pyknosis was observed in the hip-
pocampal dentate gyrus (DG) in AD model mice. However, such
damage was prominently alleviated following BP-MB@Gel treat-
ment (Figure 8B). Taken together, these results suggested that
BP-MB@Gel could provide better neuronal protection than other
formulations in vivo.

Abnormal mitochondrial morphology is suggestive of func-
tional deficits, and previous studies have shown that OA inter-
ventions cause mitochondrial dysfunction and induce memory
loss in rats.[55] Therefore, the ultrastructural morphology of mi-
tochondria was detected under the biological TEM (Bio-TEM) in
this study. As depicted in Figure 8C, OA treatment caused se-
vere cristae disruptions and membrane damage in mitochon-
dria. By contrast, the mitochondria in the BP-MB@Gel group
exhibited healthy morphology with normal cristae and an in-
tact membrane, suggesting that BP-MB@Gel treatment could
maintain the structural and functional integrity of mitochondria.
Given that compromised mitochondrial function is often associ-
ated with increased oxidative damage,[56] we next measured a se-
ries of oxidation-related indicators in the treatment groups. Mal-
ondialdehyde (MDA) (the product of lipid peroxidation) and ROS
levels were significantly higher in AD model mice than in the
control group. However, their levels were inhibited to a certain
extent after treatment with various formulations and returned
to near-normal in BP-MB@Gel-treated mice (Figure 8F,G). Glu-
tamate dehydrogenase (GDH), a mitochondrial matrix enzyme
that plays an important role in energy homeostasis, and is dys-
regulated under conditions of AD pathology,[57] showed reduced
activity in the OA group. However, GDH activity was recovered af-
ter BP-MB@Gel treatment, reaching levels comparable to those
of the control group (Figure 8H). Similarly, increased ATP pro-
duction was detected in BP-MB@Gel-treated AD model mice
(Figure 8I).

In the hippocampus, representative inflammatory mediators,
such as tumor necrosis factor-𝛼 (TNF-𝛼), interleukin 1𝛽 (IL-1𝛽),
and interleukin 6 (IL-6), showed 36%, 18%, and 30% higher lev-
els in OA-treated mice than controls, respectively. However, BP-
MB@Gel treatment reduced these proinflammatory cytokines
to normal levels (Figure 8J–L). Finally, we evaluated the mitiga-
tory effects of BP-MB@Gel treatment on p-tau burden using an
ELISA kit.[58] As demonstrated in Figure 8M–O, the ratio of p-
tau/total tau (T-tau) was remarkably increased in the thalamus,
cortex, and hippocampus in the OA group when compared with
the control group, indicating the development of a tau pathology
animal model. Contrastingly, the expression of p-tau was promi-
nently downregulated in all treatment groups, with BP-MB@Gel
showing the strongest efficacy. Collectively, this showed that BP-
MB@Gel administration exerted neuroprotective effects by regu-
lating mitochondrial function, relieving neuroinflammation, and
reducing p-tau levels.
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2.11. In Vivo Biocompatibility

Drugs used for AD treatment must possess good biocompat-
ibility. Hence, we evaluated the biocompatibility profiles of
BP-MB@Gel in our mouse models. There was no obvious
alteration of routine blood biomarkers and biochemistry pa-
rameters between the control and treatment groups (Figures
S29 and S30, Supporting Information). Additionally, the or-
gan indexes for the heart, liver, spleen, lung, and kidney were
within the normal range relative to the control group in all
treatment groups (Figure S31, Supporting Information). Tis-
sue sections of the nasal mucosa and major organs were ex-
amined using H&E staining, and no evidence of tissue in-
flammation or damage was observed (Figures S32 and S33,
Supporting Information), indicating that none of the formula-
tions cause an inflammatory response in vivo following IN in-
jection. To examine whether drug accumulation in the brain
potentially caused side effects such as cerebral thrombosis,
nuclear magnetic resonance imaging (MRI) was conducted.
No anomalies in the brain were detected on T2-weighted im-
ages (Figure S34, Supporting Information). Together, these re-
sults verified that intranasally administered BP-MB@Gel pos-
sessed desirable biocompatibility, ensuring the safety of AD
therapy.

3. Conclusions

In this study, we developed a multifunctional hydrogel system
via a typical Schiff base reaction and loaded it with a BP-MB
nanocomposite. The fabricated BP-MB@Gel showed good
thermo-sensitivity, injectability, and self-healing ability, which
allowed it to undergo the sol–gel phase transition and prolonged
its retention time in the nasal cavity. Accordingly, sustained
drug release into the brain could be achieved for AD treatment.
The synthetic BP-MB could cross the nasal mucosal barrier and
could be internalized by neurons, exhibiting extraordinary ROS
scavenging performance. It could protect cells from oxidative
damage and ameliorate mitochondrial dysfunction. It also en-
abled the MB-mediated inhibition of cellular tau aggregation,
eventually attenuating neuronal apoptosis. Subsequent in vivo
experiments revealed that BP-MB@Gel significantly increased
drug accumulation in the brain following IN administration,
thereby largely moderating neuronal damage, regulating mi-
tochondria function, and relieving p-tau accumulation and
neuroinflammation in mouse models of tauopathy. Owing to
these synergistic effects, the AD mouse models showed im-
proved memory and cognitive abilities that were comparable
to those of control mice. Hence, the proposed BP-MB@Gel
served as a multi-pronged strategy for overcoming the chal-
lenges posed by the BBB and preventing the rapid loss of
drugs from the nasal cavity. It also showed a broad application
prospect in the management of AD and other neurodegenerative
diseases.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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