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A B S T R A C T

Acute exposure to high-dose radiation during head and neck tumors radiotherapy can result in radiation-induced 
brain injury (RIBI), characterized by neurocognitive deficits, dementia, and epilepsy. Asparagine endopeptidase 
(AEP), a cysteine proteinase, is effective in preventing neurodegenerative diseases and RIBI. However, the 
limited permeability of selective AEP inhibitor (AEPI) delivery to the brain reduces its effectiveness in preventing 
RIBI. This study constructed a nose-to-brain delivery platform for AEPI by encapsulating it in liposomes that are 
surface modified with rabies virus glycoprotein (RVG29), creating RVG29-AEPI liposomes. These RVG29-AEPI 
liposomes demonstrated efficient cellular uptake and blood-brain barrier penetration in vitro and in vivo. 
RVG29-AEPI liposomes effectively shielded DNA from radiation-induced damage and resulted in more effective 
reactive oxygen species removal than liposomes in primary neurons and microglial cells. Notably, the treatment 
with RVG29-AEPI liposomes (10 mg/kg AEPI) was highly systemically safe and significantly reduced brain 
injury. Behavioral tests demonstrated that RVG29-AEPI liposomes-treated mice had less radiation-induced brain 
damage and motor dysfunction. Moreover, it significantly prevented neuronal injury and microglia cell activa
tion under photon and modern proton irradiation. These findings demonstrate the potential of nose-to-brain 
medication delivery of RVG29-AEPI liposomes for effective radioprotection, indicating a viable technique with 
enormous potential for clinical translation.

1. Introduction

Radiation therapy is a typical effective non-surgical treatment for 
primary brain tumors and their metastases; however, large doses of 

ionizing radiation cause radiation-induced brain damage (RIBI) [1]. 
Brain cells produce DNA damage and reactive oxygen species (ROS), 
resulting in inflammatory responses that damage neurons and severely 
injures adjacent cells upon irradiation [2]. These biochemical 
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alterations can cause acute, early, or late-delayed symptoms [3]. Sig
nificant progress has recently been made in treating RIBI, particularly in 
blood-brain barrier repair and immune regulation. Several drugs, such 
as corticosteroids and bevacizumab, are used as first-line treatments for 
RIBI. In addition, clinical trials have assessed the role of pharmaceuti
cals, such as apatinib [4] and thalidomide [5], in ameliorating the side 
effects of brain irradiation. Additionally, biological therapies, such as 
PARP inhibitors [6], stem cell therapy [7], or nasal delivery of 
antagomiR-122 [8], are being actively used as potential strategies 
against RIBI. However, the efficacy and long-term safety of these 
treatments still require further investigation. In addition to the under
lying complex pathogenic mechanisms, this mode of delivery causes 
minimal blood-brain barrier (BBB) penetration. Hence, it is critical to 
devise an effective strategy to simultaneously address these issues.

A potential target for RIBI is asparagine endopeptidase (AEP), a 
cysteine proteinase belonging to the C13 family of peptidases [8]. AEP 
levels are elevated and activated under damaged or degenerative con
ditions, such as Alzheimer’s disease [9,10]. Tau and the amyloid pre
cursor protein (APP), the primary components of Alzheimer’s disease, 
are cleaved by active AEP. APP is cleaved by AEP at N373 and N585, 
whereas tau is cleaved at N255 and N368 [11]. Additionally, our pre
vious research demonstrated that AEP is highly expressed in various 
solid tumors and is associated with poor prognosis by cleaving 
wildtype-p53, tropomodulin-3 (Tmod3), and DEAD-box helicase 3 
X-linked (DDX3X) [12–14]. Furthermore, AEP plays a vital role in RIBI 
by targeting microglia to trigger neuronal senescence. Moreover, the 
enzymatic activity of AEP can be reduced by PPI drugs, such as eso
meprazole and small-molecule inhibitors [8]. However, these drugs 
exhibit low levels of blood-brain barrier crossing. To efficiently prevent 
RIBI, AEPI delivery systems were created based on their pathophysio
logical activities.

Liposomes are vesicular structures composed of polysaccharides, 
sterols, and phospholipids arranged in bilayers through lipid in
teractions. Many modified liposomes have been used in numerous 
medications and the clinical studies as intriguing candidates [15]. 
Several innovative methods for improving systemic brain delivery have 
been developed using liposomes as carriers for treating brain-targeted 
diseases. One such method involves conjugating naturally occurring 
transporting ligands to facilitate transcytosis [16–18]. Rabies virus 
glycoprotein (RVG29), a 29-residue peptide derived from the RVG, has 
been shown to recognize neural nAchR or gamma-aminobutyric acid 
(GABA) receptor, and it can be administered intranasally and utilized as 
an effective "BBB shuttle" to promote brain uptake [19,20]. Therefore, 
proper surface modification of RVG2 liposomes could help develop 
optional therapies to inhibit RIBI progression.

This study presents a unique nose-to-brain delivery platform for AEPI 
to prevent RIBI. RVG29-AEPI liposomes are absorbed by primary neu
rons and microglial cells and served as an effective scavenger of ROS. 
The ability of RVG29-AEPI liposomes to adequately protect against 
brain injury in both standard and new forms of radiation in vivo, along 
with their behavioral tests are evaluated. These findings offer a thorough 
justification for the potential clinical application of RVG29-AEPI lipo
somes as brain radioprotectors in the future.

2. Materials and methods

2.1. Synthesis and characterization of RVG29-AEPI liposomes

RVG29-AEPI liposomes and RVG2-liposome were synthesized by 
Ruixi Biological Technology (Xi’an, China). Briefly, AEP inhibitor (MCE, 
HY-114174, USA) aqueous solution was added for hydration after soy
bean lecithin, cholesterol, DSPE-PEG2000-RVG29, and Cy5 (supplied by 
Ruixi Biological Technology) were all dissolved in 5 mL of chloroform. 
Subsequently, an aqueous solution of an AEP inhibitor (MCE, HY- 
114174, USA) was added for hydration, and the mixture was and 
evaporated into a film in a sample vial under reduced pressure. The mass 

ratio of soy lecithin: cholesterol: DSPE-PEG2000-RVG29: CY5 was 
50:10:5:1. The samples were treated with a liposome extruder and ul
trasonography (polycarbonate film, 200 nm pore size, Avanti Research, 
610006, UK). After removing the unloaded AEP inhibitor using a nano- 
dialysis device (polycarbonate membrane, pore size 30 nm, R-30120, 
Ruixi Biological Technology, China), 10 mL of deionized water was 
added.

The size, polydispersity index (PDI) and zeta potential of the lipo
somes were measured by a nanometer particle size potentiometer 
(NanoBrook 90plus PALS, Brookhaven, USA) for 10 min under 25 ◦C. 
These parameters are listed in Table 1. To evenly distribute the medi
cation particles, an ultrasonic device (JP-020, Jiemeng Technology, 
China) was used for 30 s at 40 kHZ and 180 W. The encapsulation ef
ficiency was determined using a methodology described by Chen et al. 
After 48 h, the release curve of the RVG29-AEPI liposomes was evalu
ated in 1 × PBS (PH 7.4; Servicebio, G4202, China). The intensity of the 
fluorescence of RVG29-AEPI liposomes and their transmission electron 
microscopy (TEM) images were obtained.

The liposomal samples were diluted to 0.5 mg/mL w/v in RNAse/ 
DNAse free water, loaded on to charged copper grids for adsorption, and 
a 1 % solution was prepared with phosphoric acid buffer and washed 
twice in distilled water to remove the excess stain. Subsequently, it was 
left to dry. The samples were examined by the TEM studies using a 
Morgagni transmission electron microscope (FEI Instruments, Hillsboro, 
OR, USA).

2.2. Primary cell culture and reagents

Primary neurons and microglial cells were dissected from newborn 
mice and the detailed steps are listed in the Supplementary Materials.

The American Type Culture Collection (ATCC) provided the BV2 cell 
lines, which were then cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) media (TBD, 10569) with 10 % fetal bovine serum (FBS) 
(Gibco, 10270-106) and 100 IU/ml penicillin/streptomycin (Gibco) at 
37 ◦C in a humidified incubator with 5 % CO2.

2.3. Cellular uptake of liposomes

Liposomes (equivalent to 23.4 μg/mL AEPI) were applied to primary 
neurons and primary microglial cells and incubated for 1 or 2 h at 37 ◦C. 
The cells were then rinsed twice with cold PBS (Servicebio, G4202, 
China) and fixed in 4 % paraformaldehyde (Servicebio, G4202, China). 
To determine the amount of DNA, the nuclei were stained with 4′,6- 
diamidino-2-phenylindole (DAPI). Images of the labeled cells were 
captured using a fluorescence microscope (Leica DM4B, Germany).

2.4. Frozen section preparation and immunofluorescence staining

The tissues were immersed in a compound with an ideal cutting 
temperature for a specific period after irradiation and quickly frozen for 
sectioning. Using a cryostat, sections with thicknesses of 20 μm/25 μm 
were cut and placed on glass slides.

For immunofluorescence labeling, the following primary antibodies 
were used: anti-GFAP (1:500, Invitrogen, 130300), anti-NeuN (1:200, 
Abcam, ab104224), anti-γ-H2A.X (1:200) (ab26350; Abcam), ROS 
probe (1:1000, Jiancheng Biotech, S0033S), and anti-IBA1 (1:500, 

Table 1 
The size, polydispersity index (PDI) and zeta potential of RVG29-AEPI 
Liposomes.

Hydrodynamic size (nm) PDI Zeta potential (mV)

First time 120.11 0.205 − 23.40
Second time 11248 ± 672 0.213 − 20.81
Third time 122.36 0.206 − 21.43
Average value 120.5 ± 1.86 0.208 ± 0.005 − 21.88 ± 1.52
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Abcam, ab178846). The corresponding primary and secondary anti
bodies were goat anti-rabbit IgG-AF488 antibody (1:500, Absin, 
Abs20025), goat anti-mouse IgG-AF488 antibody (1:500, Absin, 
Abs20013), goat anti-mouse IgG-AF594 antibody (1:500, Absin, 
Abs20146), goat anti-rabbit IgG-AF594 antibody (1:500, Absin, 
abs20145), and goat anti-rat IgG (H + L) -Plus 594 (1:500, Thermo, 
A48264). To visualize the nuclei, the slices were washed with PBS and 
counterstained with DAPI. The slides were then examined using a Leica 
DM4B fluorescence microscope (Germany).

2.5. Clonogenic assay

The BV2 cells were seeded in culture dishes at an appropriate density 
and cultured in DMEM supplemented with 10 % FBS. After 24 h, the cells 
were treated with AEPI-RVG-liposomes (corresponding to 23.4 μg/mL 

AEPI) or liposomes for 1 h. Subsequently, the cells were irradiated by X- 
rays (5 Gy). The medium was then changed every three days until cell 
clones (each clone contained more than 50 cells) were formed. The cell 
clones were washed thrice with PBS (Servicebio, G4202, China), fixed 
with 4 % paraformaldehyde (Servicebio, G4202, China) for 15 min, and 
visualized by staining with crystal violet (Beyotime, Shanghai, China).

2.6. Animals and biosafety test

Male C57BL/6 mice, aged 7–8 weeks, were used in this study 
(LINGCHANG BIOTECH, Shanghai, China). The standard parameters 
were 25 ◦C, 55–60 % humidity, and a 12-h light/dark cycle. All exper
imental procedures were conducted in accordance with the Guide for the 
Care and Use of Laboratory Animals and were approved by the Animal 
Research Ethical Council at Ruijin Hospital, Shanghai Jiaotong 

Fig. 1. A schematic representation of the liposomes used in targeted RIBI prophylaxis. (A) The synthetic process of making RVG29-AEPI liposomes: (i) Encapsulated 
RVG29 in liposomes. (ii) The structure of AEP inhibitor. (B) Intranasal delivery of RVG29-AEPI liposomes prevents RIBI, releases AEPI, removes ROS, and crosses the 
blood-brain barrier.

K. Liao et al.                                                                                                                                                                                                                                     Materials Today Bio 31 (2025) 101568 

3 



University School of Medicine. An animal atomized drug delivery 
apparatus (ZL-005; Anhui Yaokun Biotechnology Co., Ltd. China) was 
used to administer the liposome powder. The device used compressed 
air to produce negative pressure to suck up the liquid medicine and then 
atomized the liquid medicine into a very fine mist to spray it out. This 
device allowed the mice to inhale the drug. Before administration, the 
reservoir of an insufflator was filled with liposomes (corresponding to 
AEPI 10 mg/kg) and accurately weighed, and the device was assembled 
according to the manufacturer’s instructions. Each loaded device was 
weighed before and after actuation to determine the quantity of the 
administered powder. The gas flow rate was set at 1 L/min, and the 
duration of administration was approximately 20 s. The AEPI group was 
administered a dose of 10 mg/kg via the nasal route.

The heads were removed and fixed in 4 % paraformaldehyde after 2 
h administration, then decalcified and dehydrated. The transverse plane 
from the top of the head to jaw were sectioned, stained. The slides were 
then examined by confocal (Leica SP8, Germany).

Eight male C57BL/6 mice were fed PBS or RVG29-AEPI liposomes, 
equivalent to 10 mg/kg AEPI, daily for 14 days as part of an in vivo 
biosafety test. The mice were euthanized after 14 days, and hemato
logical and blood chemistry analyses were performed on whole blood 
samples. The primary organs were stained with hematoxylin and eosin 

(H&E).

2.7. Irradiation

Irradiation treatments were performed at the Shanghai Key Labora
tory of Proton Therapy. For photon therapy, whole-brain photon irra
diation was performed on five mice using a 6-MV X-ray beam at a dose of 
10 Gy/1 Fx and dose rate of 300 cGy/min. The source-surface distance 
(SSD) was set to 100 cm with 0.5 cm of solid water for dose building, and 
a radiation field of 30 × 2.5 cm was used. The irradiation was conducted 
using a medical linear accelerator (Varian Trilogy, FL, USA). For proton 
therapy, proton pencil-beam scanning was performed at a fixed hori
zontal proton beam line. A dose of 10 Gy (RBE) was administered to the 
animals. A 30 × 2 cm irradiation field was utilized, with a 70.6–112.5 
MeV pencil beam scanning the spread-out Bragg peak (SOBP) using a 
RayStation treatment planning system. The pencil beam-scanned SOBP 
had a range of 10 cm and plateau width of 5 cm, delivering the pre
scribed dose of 10 Gy, calculated using the Monte Carlo approach.

2.8. LC-MS/MS method for AEPI Quantification in biological samples

LC-MS/MS experiments were performed with an ACQUITY UPLC 

Fig. 2. RVG29-AEPI Liposome Characterization. (A) The UV–visible absorption spectra of RVG29-AEPI liposomes. (B) The infrared transmission spectra of 
RVG29-AEPI liposomes. (C) The release curve of RVG29-AEPI in 1 × PBS (pH 7.4) for a 48-h period. (D) The RVG29-AEPI Liposomes’ fluorescence intensity. (E) The 
effective diameter distribution and ζ-potential distribution of RVG29-AEPI liposomes. (F) The TEM image of RVG29-AEPI Liposomes, with the scale bar representing 
50 nm.
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Fig. 3. RVG29-AEPI Liposomes outperformed AEPI in terms of cellular absorption, reduced toxicity, and enhanced protection of brain cells under photon therapy. 
(A) The cellular uptake of RVG29-AEPI liposomes by primary neurons. Scale bar: 50 μm. (B) The average fluorescence intensity after being incubated for 1 or 2 h (n 
= 3) with RVG29-AEPI liposomes. (C) The cellular uptake of RVG29-AEPI liposomes by primary microglial cells. Scale bar: 50 μm. (D) Average fluorescence intensity 
after being incubated for 1 or 2 h (n = 3) with RVG29-AEPI liposomes. (E, F) Cytotoxicity of drug mixtures and RVG29-AEPI liposomes in primary neurons (E) and 
primary microglial cells (F) (n = 3). (G, H) BV2 colonies exposed to 5 Gy irradiation of different groups (Control, IR, IR + liposomes, IR + RVG29-AEPI liposomes). 
The data are shown as the mean ± standard deviation (s.d.) from three separate studies. ***: p < 0.001. **: p < 0.01. *: p < 0.05.
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Fig. 4. RVG29-AEPI Liposomes could efficiently scavenge ROS and protect DNA from damage in primary neurons under photon therapy. (A, C) γ-H2A.X 
immunofluorescence staining of primary neurons following various treatments (red signal). Scale bar: 50 μm. (B, D) Fluorescence images for detecting ROS produced 
by primary neurons following various treatments. Scale bar: 50 μm. (E, F) Flow cytometric profiles showing the production of intracellular ROS in primary neurons 
following various treatments. The three separate experiments’ means ± standard deviations are used to illustrate the data. ***: p < 0.001. **: p < 0.01. *: p < 0.05.
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Fig. 5. RVG29-AEPI Liposomes could efficiently scavenge ROS and protect DNA from damage in primary microglial cells under photon therapy. (A, C) 
γ-H2A.X immunofluorescence staining of primary microglial cells following various treatments (red signal). Scale bar: 50 μm. (B, D) Fluorescence images for detecting 
ROS produced by primary microglial cells following various treatments. Scale bar: 50 μm. (E, F) Flow cytometric profiles showing the formation of intracellular ROS 
in primary microglial cells following various treatments. The three separate experiments’ means ± standard deviations are used to illustrate the data. ***: p < 0.001. 
**: p < 0.01.
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Fig. 6. Brain cells absorbed RVG29-AEPI liposomes in vivo. (A) The atomizing machine used in this experiment. (B) In vivo Imaging System (IVIS) images of 
major organ from mice captured at 1 h after nasal delivery of RVG29-AEPI liposomes and PBS. (C) The distribution of RVG29-AEPI Liposomes in olfactory mucosa. 
Scale bar: 500 μm. (D) The representative fluorescence images of RVG29-AEPI liposomes Cy5-labeled and IBA1 in mouse brain slices. Scale bar: 1000 μm. (E) 
Colocalization of RVG29-AEPI liposomes and IBA1 (orange signal) in mouse brain slices. Scale bar: 50 μm.
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BEH C18 (100 × 2.1 mm, 1.7 μm) system working at 35 ◦C. Mobile phase 
A was H2O with 0.1 % formic acid, and mobile phase B was a 0.1 % 
formic acid–acetonitrile solution. The flow rate was 0.3 mL/min. Mass 
spectrometry (AB Sciex Qtrap 6500+) was performed using an electron 
spray ionization (ESI) source in the positive ion scan, and the multiple 
reaction monitoring (MRM) mode was used to detect the target object. 
The target MRM ion pairs were 682.5 → 179.2 and 682.5 → 226.1, and 
the corresponding de-clustering voltages (DP) and collision energies 
(CE) of each ion pair were 81.35/89.22 V (DP) and 48.38/43.11 V (CE), 
respectively. The parameters of each ion source in this method were as 
follows: curtain gas, 35.0 psi, collision gas, medium; and spray voltage, 
5000 V. The temperature was set to 450 ◦C, auxiliary heating gas (Gases 
1 and 2) was 50 psi, and the dwell time was 120 ms.

More detailed steps are presented in the Supplementary Materials.

2.9. H&E staining

After deparaffinization and hydration, the paraffin-embedded slices 
were stained with hematoxylin for 5 min to perform H&E staining. 
Subsequently, they were briefly treated with 1 % hydrochloric acid 
alcohol, and they rapidly turned blue when exposed to 0.6 % ammonia. 
The water was allowed to run gently. The slices were stained for 3 min in 
an eosin dye solution. Neutral resin was used to seal the area after 
dehydration, and a panoramic scanner was used to capture pictures 
(Pannoramic DESK, P-MIDI, 3D HISTECH, Hungary).

2.10. Behavior tests

2.10.1. Open field
A wide field was utilized to investigate activities and assess anxiety 

levels. A typical open field (a 100 × 100 cm2 square arena with 70 cm 
high walls) served as the test configuration. Each rat was trained for 5 
min. The animal in the box was tracked, and the distance traveled was 
measured to assess its exploratory activities.

2.10.2. Rotarod tests
Rotarod tests were performed as previously described [8]. The mice 

were placed on a spinning drum, and the speed was gradually increased 
from 4 to 40 rpm over 5 min. The time required for the mice to slip off 
the drum was recorded.

2.11. Statistics

Data were analyzed using SPSS 21.0 (International Business Ma
chines Corporation, Armonk, NY, USA). Two-tailed Student’s t-tests, 
one-way ANOVAs, Pearson correlation analyses, Kaplan–Meier analyses, 
and log-rank tests were performed. The statistical P value was set to less 
than 0.05. GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, 
USA) was used to construct the statistical graphs.

3. Results

3.1. Synthesis and characterization of RVG29-AEPI liposomes

RVG29-AEPI liposomes were successfully generated by encapsu
lating AEPI into RVG29-liposomes (Fig. 1A). The RVG29-AEPI liposomes 
can scavenge oxygen-derived free radicals and prevent DNA damage 
when administered intranasally via the olfactory nerve (Fig. 1B).

Next, we measured the absorption spectra, in vitro release, encap
sulation rate, particle size, and zeta potential of the RVG29-AEPI lipo
somes. The RVG29-AEPI liposomes exhibited distinct absorption peaks 
at 200 and 800 nm (Fig. 2A). The liposomes also showed a distinctive 
broad peak attributable to hydroxyl stretching vibrations near 3500 
cm− 1 and multiple characteristic absorption peaks in the 1500-1000 
cm− 1 range in infrared transmission spectra (Fig. 2B). The cumulative 
release curve of RVG29-AEPI liposomes is shown in vitro. Drug release 

was relatively active in the first 30 h, and then stabilized until 48 h 
(Fig. 2C). The RVG29-AEPI liposomes showed 78 % encapsulation effi
ciency and 7.8 % loading efficiency, also the drug/lipid ratio was 1:10. 
Furthermore, they strongly emitted light at an excitation wavelength of 
680 nm (Fig. 2D). The RVG29-AEPI liposomes had a hydrodynamic 
diameter of 120.5 ± 1.86 nm and PDI of 0.208 ± 0.005, according to 
NTA measurements (Fig. 2E). Fig. 2E shows that the negative ζ-potential 
of − 21.88 ± 1.52 mV provides good shelf stability due to interparticle 
charge repulsion. The RVG29-AEPI liposomes had a consistent spherical 
shape and a size of approximately 50 nm, as determined by TEM 
(Fig. 2F). These findings demonstrated the effective encapsulation of 
AEPI on RVG29-Liposomes.

3.2. RVG29-AEPI liposomes showed efficient neural cellular uptake and 
effective protection on primary cells in vitro

To confirm the effect of RVG29-AEPI liposomes in vitro, the neural 
cellular uptake was initially measured. Primary neurons and microglial 
cells were used to assess the cellular absorption of the RVG29-AEPI li
posomes tagged with Cy5. The cells were treated with RVG29-AEPI at 
37 ◦C for 1 or 2 h. Fluorescence imaging showed that RVG29-AEPI li
posomes had high cellular uptake in both primary neurons (Fig. 3A and 
B) and primary microglial cells (Fig. 3C and D). The cytotoxicity of 
RVG29-AEPI liposomes on both cell lines was found to be lower than 
that of free AEPI within the concentration range 7.8–46.8 μg/mL under 
irradiation (Fig. 3E and F). Colony formation assays also demonstrated 
that RVG29-AEPI liposomes provided superior protection to irradiated 
BV2 cells than IR and IR + liopsomes (Fig. 3G and H).

According to the findings of the hemolytic toxicity test of the RVG29- 
AEPI liposomes, the proportion of hemolysis increased in tandem with 
the blood’s AEPI content, which ranged from 15.6 to 109.2 μg/mL. A 
minor trend toward hemolysis was seen in 93.6 μg/mL RVG29-AEPI li
posomes (3.52 ± 0.22 %). All the hemolysis rates were< 5 %. This 
concentration restriction was maintained for all subsequent in vivo ex
periments (Fig. S1).

The double-stranded DNA damage was investigated using γ-H2A.X, 
an immunofluorescent marker of breakage. The results indicated clearly 
detectable γ-H2A.X immunofluorescence in the IR group. Furthermore, 
treating primary neurons and microglia with RVG29-AEPI liposomes 
significantly reduced the red fluorescence signals of irradiated cells in 
the IR and IR + liposome groups. These results indicated that RVG29- 
AEPI-liposome could more effectively shield DNA from radiation- 
induced damage than liposomes (Fig. 4A, C, 5A, and 5C).

ROS production causes double-stranded DNA damage owing to 
interaction with DNA and inhibition of the rebuilding of broken double- 
stranded DNA [23]. Next, labeling and flow cytometry were used to 
explore the effect of AEP intervention on ROS scavenging in primary 
cells. Figs. 4B and 5B showed that IR and IR + liposomes produced clear 
green fluorescence signals, indicating substantial levels of ROS pro
duction. The RVG29-AEPI liposomes demonstrated more effective ROS 
removal than IR and IR + liposomes (Fig. 4D and 5D). Furthermore, a 
flow cytometric analysis revealed a similar trend (Fig. 4E, F, 5E, and 5F). 
These findings suggest that AEPI-loaded RVG2-targeted liposomes can 
be successfully absorbed by normal brain cells, thereby reducing 
irradiation-induced damage.

3.3. In vivo nasal delivery of RVG29-AEPI liposomes showed good 
penetration across an Intact BBB

The RVG29 was modified to allow partial penetration of the BBB. To 
determine whether liposomes can be transported to the brain via the 
intranasal route, their distribution in the brain was tracked, and their 
therapeutic efficacy in vivo was evaluated. An hour after nasal delivery 
(Fig. 6A), the mice were sacrificed, and their primary organs (heart, 
brain, liver, spleen, lungs, and kidneys) were positioned for in vivo im
aging (Fig. 6B). As shown in Fig. 6B, RVG29-AEPI liposomes were most 
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abundant in the brain, liver and spleen, whereas they were less prevalent 
in the lungs, kidneys, and heart.

Subsequently, the distribution of RVG29-AEPI liposomes on olfac
tory mucosa was observed by panoramic confocal scanning (Fig. 6C). 
More liposomes adhered to olfactory mucosa in groups RVG29-AEPI 
liposomes. To determine the intracranial distribution of liposomes, the 
brains were dissected and sectioned. When Cy5-labeled liposomes were 
administered intranasally to mice, these particles were distributed 
throughout the olfactory bulb (OB) and cerebrum (CB) (Fig. 6D). The 
Cy5-labeled liposomes were distributed throughout the IBA1(+) cells, 
indicating that the liposomes could be delivered into the microglial cells 
in the brain (Fig. 6D and E).

Quantitative assessments were performed to determine the AEPI 
concentrations in the brain and serum. A standard curve for the AEPI 
solutions was constructed (Fig. S2). Serum samples were collected at 1 h, 
and brain tissues were subsequently extracted. The drug concentration 
of the AEPI-RVG-liposome group in the brain (1334 ± 31.92 ng/g) was 
always higher than that of the APEI group (48.76 ± 33.02 ng/g). 
Furthermore, the RVG29 modification increased the AEPI concentration 

in the brain. Besides, the drug concentration of the AEPI-RVG-liposome 
group in the serum (11248 ± 672 ng/ml) was significantly higher than 
that in the APEI group (2733 ± 1675 ng/ml), indicating faster systemic 
absorption of AEPI-RVG-liposomes following nasal administration 
compared to the AEPI solution (Table 2).

Overall, these findings demonstrate that RVG29-AEPI liposomes may 
improve the permeability of therapeutic drugs and overcome BBB 
challenges when administered via the nasal route.

3.4. RVG29-AEPI liposomes are highly systemically safe

For assessing the biosafety of liposome administration, eight healthy 
C57BL/6 mice were used. RVG29-AEPI liposomes or PBS were admin
istered intranasally to the mice daily for 14 days.

The histopathology of the organs (heart, liver, spleen, lungs, and 
kidneys) and blood tests on tissues obtained from each group on day 14 
post-irradiation were used to measure in vivo toxicity. There were no 
evident pathological differences between the groups (Fig. 7A), and 
blood biochemical markers, such as alanine transaminase (ALT), 
aspartate transaminase (AST), albumin (ALB), and blood urea nitrogen 
(BUN) in each group were within normal limits (Fig. 7B and C). These 
findings demonstrate that the RVG29-AEPI liposomes are biosafe and 
biocompatible.

3.5. RVG29-AEPI liposomes provided excellent radioprotection to the 
brain

Improving the loss of neurological function induced by radiation is 
clinically significant. We performed fluorescence and behavioral tests to 
assess the efficiency of RVG29-AEPI liposomes in preventing RIBI 14 
days after irradiation (Fig. 8A).

Every three days, the mice received intranasal delivery of RVG29- 

Table 2 
Mean brain tissue and serum levels of APEI following intranasal administration 
at 10 mg/kg. (n = 3 for each time interval).

RVG29-AEPI liposomes 
(1-hr post 
administration)

AEPI (1-hr post 
administration)

Brain/Serum ratio

Brain 
(ng/g)

1334 ± 31.92 48.76 ± 33.02 0.12 ± 0.0475 
(RVG29-AEPI 
liposomes)

Serum 
(ng/ 
mL)

11248 ± 672 2733 ± 1675 0.018 ± 0.02 
(AEPI)

Fig. 7. RVG29-AEPI Liposomes’ systemic biosafety in vivo. (A) H&E staining slices of major organs taken 14 days after intranasal administration, including the 
heart, liver, spleen, lung, and kidney. Scale bar: 100 μm. (B, C) Hematology and serum biochemical analysis of mice after 14 days following intranasal administration. 
The data are shown as the mean ± standard deviation from three separate studies.
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AEPI liposomes, liposomes, or PBS. When the irradiated mice were 
administered RVG29-AEPI liposomes, the ROS fluorescence signals in 
right thalamus were much lower than those in the IR + PBS group 
(Fig. 8B and C). Furthermore, a rotarod performance test was used to 
evaluate motor coordination in rodents. As expected, the RVG29-AEPI 
liposome-treated mice maintained a tendency of more time than IR 
and IR + liposomes groups (Fig. 8D and E). The open field test assessed 
general locomotor activity levels, anxiety, and willingness to explore, 
the whole-brain irradiation reduced the total distance moved in the field 
and in the center, whereas RVG29-AEPI liposome-treated mice pre
sented more activities in the center in comparison with IR or IR + li
posomes group (Fig. 8F and G).

Thus, the RVG29-AEPI liposomes provide much greater protection 
against RIBI when administered intranasally.

3.6. RVG29-AEPI liposomes reduced radiation-induced neuronal loss and 
microglia activation under proton and photon irradiation

The proton beam, characterized by its optimal dose distribution 
known as the "Bragg peak," is widely used in the treatment of several 
tumors patients. The role of RVG29-AEPI liposomes in both photon and 
proton irradiation of neurons and microglial cells was investigated.

NeuN was used to count the number of neurons in the lesions in the 
cornu ammonis (CA) and gyrus dentatus (GD) areas of the hippocampus 
and thalamus in photon-irradiated animals (Fig. S3). As expected, the 
RVG29-AEPI group showed a higher proportion of NeuN-positive cells 
than IR and IR + liposomes (Figs. S3A–S3D). IBA1 and GFAP were used 
to detect microglia and astrocytes, respectively. Following photon 

irradiation, significant activation of microglia and astrocytes was 
observed in the IR group. Moreover, the RVG29-AEPI liposomes 
inhibited microglial and astrocytic activation in the right thalamus 
(Fig. 9 A-9D). As for the new radiotherapy technique, proton therapy 
with RVG29-AEPI also effectively reduced the activation of microglia 
and increased the proportion of NeuN + cells after irradiation 
(Fig. 10A–D). However, no significant difference was observed in the 
GFAP-positive ratio after proton therapy (Fig. S4).

Taken together, these findings imply that RVG29-AEPI liposomes 
improve BBB penetration and exert superior protective effects against 
microglial activation and radiation-induced neuronal death under 
traditional and novel radiation therapies.

4. Discussion

To reduce the occurrence of RIBI, several novel approaches and 
strategies have been applied in the field of radiation therapy, including 
intensity-modulated RT and particle beams with protons, carbon ions, 
and other heavy ions [21]. However, even when the radiation dose to 
normal tissues is significantly reduced by proton therapy, RIBI still oc
curs and remains an obstacle [22]. Clinical studies have shown that 
glucocorticoids and bevacizumab can be used as first-line treatments, 
whereas thalidomide and apatinib have successfully completed phase II 
clinical trials [4,5]. New radiation treatments combined with radio
protectants can be viable conservation strategies. However, therapeutic 
methods have already been hampered by the paucity of molecular 
processes involved in RIBI and accurate delivery to crucial brain struc
tures. Interestingly, this study observed that a nose-to-brain conveyance 

Fig. 8. RVG29-AEPI Liposomes suppress ROS production and exert radioprotection of locomotor activity in rodents under photon therapy. (A) Schematic 
drawing of the experimental design timeline. (B, C) Fluorescence images for detecting tissue ROS (green signal) produced by the mice’s right thalamus following 
various treatments. Scale bar: 50 μm. (D) Rotarod experiments measuring the latency of mice falling from the rod, with n = 6 per group. (E) Rotarod tests measuring 
the rod’s speed as mice fall, with n = 6 per group. (F) Open field tests measuring the total distance traveled throughout the entire field for several groups (n = 6 each 
group). (G) Open field tests measuring the distance traveled in the center are conducted across various groups, with n = 6 per group. ***: p < 0.001. **: p < 0.01. *: p 
< 0.05.
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platform for AEPI could achieve these goals simultaneously.
The lysosomal cysteine protease AEP is activated in acidic environ

ments and is linked to the development of certain nervous system dis
orders. It was recently demonstrated that, following whole-brain 
irradiation, AEP expression significantly increases in the cortex and 
hippocampus of WT (Lgmn+/+) mice. On inhibiting neuronal senes
cence, Lgmn-knockout (Lgmn− /− ) mice showed reduced neurological 
damage caused by whole-brain irradiation. This indicates that AEP plays 
a crucial role in RIBI by modulating neuronal senescence [8]. However, 
the low blood-brain barrier penetration of AEP-related medications 
prompted this study. This study described an efficient nose-to-brain 
administration mechanism for RVG29-AEPI liposomes across the BBB. 
The liposomes were shown to be more effective in removing ROS and 
providing cerebral protection.

The morphology of microglia changes significantly after radiation, 
including enlargement of the cell body, shortening of protrusions, and 
increased phagocytic activity, all of which contribute to the pathogen
esis of RIBI [23]. In addition to structural alterations, mitochondrial 
respiration is improved in microglia, resulting in increased ROS gener
ation [24]. Excessive ROS causes structural damage to adjacent tissues 
and serves as secondary messengers, promoting microglial activation. 
Activated microglia can also release several inflammatory mediators, 
such as CCL2 and CCL8, to attract the central infiltration of peripheral 
CD8+T cells and damaged neurons [25]. Moreover, nuclear trans
location and release of HMGB1 in injured neurons can promote micro
glial activation, producing inflammatory substances [26]. Because 
protease inhibitors have a broad spectrum of activity and their cutting 

sites are highly preserved, they have an excellent market future. Wang 
et al. reported that depletion of AEP strongly reduces ROS and 
neuro-inflammation in α-SNCA mice. AEP cleaved human α-Syn at 
N103, enhancing its aggregation and toxicity and inducing dopami
nergic (DA) neuronal loss and motor disorders [27]. Notably, AEP is 
upregulated by oxidative stress and implicated in inflammatory re
sponses [28]. Therefore, the effect of AEPI in a murine RIBI model was 
investigated. Functional experiments were conducted to verify whether 
AEP treatments could scavenge ROS and alleviate irradiation-induced 
DNA damage. After irradiation, activation of microglia and astrocytes 
in the right thalamus was significantly reduced in the RVG29-AEPI lip
osome-treated group. Unexpectedly, the number of GFAP-positive cells 
changed slightly under proton irradiation. GFAP, a brain injury marker, 
demonstrates the biological superiority of proton therapy and can pro
tect normal tissues. Thus, the application of RVG29-AEPI liposomes can 
suppress microglial activation and protect against brain damage caused 
by proton irradiation.

The current study has some limitations. Firstly, the precise mecha
nism underlying AEP cleavage remains unknown and requires further 
investigation. This substrate may be cleaved by AEP to regulate the RIBI 
activity. Second, as fractionated radiation in humans more closely re
sembles clinical radiation scenarios compared to single-dose radiation, 
which differs from single-dose radiation, future research should focus on 
developing a specialized mouse model of RIBI to better replicate these 
conditions.

Fig. 9. RVG29-AEPI Liposomes alleviated radiation-induced microglia activation under photon radiation. (A, B) Representative fluorescence images of IBA1 
staining in the right thalamus region of mice after different treatments. Scale bar = 50 μm. (C, D) Representative fluorescence images of GFAP staining in the right 
thalamus region of mice after different treatments. Scale bar = 50 μm ***: p < 0.001.
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5. Conclusion

This study effectively created a reliable nose-to-brain AEPI delivery 
system. The combination of RVG29-AEPI liposomes effectively passed 
through the BBB and significantly reduced radiation-induced neuronal 
damage, microglial activation, and brain injury in vivo. Adequate 
radioprotection can be provided using customized liposomes to transfer 
AEPI from the nose to the brain, thus expediting the therapeutic process.
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