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Abstract The blood-brain barrier (BBB) is a major obstacle to the delivery of most therapeutic molecules to the brain, thereby preventing the ef-
fective treatment of numerous neurological disorders. However, this barrier can be bypassed by exploiting receptors and transport proteins that
are highly expressed in the brain capillary endothelial cells (BCECs). Given the overexpression of glucose transporter 1 (GLUT1) at the BBB and in
glioma cells, a mannosylated nanocarrier was developed as a potential dual-targeted drug delivery system to enhance BBB penetration via
GLUT1-mediated transcytosis and improve drug accumulation in glioma cells via GLUT1-mediated endocytosis. In vitro physicochemical charac-
terization revealed that the mannosylated nanocarrier presented a satisfactory size of 123 nm with a uniform distribution and high encapsula-
tion efficiency for a newly developed aggregation-induced emission (AIE) photosensitizer. Our findings revealed that this mannosylated nanocar-
rier represents a promising nanoplatform capable of crossing the BBB and enabling effective photodynamic therapy.
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INTRODUCTION

The blood-brain barrier (BBB) is the most sophisticated protec-
tive structure of the central nervous system and poses a signifi-
cant challenge in modern neuropharmaceutical deve-
lopment.!"? Functioning as a dynamic interface,**! the BBB is
primarily composed of tightly connected brain microvascular
endothelial cells, a highly specialized basement membrane, em-
bedded pericytes, astrocytes, and microglia.>® This complex
cellular ensemble forms a highly selective semi-permeable
membrane that regulates the exchange of substances with the
bloodstream, according to the physiological needs of the
brain."#% Consequently, the BBB prevents the effective entry of
most therapeutics for central nervous system (CNS)
diseases'%'"] Therefore, enhancing drug permeability across
the BBB has become a critical research direction for neurothera-
peutics.l'2"3!

Efficient delivery of therapeutics to brain lesions requires
overcoming formidable obstacles presented by the BBB. Drug
delivery across the BBB occurs mainly via passive paracellular
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diffusion and active transcellular transport mechanisms, such
as receptor-, carrier-, adsorption-, and cell-mediated trans-
port.['4151 Among these, the carrier-mediated transport strat-
egy is particularly attractive because of its ability to harness
endogenous physiological pathways, thus providing high
transport efficiency, inherent brain specificity, and preserva-
tion of BBB integrity. Research indicates that Glucose trans-
porter 1 (GLUT1) is highly and constitutively expressed in the
brain capillary endothelial cells. Under specific physiological
conditions, such as a rapid blood glucose increase, GLUT1
translocates from the luminal to the abluminal plasma mem-
brane.l'®171 This phenomenon provides an opportunity to uti-
lize natural substrates such as mannose to mediate drug de-
livery.['81°1 Surface modification of nanocarriers with man-
nose is a promising strategy for significantly enhancing BBB
penetration and subsequent brain accumulation via this
physiological route.

In this study, we designed an amphiphilic copolymer modi-
fied with mannose that can self-assemble into well-defined
nanoparticles. Photodynamic therapy (PDT) is a minimally in-
vasive treatment strategy that has considerable poten-
tial.2021.22.231 Therefore, we loaded a novel type-I photosensi-
tizer into the nanoparticles. Unlike previously reported photo-
sensitizers, the photosensitizer in this work offers a dual ad-
vantage: first, it can simultaneously generate two types of
type-l radicals to more effectively counteract the hypoxic tu-
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mor microenvironment; second, it possesses a pronounced
aggregation-induced emission (AIE) effect, where its fluores-
cence is greatly enhanced in the aggregated state within the
nanoparticles, enabling potential visualization and monitor-
ing of the treatment process.[242526.27.281 The prepared
nanocarrier system exhibited characteristics such as small
size, high stability, and a negatively charged surface. In vitro
experiments confirmed that this system effectively generat-
ed reactive oxygen species (ROS) and demonstrated potent
PDT effects in C6 glioma cells. To evaluate BBB-crossing capa-
bility, this study innovatively established physiologically rele-
vant in vitro BBB models. Beyond the conventional monolay-
er transwell model, a three-dimensional (3D) multicellular
spheroid model was developed to better simulate the tight
intercellular connections and spatial heterogeneity found in
vivo,[2939 thereby providing a more reliable predictive plat-
form for assessing the barrier-penetrating efficacy of
nanomedicines. Ultimately, this study aims to leverage the
mannose-mediated GLUT1 transport pathway to achieve effi-
cient BBB traversal and targeted accumulation of nanocarri-
ers in brain lesions (Scheme 1), offering a novel strategy for
the precise diagnosis and treatment of brain disease.

EXPERIMENTAL

The experimental sections are available in the electronic supple-
mentary information (ESI).

RESULTS AND DISCUSSION

Preparation and Characterization of MAN-DSPE-
PEG;gqo NPs
The photophysical characteristics of TQBrOH were character-

ized by UV-Vis and photoluminescence (PL) spectroscopy.
Building on the AIE property of TQBrOH, which exhibits signifi-
cantly stronger luminescence in the aggregated state com-
pared to the conventional aggregation-caused quenching ef-
fect,"! we encapsulated TQBrOH into nanoparticles for UV-Vis
and fluorescence spectroscopic analyses. As shown in Fig. 1(a),
the tests indicated that TQBrOH@NPs exhibited an excitation
wavelength of 500 nm and an emission wavelength of 660 nm,
indicating their potential for bioimaging applications.>>33!

To make the TQBrOH molecule water soluble and subse-
quently stable in the bloodstream, we employed amphiphilic
copolymers with excellent biocompatibility, namely DSPE-
PEG,g00 and MAN-DSPE-PEG,qq, and prepared hydrophilic
negatively charged nanoparticles. As shown in Fig. 1(c), the
average hydrodynamic diameters of DSPE-PEG,, nanoparti-
cles (DP NPs) and mannose-modified DSPE-PEG,y, nanopar-
ticles (MAN-DP NPs) in aqueous suspension were 125 and 123
nm, respectively, with a narrow size distribution (polydispersi-
ty index (PD) = 0.192 and 0.204, respectively). Upon loading
with TQBrOH, the average hydrodynamic diameters of the re-
sulting TQBrOH@DP and TQBrOH@MAN-DP NPs decreased
slightly to 105 nm and 101 nm, respectively (Fig. 1d). The de-
crease in nanoparticle size after TQBrOH loading is speculat-
ed to be due to the strong hydrophobic interaction between
the hydrophobic structure of TQBrOH and the fatty chain of
the DSPE. This interaction promotes a tighter and more or-
dered arrangement of the molecules in the hydrophobic core.
Additionally, the zeta potential of the nanoparticles in-
creased from -16.5 and -13.9 mV to -11.5 and -11.2 mV after
the incorporation of TQBrOH (Fig. 1b). The increase in the ze-
ta potential was attributed to the small positive charge car-
ried by TQBrOH.

Transmission electron microscopy (TEM) was used to inves-
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Scheme 1 Schematic illustration of the self-assembled nanoparticles crossing the blood-brain barrier and exerting potent photodynamic therapy

effects.
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Fig. 1 (a) Normalized absorption and fluorescence spectra of TQBrOH@DP NPs and TQBrOH@MAN-DP NPs in aqueous solution (30 pmol/L for

TQBrOH); (b) Zeta potential of unloaded and TQBrOH-loaded nanoparticles. (c) and (d) Size distribution of unloaded and TQBrOH-loaded
nanoparticles as determined by DLS study. TEM images of (e) TQBrOH@DP NPs and (f) TQBrOH@MAN-DP NPs.

tigate the morphology of the nanoparticles. The images in
Figs. 1(e) and 1(f) confirm the classic micellar structure of the
nanoparticles after TQBrOH loading. Both TQBrOH@DP and
TQBrOH@MAN-DP NPs exhibited good dispersibility without
significant agglomeration. From a morphological perspective,
mannose modification did not cause significant changes in
the basic structure of the nanoparticles, and TQBrOH@DP NPs
and TQBrOH@MAN-DP NPs showed consistency in size and
morphology, consistent with previous results of similar parti-
cle sizes measured by dynamic light scattering (DLS).

Detection of Extracellular ROS Generation

To investigate the types of ROS produced by TQBrOH, we used
different ROS indicators to detect the production of different
ROS. First, we used the classical ROS indicator, dichlorofluores-
cein (DCFH-DA), for the total ROS generated by TQBrOH. The
green fluorescence of DCFH can be excited by any type of ROS;
therefore, its fluorescence intensity represents the total amount
of ROS produced in the system. As shown in Fig. 2(a), strong
DCF fluorescence was observed for both TQBrOH@DP and
TQBrOH@MAN-DP NPs, with comparable emission intensities.
This indicates that TQBrOH generated similar levels of ROS in
both nanoparticles and that the nanoparticles had a negligible
impact on the ROS production of TQBrOH.

As the key element of PDT, photosensitizers are catego-
rized by their mechanism into Type | (electron/proton trans-
fer) and Type Il (energy transfer) agents. Multiple ROS indica-
tors were employed to accurately identify the type of ROS
produced by loaded TQBrOH. Following the initial screening
of total ROS levels using the conventional probe DCFH-DA,
multiple highly specific ROS indicators were utilized for sys-

tematic validation. First, 9,10-anthracene-bis(methylene)
dimeric acid (ABDA) was used to detect the generation of sin-
glet oxygen ('0,) in the system. As shown in Fig. 2(b), there
was nearly no significant change in the TQBrOH@DP NPs and
TQBrOH@MAN-DP NPs before and after white light irradia-
tion, indicating that TQBrOH is a Type | photosensitizer. The
reaction mechanism of type | photosensitizers is indepen-
dent of oxygen, enabling effective functionality even within
the hypoxic microenvironment commonly found in tumor tis-
sues. This characteristic represents a significant advantage
over the type Il photosensitizers.3435]

Superoxide anions (O,+7) and hydroxyl radicals (*OH) in the
system were detected using dihydrorhodamine 123 (DHR123)
and hydroxyphenyl fluorescein (HPF), respectively. Figs. 2(c)
and 2(d) show that TQBrOH generates both O,*~ and *OH, as
indicated by the enhanced DHR123 and HPF fluorescence, re-
spectively. Notably, while O,+~ production is oxygen-depen-
dent, the effective generation of *OH suggests a complemen-
tary mechanism that remains active under hypoxic condi-
tions.

To investigate the effects of the photodynamic parameters
on ROS generation, we systematically evaluated the effects of
light dose, irradiation time, and nanoparticle concentration
(Fig. S7 in ESI). The results showed that ROS production in-
creased with higher nanoparticle concentrations and longer
irradiation times. However, a slight decrease was observed
when the light intensity was too high, which may be due to
photobleaching. Based on these findings, a lower light inten-
sity combined with a longer irradiation time was selected for
subsequent experiments to ensure a sufficient light dose
while minimizing photobleaching risk. Although this in vitro

https://doi.org/10.1007/510118-026-3660-3
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(a) PL spectra of DCFH in water and in the present of nanoparticles after exposure to white light irradiation; (b) Absorption spectra of ABDA

in water and in the presence of a nanoparticles after exposure to white light irradiation; (c) PL spectra of DHR123 in water and in the presence of a
nanoparticles after exposure to white light irradiation; (d) PL spectra of HPF in water and in the presence of a nanoparticles after exposure to white
light irradiation; (e) Cytotoxicity of different concentrations of nanoparticles on C6 and b.End.3 cells (n=5); (f) Hemolysis rate of nanoparticles at

different concentrations (n=3).

optimization provides a foundation for parameter selection,
clinical application necessitates further in vivo studies ac-
counting for tissue light penetration and tumor physiology.

Cytotoxicity and Hemolytic Assay

An ideal drug delivery carrier first needs to have good cell and
blood compatibility. To this end, we first evaluated the cytotoxi-
city of DP NPs and MAN-DP NPs in b.End.3 cells and C6 cells. As
shown in Fig. 2(e), the relative cell viability remained above 85%
in the different concentration treatment groups, indicating no
significant cytotoxicity within the tested concentration range,
with the highest concentration reaching 1.0 mg/mL. In addition,
we conducted hemolysis experiments to evaluate the blood

compatibility of DP and MAN-DP NPs. As shown in Fig. 2(f),
within the tested concentration range, all hemolysis rates were
below 4%, indicating that DP and MAN-DP NPs did not cause
significant hemolysis.2%37]

Cellular Uptake

Beyond its high ROS generation efficiency, TQBrOH exhibits a
fluorescence emission maximum at 660 nm, endowing it with
favorable imaging properties. This integrated functionality al-
lows its cellular uptake to be tracked directly by flow cytometry
and its distribution to be visualized by CLSM, eliminating the
need for additional fluorescent dyes. As shown in Figs. 3(a) and
3(b), after incubation for 4 h, the uptake rates of TQBrOH@DP

https://doi.org/10.1007/510118-026-3660-3
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NPs and TQBrOH@MAN-DP NPs by b.End.3 cells and C6 cells
reached almost 99%. The experimental results revealed that un-
der the present conditions, cells possessed a remarkably high
basal endocytic capacity for DP NPs, effectively saturating the
measurable uptake range. Even if specific mannose-mediated
endocytosis exists, the uptake rate cannot reflect such differ-
ences.

GLUT1-dependent Uptake of MAN-DP NPs

The GLUT1 inhibition assay using WZB1171%3° provided direct
evidence for the involvement of GLUT1 in the cellular uptake of
MAN-DP NPs. As shown in Figs. 3(c) and 3(d), MAN-DP NPs ex-
hibited significantly higher cellular uptake compared to DP NPs
without WZB117 and showed significantly higher mean fluores-
cence intensity (MFI) than DP NPs (p<0.001). To assess the role
of GLUT1 in this enhanced uptake, cells were pretreated with
the GLUT1 inhibitor WZB117. As shown in Figs. 3(c) and 3(d),
WZB117 treatment markedly reduced the MFI of MAN-DP NPs
in b.End.3 cells (p<0.001) but had no significant effect on DP
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NPs. These results conclusively demonstrated that GLUT1 medi-
ates the enhanced uptake of MAN-DP NPs, supporting the pro-
posed mechanism of GLUT1-targeted delivery for BBB penetra-
tion and glioma cell recognition.

Intracellular Localization

Confocal microscopy results shown in Figs. 3(e) and 3(f) that
TQBrOH@DP NPs and TQBrOH@MAN-DP NPs were distributed
in the cytoplasm and did not enter the nucleus, whether in
b.End.3 cells or C6 cells. The widespread cytoplasmic localiza-
tion of nanoparticles ensures that the generated ROS can act on
a larger intracellular area and affect multiple critical organelles
(e.g., mitochondria and endoplasmic reticulum), thereby maxi-
mizing the therapeutic outcome of photodynamic therapy.

Detection of Intracellular ROS Generation

Intracellular ROS generation induced by TQBrOH was assessed
using a DCFH-DA fluorescent probe. The fluorescence images in
Fig. 4 show obvious green fluorescence intensity in both the
TQBrOH@DP NPs and TQBrOH@MAN-DP NPs groups, demon-
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Confocal microscopy imaging of the intracellular localization of nanoparticles in b.End.3 and C6 cells. Blue channel: DAPI-stained nuclei. Red
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strating plenty of intracellular ROS generation. Moreover, the
amount of ROS generated within cells was positively correlated
with the concentration of TQBrOH.

Evaluation of Permeability in the Biomimetic BBB
Models

To verify whether mannose-modified nanoparticles can pene-
trate the BBB, we constructed an BBB model in vitro. As shown in
Fig. 5(a), b.End.3 cells were seeded on the upper layer to simu-
late endothelial cells, and C6 tumor cells were seeded on the

lower layer. By adding TQBrOH@DP and TQBrOH@MAN-DP NPs
at the same concentration to the upper layer and collecting the
lower layer cells at different times, the uptake of cells was con-
firmed by flow cytometry. As shown in Fig. 5(b), after 4 h of up-
take by the lower C6 cells, the uptake rate of DP NPs reached
63.2%, whereas that of MAN-DP NPs reached 65.1%. However,
after 8 h of uptake, both the uptake rates reached 99%. Al-
though lower-chamber cellular uptake serves as an indirect
measure of permeability, this observation can likely be attribut-
ed to the transwell monolayer model, which simulates a static,

https://doi.org/10.1007/510118-026-3660-3
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Fig. 5 (a) Schematic representation of the construction process in vitro for BBB; (b) Uptake rate of C6 cells in the lower layer at 4 h and 8 h in
Transwell experiment; (c) The therapeutic effect of PDT on C6 cells (n=3); (d) and (e) Flow cytometry of C6 cells in the lower layer at 4 h and 8 h in
Transwell experiment; (f) Full view of 3D cell sphere uptake of nanoparticles at 4 h and 8 h; (g) Z-axis slice scanning images of 3D cell spheres uptake
of nanoparticles at 4 h and 8 h. Scale bar: 500 pm.

Width:1272.79um Width:1272.79um
Height:1272.19um Height:1272.19ym
Depth:270.00um Depth:240.00um

Width:1272.79um Width:1272.79um

Height:1272.19m MAN-DP-4h nevqm..ams;‘m MAN-DP-8h

Depth:300.00pm Depth:324.05um

<
@
a
(a)
<
hj
a
e
=z
<
=
<
P
a
e
=z
<
=

fully confluent vascular endothelial barrier. Under such condi- TQBrOH@MAN-DP NPs was governed predominantly by pas-
tions, the transcellular transport of TQBrOH@DP and sive diffusion mechanisms. Although an active uptake pathway
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Bright field  Calcein-AM TQBrOH Merged

TQBrOH@MAN-DP NPs

TQBrOH@DP NPs

Fig. 6 Representative fluorescence images of C6 cells stained with calcein-AM after treated with (a) TQBrOH@MAN-DP NPs, and (b) TQBrOH@DP

NPs. Scale bar: 200 pm.

mediated by mannose may exist, its contribution to the total
flux is not significant compared to efficient passive diffusion;
thus, failing to demonstrate any modification advantage. The
specific results of flow cytometry are shown in Figs. 5(d) and
5(e), indicating that the uptake rates of TQBrOH@DP NPs and
TQBrOH@MAN-DP NPs were comparable at 4 and 8 h. Al-
though our BBB model validation provides reasonable evidence
of barrier integrity, additional validation steps for comprehen-
sive barrier characterization remain to be performed in future
studies.

Therefore, following the initial evaluation of nanoparticle
permeability using a transwell monolayer assay, we devel-
oped a three-dimensional multicellular spheroid model to as-
sess penetration under more physiologically relevant and
structurally complex conditions. After the formation of the
cell spheres, we measured the uptake rate of cells at 4 and 8
h. The difference is that we used confocal 3D scanning tech-
nology to capture cell spheres and determine the uptake rate
and depth of cells based on the fluorescence intensity. As
shown in the Figs. 5(f) and 5(g), after 4 and 8 h of uptake, it
can be clearly seen that the fluorescence intensity of the
MAN-DP NPs group is higher and the uptake depth is deeper.
The superior penetration of MAN-DP NPs into the complex 3D
co-culture model can be attributed to a fundamental shift in
their transport mechanisms. Specifically, mannose ligands
transform the particle behavior from reliance on passive diffu-
sion to active receptor-mediated cross-cellular transport.

As shown in Fig. S9(a) (in ESI), MAN-DP NPs exhibited sub-
stantially higher mean fluorescence intensity than DP-NPs
throughout the entire cell spheroid at both 4 h and 8 h time
points. The radial fluorescence intensity profile was mea-
sured at the maximal cross-section (equatorial plane) of the
spheroids. As shown in Fig. S9(b) (in ESI), MAN-DP NPs exhib-

ited superior fluorescence intensity as well as deeper penetra-
tion at the 8 h time point. This suggests thatMAN-DP NPs
demonstrated superior penetration capability compared to
DP-NPs.

In vitro Phototherapeutic Study

The aggressive nature, poor prognosis, and high mortality of
CNS tumors, such as gliomas, make their treatment exception-
ally challenging %4142 Accordingly, C6 cells were chosen as the
PDT targets. To investigate the killing effect of TQBrOH on C6
tumor cells, we used the CCK-8 assay and live/dead staining.
Under certain irradiation conditions, the higher the concentra-
tion of TQBrOH, the higher is the cell mortality rate. As shown in
Fig. 5(c), at a concentration of 10 ymol/L, after PDT, cell viability
decreased to below 10%. Live/dead staining using only calcein-
AM (which labels live cells) demonstrated a progressive loss of
viable cells with increasing TQBrOH concentrations, accompa-
nied by distinct morphological changes. These observations
were consistent with the concentration-dependent photody-
namic killing effect of TQBrOH (Figs. 6a and 6b).

CONCLUSIONS

In summary, this study successfully constructed a potential dual-
targeted drug delivery system that enhances BBB penetration
by utilizing GLUT-mediated transcellular transport. In response
to the insufficient efficiency of traditional nanoparticle brain tar-
geting, this study adopted a surface engineering strategy to en-
hance the affinity of nanoparticles with GLUT1 on the BBB
through mannosylation, overcoming the limitations of passive
targeting strategies relying solely on size effects. The experi-
mental results demonstrated that this system exhibits excellent
penetration ability in a three-dimensional biomimetic BBB mod-
el, effectively overcoming the predictive limitations of tradition-
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al two-dimensional models through the synergy of active tar-
geting and physiologically relevant validation. In addition, the
encapsulated TQBrOH photosensitizer was found to generate
highly efficient generation of type | radicals upon irradiation, ex-
hibiting excellent photodynamic therapeutic efficacy. Although
the above results are highly promising, these findings require
validation in further in vivo studies using orthotopic glioma
models. Overall, this study provides a conceptual validation for
brain-targeted PDT and has important theoretical and clinical
significance for promoting the development of targeted thera-
py strategies for central nervous system diseases.
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Boosting Blood-Brain Barrier Crossing with a Mannosylated Nanocarrier
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A versatile mannosylated nanocarrier featuring blood-
brain barrier (BBB) penetration and glioma cell targeting
was designed. It enables the efficient delivery of a new
aggregation-induced emission photosensitizer, thereby
facilitating photodynamic therapy.
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