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Glioblastoma multiforme (GBM) is the most common and malignant type of primary brain tumor, and its
therapy remains challenging. The hERG potassium channel represents a promising target for GBM
therapy and imaging. However, there are currently few efficient hERG channel inhibitors with low toxicity
for cancer therapy. In this work, a novel near-infrared fluorescent probe A8 with high binding affinity for
the hERG channel was developed, and then it was encapsulated into an ApoE peptide-modified
liposome to improve its transport across the blood-brain barrier and tumor targeting. The obtained
liposome, ApoE-Lipo@A8, can significantly suppress the growth of orthotopic glioblastoma xenografts
with reduced cardiac toxicity. Additionally, our studies unveil a novel molecular mechanism underlying
the antitumor effect of hERG channel inhibition, including suppression of the CDK2-pRB-E2F axis and

induction of ER-stress-dependent apoptosis and autophagy. Additionally, A8 is characterized by an
Received 14th July 2025 . . . ) .
Accepted 1st October 2025 aggregation-caused fluorescence quenching switch, and it can be used to light up the hERG channel
and, further, for GBM imaging in vivo. Together, this study systematically explores the therapeutic and

DOI: 10.1039/d55c05222) imaging potential of the hERG channel for glioblastomas using the probe A8, which would promote the
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Introduction

Glioblastoma multiforme (GBM) is the most malignant and
aggressive primary tumor in the central nervous system."* The
standard clinical treatment for GBM patients is surgical resec-
tion of tumors followed by radiotherapy and chemotherapy.
Nevertheless, due to its extensive infiltration properties, it is
difficult to completely remove the tumor tissues without
affecting normal brain function. As a result, tumor recurrence is
common after surgery. Alkylating agents that can easily cross
the blood-brain barrier (e.g. temozolomide, carmustine and
lomustine) are first-line chemotherapy drugs used clinically.
However, they are prone to inducing resistance after a period of
use, leading to a significant decrease in their therapeutic effi-
cacy.>* Therefore, the current clinical treatment effects for GBM
are still not satisfactory, and the prognosis of patients is very
poor, with a median survival of only 15-16 months and a 5 year
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development of the hERG channel as a therapeutic and imaging target for cancer.

survival rate of 5%. To improve the clinical treatment outcomes
for GBM, bevacizumab, trametinib and some other targeted
drugs and immunotherapy (vaccine therapy, immune check-
point inhibitors, chimeric antigen receptor T (CAR-T) cell
therapy, oncolytic virus therapy, and vaccine therapy) have also
been investigated for the treatment of GBM.> Unfortunately,
the survival rates of patients still have not substantially
improved. Therefore, novel therapeutic strategies for GBM
remain urgently needed to improve the prognosis of glioblas-
toma patients.

Ion channels are crucial membrane proteins that possess
a gated pore structure, allowing various water-soluble ions
(such as Na*, Cl7, K', Ca**, H", etc.) and substances to pass
through, and they are targeted by 18% of FDA-approved drugs,
ranking second only to G protein-coupled receptors (GPCRs,
33%). Of these, the hERG potassium channel is a type of voltage-
gated potassium channel that contributes to the rapid delayed
rectifier potassium current (I,). It plays an important role in the
repolarization phase of the cardiac action potential.’ Interest-
ingly, extensive research has shown that hERG potassium
channels are overexpressed in various types of cancer tissues,
such as leukemia, gastric cancer, colon cancer and breast
cancer.”* Subsequent studies revealed that the hERG channel
extensively participates in tumor cell proliferation, apoptosis,
metastasis, invasion, neovascularization and cell volume regu-
lation, thereby promoting tumor initiation and progression.'®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Similarly, for GBM tumors, high levels of hERG potassium
channels have been detected in both in vitro cultured and in situ
tumor cells, while there was no or lower expression in normal
astrocytes and low-grade glioma cells."> In particular, Masi
et al. found that hERG potassium channels can promote the
secretion of vascular endothelial growth factor (VEGF) in GBM
cell lines, which is crucial for tumor angiogenesis.” The John S.
Kuo group constructed an in situ GBM mouse model using
tumor cells from clinical GBM patients and studied the impact
of hERG channels on tumor cell proliferation at the in vivo
level.*® The results showed that higher levels of hERG potassium
channels were associated with a faster tumor cell proliferation
rate. Furthermore, they analyzed a series of tumor tissue
samples from clinical GBM patients and found that GBM
patients with high expression levels of hERG potassium chan-
nels had shorter survival periods compared to those with low
expression levels. These studies for the first time revealed the
clinical significance of the hERG potassium channel for GBM
treatment. In addition, we conducted survival analysis based on
TCGA (the Cancer Genome Atlas) and CGGA (Chinese Glioma
Genome Atlas) databases (SI Fig. S10). Consistently, it was
found that patients with high expression levels of hERG
potassium channels had significantly shorter survival times.
Therefore, the hERG potassium channel is a promising thera-
peutic target for GBM therapy, and it can also serve as
a biomarker for predicting patient survival. However, there are
few efficient hERG channel inhibitors with low toxicity for
cancer therapy,>® which has impeded the application of the
hERG channel as a cancer therapeutic target. Meanwhile,
detailed molecular mechanisms underlying the contribution of
the hERG channel to tumor initiation and development or the
antitumor effects of hERG blockades have also not been well
elucidated.

Optical imaging, including fluorescence imaging, biolumi-
nescence imaging, and optical coherence tomography imaging,
has the characteristics of high resolution, high contrast and
convenience. It has been broadly applied in biological molecule
labeling, intraoperative navigation and disease diagnosis. At
present, there are only a few fluorescent probes used for clinical
GBM imaging, including 5-ALA, ICG and fluorescein.*
However, 5-ALA needs to be metabolized into protoporphyrin IX
(PpIX) before it can be used for GBM imaging, so some patients
may show no response. Additionally, the excitation wavelength
of PpIX is 405 nm, which results in high background interfer-
ence. ICG and fluorescein take advantage of the compromised
blood-brain barrier at the tumor site to passively target GBM
tumors, and they mainly accumulate in the extracellular region,
so their specificity for GBM imaging is poor. Therefore, there is
a need to develop active-target fluorescent probes for GBM
imaging.

Hence, in this study, we aimed to design and synthesize
a novel type of near-infrared fluorescent probe with high
inhibitory activity towards the hERG potassium channel, hop-
ing to use this type of probe to systematically explore the ther-
apeutic and imaging potential of the hERG channel and further
establish novel strategies for GBM treatment and imaging.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

The design and preparation of near-infrared probes with high
binding affinity for the hERG channel

As described above, the hERG potassium channel has been
shown to be highly expressed in GBM tumor tissues and can
serve as a potential marker and therapeutic target for GBM
tumors. Therefore, here we developed a novel type of fluores-
cent inhibitor of the hERG potassium channel, hoping to offer
an innovative treatment strategy for GBM patients (Fig. 1a and
b). Simultaneously, probes can also be used for the imaging of
GBM tumors and trace the distribution of inhibitors in vivo. In
the design of the probes, the potent hERG binding ligands
astemizole and E4031 were selected as the recognition group,
enabling the probes to specifically bind to hERG potassium
channels and inhibit their function in tumor cells, finally
leading to antitumor efficacy (Fig. 1b). Meanwhile, to increase
the depth of penetration and reduce the background signal
during imaging, the dye IR780 with near-infrared fluorescence
was selected as the fluorescent group. Subsequently, the
recognition group and fluorescent group were linked by alkyl
chains of different lengths to obtain a series of novel near-
infrared hERG potassium channel probes (Fig. 1b), which
would be used for GBM tumor imaging and treatment (Fig. 1a).

Subsequently, the designed probes were easily prepared
through a substitution reaction between IR780 and the amino-
modified hERG ligands astemizole and E4031 in DMF at 80 °C
for 2 h (the synthesis procedures are described in the SI file).
Afterward, the inhibitory activities of the probes against the
hERG channel were evaluated using a radioligand competitive
binding assay. The results revealed that all probes had high
binding affinities for the hERG channel (Fig. 1c and SI Table
S1), with ICs, values of 3.62-29.96 nmol. Among them, probe
A8, with an eight-carbon linker between IR780 and the piperi-
dine ring, demonstrated the highest activity, with an ICs, value
of 3.62 nmol. Consequently, probe A8 was selected for further
examination of its inhibitory effect on hERG potassium channel
function using the manual patch clamp method on CHO cells
that stably express hERG potassium channels. As shown in
Fig. 1d, upon increasing the concentration of probe A8, the
hERG potassium current significantly decreased, and the
calculated ICs, value is 0.37 pM (Fig. 1e).

The optical properties of the synthesized hERG channel
probes and their application in hERG channel imaging

The optical properties of the synthesized hERG channel probes
were then measured in various solutions. The results showed
that maximum absorption and excitation wavelengths of the
probes occur between 630 and 660 nm, with the maximum
emission wavelengths typically ranging from 740 to760 nm
(Fig. 2a, SI Fig. S1 and Table S2). In addition, the probes possess
a substantial Stokes shift of 100 nm, enabling them to effec-
tively mitigate interference from the excitation light on the
emission light. Moreover, the probes’ emission wavelengths
reside in the near-infrared region, which is advantageous for
diminishing the background fluorescence signal within
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Fig. 1 The design strategy for the novel near-infrared hERG channel probes and testing of their hERG channel binding affinity. (a) A schematic
illustration of the imaging and therapy strategies using hERG channel probes. (b) The structures of the designed probes. (c) The inhibition curves
for the synthesized probes against the hERG channel determined by radioligand competitive binding assays. The calculated ICsq values of the
probes are on the nanomolar level, and probe A8 is the best one, with an ICsq value of 3.62 nmol. The data are shown as mean + S.D. values (n =
2). (d) Representative curves showing probe A8 (0.3, 1 and 3 uM) inhibiting the hERG potassium channel tail current. (e) The inhibition curve of
probe A8 towards the hERG potassium channel current determined by the manual patch clamp method, with a calculated ICsq value of 0.37 uM.

The data are shown as mean =+ S.D. values (n = 2).

biological systems. As subsequent activity measurements
involving the probes are mainly carried out in buffer solution,
the fluorescence quantum yields of the probes in PBS were
further measured using Cy5 as a reference, and the results are
shown in SI Table S1. Compared with probe E4, probes A4 and
A8 have higher fluorescence quantum yields, which may be
attributed to the electron-donating ability of the nitrogen atom
in the astemizole structure. From the above experiments, it can
be seen that probe A8 has the highest activity towards hERG
potassium channels, alongside superior optical properties, so
A8 is selected for further evaluation in subsequent experiments.

In the above experiments, an interesting phenomenon was
observed. Compared with organic solvents, the fluorescence
intensity of the probes in H,O and PBS was significantly
reduced and the absorption spectra showed a similar trend
(Fig. 2a, SI Fig. S1 and Table S2). Because cyanine dyes tend to
aggregate in polar solvents, we hypothesized that probes may
aggregate in an aqueous environment, such as H,O or PBS
buffer. The results of subsequent dynamic light scattering

21964 | Chem. Sci., 2025, 16, 21962-21974

experiments revealed that A8 does indeed aggregate in saline
and PBS buffer at different pH values, with a particle size
distribution ranging from 200-1000 nm (Fig. 2b, SI Fig. S3 and
Table S3). However, no aggregation phenomenon was observed
in organic solvents. Additionally, the lower the pH of the solu-
tion, the faster the probe aggregates, which may be due to the
increase in positive charge promoting the aggregation of the
probe. Then, the morphology of the particles after aggregation
of 10 uM A8 in saline was determined using low-magnification
transmission electron microscopy, and it was found that A8 can
self-aggregate into approximately spherical nanoparticles, with
the particle size mainly distributed around 300 nm with a small
number of large particles with a size of around 1 pm (SI
Fig. S11), which is consistent with the results of dynamic light
scattering experiments. To further investigate the aggregation
mechanism of A8, UV-vis spectra of A8 in saline were monitored
over 4 h, and it was observed that the absorbance of A8 at
640 nm rapidly declined and a new blue-shifted absorption
peak appeared at 510 nm (SI Fig. S2a). After A8 was extracted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 The properties of the synthesized hERG channel probes and their application in hERG channel imaging. (a) Fluorescence emission spectra
of A8 (10 uM) in different solvents. (b) Particle sizes of free A8 in saline determined using a dynamic light scattering instrument. The average
particle size is 367 nm. (c) The ultraviolet—visible (UV/vis) absorption spectra of A8 in saline after being left at room temperature for 4 h, in ethyl
acetate solution extracted from the above A8 saline solution, and in a H,O/methanol mixture (1:1), respectively. (d) Fluorescence emission
spectra of 10 uM A8 incubated with different concentrations of hRERG-HEK293 membrane (0, 0.2, 0.4, 0.6, 0.8, and 1.0 mg mL™Y) for 30 minat 37°
C. (e) Fluorescence intensity changes of 10 uM probe A8 at the maximum emission wavelength after incubation with 1.0 mg mL~* hERG-HEK293
membrane in the absence or presence of different ion channel inhibitors (nERG channel inhibitor astemizole, sodium ion channel inhibitor
lidocaine, ATP-sensitive potassium channel inhibitor glibenclamide, and calcium channel inhibitor nifedipine; 100 uM) for 30 min at 37 °C. The
fluorescence intensity of free A8 in assay buffer (no hERG-HEK293 membrane) serves as the background control. The data are shown as mean +
S.D.values (n = 3). (f) Representative confocal images of HEK293 cells incubated with 1 uM A8 and hERG-HEK293 cells incubated with 1 uM probe
A8 in the presence or absence of 100 uM astemizole; scale bar: 50 um.

from saline into ethyl acetate, the absorption peak shifted back
to 640 nm from 510 nm (Fig. 2¢), simultaneously accompanied
by a noticeable color change (the inset images in Fig. 2c show
the change from pink to blue). This may imply that the
absorption peak at 510 nm was not a result of the degradation of
the probe, but rather may be due to the conversion of A8 from
aggregates to monomers. In addition, in a water-methanol
mixture (v/v = 1/1), absorption peaks of A8 at 510 nm and
640 nm can be observed (Fig. 2c), suggesting the coexistence of
aggregates and monomers of A8. The effect of aggregation on
the optical properties of A8 was then further tested in a water-
methanol mixture system at different ratios. It was discovered
that the fluorescence intensity of A8 gradually decreased as the
proportion of water increased, which might be attributed to
aggregation-caused fluorescence quenching effects (SI Fig. S2b).

As A8 has a tendency to aggregate in the aqueous phase,
leading to fluorescence quenching and can dissociate into
monomers to turn on fluorescence in a hydrophobic environ-
ment, we speculated that this fluorescence switch-on mecha-
nism can be applied to selectively label hERG potassium
channels with a low background signal.*»** The hydrophobic
interaction between A8 and the hERG channel may trigger the
dissociation of A8 aggregates and activate fluorescence. To

© 2025 The Author(s). Published by the Royal Society of Chemistry

validate this hypothesis, probe A8 was incubated with various
concentrations of the hERG-transfected HEK293 cell
membrane. As illustrated in Fig. 2d, the fluorescence intensity
was significantly enhanced as the concentration of the cell
membrane increased. When A8 was incubated with 1.0 mg
mL~"' cell membrane, the fluorescence intensity increased
approximately 27-fold compared with the blank control. Thus,
probe A8 can successfully light up the hERG channel at
a protein molecular level. Subsequently, the fluorescence
response selectivity of A8 toward hERG potassium channels was
measured by recording the emission spectra of A8 after co-
incubation with hERG-HEK293 cell membrane and inhibitors
of both the hERG channel and other types of channel (potas-
sium, sodium and calcium ion channels), respectively (Fig. 2e).
The results revealed that the fluorescence intensity elevation of
A8 induced by incubating with hERG-HEK293 cell membrane
can be significantly decreased by astemizole, a potent hERG
channel inhibitor. Inhibitors of all other ion channels did not
cause a notable change in A8 fluorescence intensity, suggesting
that probe A8 can selectively bind to the hERG potassium
channel. However, the fluorescence enhancement could not be
completely suppressed in the presence of astemizole, possibly
due to inevitable nonspecific binding, especially the

Chem. Sci., 2025, 16, 21962-21974 | 21965
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hydrophobic component. Given that probe A8 performs well at
a molecular level, we further investigated its potential for
imaging hERG channels in living cells. Encouragingly, brighter
fluorescence signals were observed in hERG-transfected
HEK293 cells compared to normal HEK293 cells, and, mean-
while, a significant fluorescence decrease was observed when
the cells were co-incubated with probe A8 and astemizole
(Fig. 2f). Importantly, a strict washing procedure is not
required, making the imaging process very convenient. In
conclusion, probe A8 is an excellent imaging reagent for selec-
tively detecting hERG channels.

The antitumor effect of the free hERG channel probe A8 in
vitro

The experiments above, including radioligand competitive
binding assays, patch clamp tests and fluorescence response
studies, have shown that probe A8 exhibited potent binding
ability toward the hERG potassium channel, and it can effec-
tively inhibit hERG potassium current at the cellular level. As
the hERG potassium channel is closely associated with tumor
occurrence and development, we further evaluated the anti-
GBM tumor activity of A8 at the cellular level. First, the
impact of probe A8 on the growth of tumor cells was assessed
using the CCK-8 kit on various GBM cell lines (U87/A172/
LN229). As shown in Fig. 3a, A8 can effectively inhibit GBM
tumor cell proliferation in a dose-dependent manner, with
calculated ICs, values of about 1 puM. In particular, A8 had
a considerably lower effect on the proliferation of normal
human astrocyte cells, suggesting lower toxicity toward normal
cells and selectivity for tumor cells. Moreover, we examined the
antitumor effects of astemizole, IR780 and A8 individually on
the U87 cell line. The results revealed that when astemizole and
IR780 were connected as a new molecule A8, the anti-
proliferative efficacy on tumor cells was enhanced compared
to the precursor compounds astemizole and IR780 alone,
implying that the design of the probe structure is successful (SI
Fig. S4).

Furthermore, the molecular mechanism underlying the
antitumor effects of the free hERG channel probe A8 was
investigated using transcriptomic sequencing technology (RNA-
seq) based on the U87 cell line. In U87 cell proliferation
experiments, 3 uM A8 exhibited a strong antitumor effect within
24 h, so this concentration was employed to treat cells in the
omics study. The experimental results showed that after U87
cells were treated with A8, a total of 1901 differentially expressed
genes (DEGs) were detected at the mRNA level (log,| fold change
| =0.8 and p value < 0.05) compared with the control group,
including 787 upregulated genes and 1114 downregulated
genes (Fig. 3b and SI Fig. S5a). Functional enrichment of the
DEGs was analyzed using the DAVID online analysis tool with
the UP_KW biological process and KEGG_pathway categories
(Fig. 3c and SI Fig. S5b). The results showed that the down-
regulated genes were mainly involved in the cellular processes
of mitosis, cell cycle, DNA replication and repair, while the
upregulated genes were related to cell apoptosis and autophagy
(SI Fig. S5c¢ and d). In addition, KEGG_pathway analysis also

21966 | Chem. Sci., 2025, 16, 21962-21974
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discovered that the Fanconi anemia pathway was obviously
inhibited.

To elucidate the signaling pathway that A8 regulates, in
detail, we further analyzed DEGs employing the GSEA online
tool with the PID_pathway item. It was found that most of the
downregulated DEGs are downstream genes of the transcription
factors E2F and FOXM1, or genes involved in PLK1 and Aurora B
pathways. E2F and FOXM1 play a crucial role in controlling the
transition of the cell cycle from the G1 to the S phase.”*?® In
addition, the components of chromosomal passenger complex
(CPC), including AURKB (AuroraB), INCENP, CDCAS8, and
BIRC5 genes, and its regulatory factors (PLK1 and CDK1) were
significantly downregulated by probe A8, which may result in
cell mitosis and cell division disorder and inhibit cell prolifer-
ation.”” Therefore, we further tested the effect of probe A8 on the
cell cycle in U87 cells. Consistent with the results of the omics
studies, treatment with probe A8 indeed resulted in cell arrest
in the GO/G1 phase compared to the control group, particularly
with a significant decrease in the proportion of cells in the S
phase (Fig. 3d). The activity of E2F was regulated by the CDK2-
PRB signaling pathway axis. Subsequent western blot analysis
showed that CDK2 protein levels were significantly reduced
after A8 treatment (Fig. 3e and f), indicating that A8 may inhibit
the CDK2-pRB-E2F signaling pathway, thereby downregulating
the expression of E2F downstream genes. The genes involved in
the Fanconi anemia signaling pathway, including FANCB/D/G/
M and FAAP100, were also downregulated.”® The FA pathway
extensively participates in DNA homologous recombination,
nucleotide excision and crosslink repair. Thus, the hERG
potassium channel may be vital for maintaining the stability of
the genome in response to genotoxic insults. The upregulated
genes related to apoptosis consist of both pro-apoptotic (BCL10
and CASP3) and anti-apoptotic (BAG1 and BCL2A1) genes.
However, cell apoptosis is regulated by a complex network, and
nuclear staining with Hoechst revealed that cells treated with 3
uM A8 displayed marked nuclear pyknosis (SI Fig. S6), sug-
gesting that the ultimate result of probe A8's action is to induce
cell apoptosis. Moreover, there was significant upregulation of
some autophagy markers, such as MAP1LC3B2, MAP1LC3B,
and ATG4B.”>* The cell morphology was then analyzed using
transmission electron microscopy (TEM), and numerous auto-
phagosomes were observed in the A8 treatment group (Fig. 3g),
indicating A8 can induce significant cellular autophagy. Inter-
estingly, genes associated with endoplasmic reticulum (ER)
stress induced by unfolded proteins, such as ATF4, ERN1, and
XBP1, were upregulated.®* Western blot analysis confirmed that
ATF4 protein expression was significantly enhanced after A8
treatment (Fig. 3h and i). Therefore, it is speculated that cell
apoptosis and cell autophagy may be caused by ER stress. It has
been reported that certain hERG mutations can impair the
trafficking of hERG, leading to its retention in ER and subse-
quent ER stress.?> Some hERG channel inhibitors can also
impede hERG potassium channels in the ER by interacting with
Tyr652 and Phe656 residues.® It is speculated that compound
A8 may have a similar effect. Inmunofluorescence colocaliza-
tion analysis in hERG-U87 cells, which highly express the hERG
potassium channel, demonstrated that A8 treatment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The antitumor effects of free hERG channel probe A8 in vitro. (a) The dose-dependent inhibition curves of A8 toward the growth of
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A8 for 24 h. DNA was stained with Pl and then analyzed by flow cytometry. Western blot (e) and the corresponding quantitative (f) analysis of
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mean = S.D. values (n = 3)). (j) Immunofluorescence colocalization analysis of the hERG channel and ER marker calnexin in hERG-U87 cells after
treatment with A8 (1 uM) or vehicle (control, DMSO) for 24 h. The hERG channel exhibited reduced cell membrane distribution and was highly
colocalized with the ER marker calnexin after treatment with 1 uM A8 in hERG-U87 cells. (k) A summary of the major signal pathways that were
influenced by A8 in the U87 glioblastoma cell line. RB-E2F, FOXM1, chromosomal passenger complex (CPC) and Fanconi anemia signal pathways
were significantly suppressed by A8, and apoptosis and autophagy mediated by endoplasmic reticulum stress were significantly upregulated.
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diminished hERG localization in the plasma membrane while
increasing its distribution in the ER (Fig. 3j), verifying the
hypothesis. ER phagocytosis was also observed in TEM imaging
(Fig. 3g). Collectively, it can be concluded that hERG inhibition
by A8 can lead to the retention of hERG channel in the ER,
triggering ER stress and subsequently inducing autophagy and
apoptosis (Fig. 3k).

The preparation and characterization of the ApoE peptide-
modified liposome ApoE-Lipo@AS8

It has been established that A8 can produce potent antitumor
activity in in vitro GBM cell lines. However, hERG channel
inhibition by A8 has the risk of causing cardiac toxicity, which
may impede its application in vivo. In addition, for a probe to
achieve both the treatment and imaging of brain tumors, it
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must be able to cross the blood-brain barrier. To address these
issues, we encapsulated A8 in liposomes, hoping to increase the
GBM tumor targeting and reduce the possible toxicity of A8. In
the design of the liposome, PC (phosphatidylcholine) and CH
(cholesterol) are the basic materials (Fig. 4a). To further
enhance the drug delivery efficiency to orthotopic glioblastoma
tissues, DSPE-PEG2000, DSPE-PEOz, and DSPE-PEG2000-ApoE
were also incorporated into the membrane structure of the
liposomes (Fig. 4a). DSPE-PEG2000 and DSPE-PEOz, as long-
circulation materials, can increase the stability of the lipo-
somes in vivo. ApoE can target a variety of low-density lipopro-
tein receptors (e.g;, LDLR, LRP1, and LRP2) that are
overexpressed in endothelial cells at the blood-brain barrier
and basement membrane cells, mediating endocytosis to help
the liposomes cross the blood-brain barrier efficiently.**
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Fig. 4 Characterization of hERG-probe-encapsulating ApoE-Lipo@A8 liposomes. (a) A schematic diagram of the structure of the designed
liposome ApoE-Lipo@A8. PC and CH are the basic materials, and DSPE-PEG2000, DSPE-PEOz, and DSPE-PEG2000-ApoE confer the liposome
ApoE-Lipo@A8 with the properties of stability and the ability to cross the blood—brain barrier. A8 was loaded in the lipid layer. (b) Fluorescence
emission spectra of free probe A8 (5 ug mL™* and 10 ug mL™%) and ApoE-Lipo@A8 (3 ug mL~t A8) (Ex = 644 nm) in saline. (c) The particle sizes of
liposome ApoE-Lipo@A8 determined by dynamic light scattering assays. The average size of ApoE-Lipo@A8is 132.9 + 1.5 nm (mean +S.D.,.n =
3, PDI < 0.2). (d) The absorption spectra of free probe A8 (3 ng mL™) and ApoE-Lipo@A8 (containing 3 ug mL™ A8) (Ex = 644 nm) in water. (e)
Representative low-magnification transmission electron microscopy (TEM) images of ApoE-Lipo@A8 and Lipo@A8 (without the incorporation of
DSPE-PEG2000-ApoE). (f) The zeta potential of ApoE-Lipo@A8 determined by dynamic light scattering assays. (g) Changes in the particle size
and PDI of ApoE-Lipo@A8 over 140 h under storage conditions (4 °C). No significant changes were observed and ApoE-Lipo@A8 exhibited good
colloidal stability. Data are shown as mean + S.D. values (n = 3). (h) Changes in the particle size and PDI of ApoE-Lipo@A8 in DMEM supple-
mented with 10% serum over 60 h at 37 °C. No significant alterations were observed and ApoE-Lipo@A8 showed good colloidal stability under
simulated physiological conditions. Data are shown as mean & S.D. values (n = 3). (i) The UV-visible absorption spectra of ApoE-Lipo@A8 (100 pg
mL™Y) over 140 h at 4 °C.
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Subsequently, the designed ApoE-Lipo@A8 liposomes were
prepared through a thin-film dispersion and ApoE post-
insertion method. Probe A8 was loaded in the lipid layer.
Subsequent UV-vis absorption and fluorescence emission
spectra of ApoE-Lipo@A8 showed absorption and emission
peaks at 621 nm and 735 nm, respectively, which are consistent
with those of free A8, indicating the successful encapsulation of
A8 within ApoE-Lipo@A8 (Fig. 4b and d). Additionally, it was
observed that the fluorescence intensity of A8 significantly
increased after encapsulation in the liposomes (Fig. 4b), which
may be because A8 is uniformly dispersed in the phospholipid
bilayer of the liposomes, avoiding aggregation-caused fluores-
cence quenching of probe A8. The encapsulation efficiency (EE)
and loading efficiency (LE) of A8 in ApoE-Lipo@AS8 were deter-
mined to be 86.37% and 2.43%, respectively.

The diameter, uniformity, and zeta potential of ApoE-
Lipo@A8 have a great impact on its efficacy, so these three
parameters were measured using a dynamic light scattering
instrument. As depicted in Fig. 4c, the average size of ApoE-
Lipo@A8 is 132.9 £+ 1.5 nm, and the distribution is uniform
(PDI < 0.2). This particle size range is conducive to the enrich-
ment of liposomes at the tumor site through the EPR effect,
thereby improving the efficacy. The particle size of Lipo@A8
without being modified with the ApoE-targeting peptide was
129.0 £ 1.2 nm (SI Fig. S7a), slightly smaller than that of ApoE-
Lipo@AS8 liposomes, which may be due to surface modification
by targeting peptides of the liposomes. The zeta potential of
ApOE-Lipo@AS liposomes was 4.6 £+ 0.3 mV (Fig. 4f), indicating
that ApoE-Lipo@AS8 is a cationic liposome, which facilitates its
uptake by cells with negatively charged surfaces due to phos-
phate groups. The zeta potential of Lipo@A8 was 7.8 & 0.2 mV
(SI Fig. S7b), slightly higher than that of ApoE-Lipo@AS8, sug-
gesting that modification with ApoE may reduce the positive
charge on the surface of the liposomes. Afterwards, the
morphologies of ApoE-Lipo@A8 and Lipo@A8 were imaged via
transmission electron microscopy (TEM). As shown in Fig. 4e,
both ApoE-Lipo@A8 and Lipo@A8 were uniform spherical
particles with a particle size of about 130 nm. In comparison to
Lipo@A8, ApoE-Lipo@A8 liposomes were uniformly sur-
rounded by a large number of small black particles around the
periphery. These particles might be ApoE peptides adsorbed
onto the surface of the liposomes. The results of the experi-
ments above also confirmed that the targeting peptide ApoE has
been successfully modified on the surface of ApoE-Lipo@A8
liposomes, thereby ensuring a brain-targeting effect, allowing
ApOE-Lipo@AS8 to cross the blood-brain barrier. The stability of
liposomes is pivotal for drug efficacy. Hence, the colloidal
stability of ApoE-Lipo@A8 was then measured. The experi-
mental results illustrated that there were no obvious alterations
in the average particle size of ApoE-Lipo@AS8 and its PDI values
for up to 140 h at 4 °C (Fig. 4g), demonstrating that ApoE-
Lipo@AS8 is stable for a long time without rupturing or aggre-
gating under these storage conditions. Moreover, DMEM
culture medium supplemented with 10% serum was used to
simulate physiological conditions. As described in Fig. 4h, in
this environment, the particle size and PDI of ApoE-Lipo@A8
fluctuated less over 60 h. Thus, A8 might be stable in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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blood circulation system and could be administered via intra-
venous injection. Meanwhile, the absorption spectra of lipo-
somes held steady for a duration of 140 h at 4 °C (Fig. 4i), which
suggested that A8 remains very stable after loading onto
liposomes.

As described above, free A8 exhibited good antitumor
activity. Whether this activity can be maintained upon loading
onto liposomes needs to be confirmed. Therefore, the in vitro
anticancer efficacy of ApoE-Lipo@A8 was examined by the CCK-
8 assay in U87 cells. As shown in SI Fig. S8, lower concentrations
of ApoE-Lipo@A8 can exhibit strong antitumor effects, with
a calculated ICs, value of approximately 1 uM (converted from
the drug loading amount to the concentration of probe AS8),
which is comparable to the free probe A8.

In vivo imaging with ApoE-Lipo@AS8

To evaluate the tumor-targeting ability of ApoE-Lipo@AS8 in vivo,
we administered ApoE-Lipo@A8 via the tail vein to orthotopic
U87-Luc tumor-bearing mice and normal mice. Then, fluores-
cence imaging of the mice was performed at different time
points using an IVIS® Lumina III (PerkinElmer) imaging
system. As shown in Fig. 5a, compared with the normal group,
significant fluorescence was observed at the tumor location in
the brain of U87 tumor-bearing mice, indicating that ApoE-
Lipo@AS8 could effectively penetrate the blood-brain barrier
and accumulate at the tumor site. The fluorescence gradually
diminished after 6 h, potentially due to drug metabolism. After
48 h of imaging, the mice were euthanized, and the brains were
harvested for imaging. Strong fluorescence signals still could be
detected from the tumor tissue, while no obvious fluorescence
signals were recorded from the healthy brain tissue region of
the tumor-bearing mice or from the brains of normal mice
(Fig. 5b and c). Notably, compared to the free A8 administration
group, encapsulating A8 in ApoE-Lipo@AS8 liposomes enables it
to effectively cross the blood-brain barrier and target tumors
(Fig. 5f). Thus, the designed liposome drug delivery system is
successful and can help A8 to reach orthotopic tumors, which is
important for antitumor activity in vivo. The tumor-targeting
properties also make ApoE-Lipo@AS8 suitable for GBM tumor
imaging. Furthermore, the major organs were also isolated, and
it was found that both the ApoE-Lipo@AS8 liposomes and free A8
were distributed more in the liver, lungs, spleen, and kidneys
(Fig. 5d and e), which may be related to their metabolic
pathway. Meanwhile, lower accumulation in the heart may
suggest a potentially favorable cardiac safety profile. Further-
more, organs from the free-probe group showed lower fluores-
cence intensity than those from the liposome group. This might
be because the free probe is cleared more quickly in vivo,
whereas encapsulating the probe into liposomes enhances its
metabolic stability. Additionally, compared to the free probe
group, the distribution of ApoE-Lipo@AS8 in the lungs increased
after intravenous injection. This phenomenon is likely attrib-
utable to the liposomes' slightly positive charge (zeta potential:
4.6 + 0.3 mV), which promotes electrostatic adsorption onto the
negatively charged luminal surface of pulmonary vascular
endothelial cells,® thereby enhancing the pulmonary
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Fig. 5 In vivo imaging with ApoE-Lipo@A8. (a) Representative in vivo fluorescence images of orthotopic U87-Luc tumor-bearing mice after the
intravenous injection of ApoE-Lipo@A8 (3 mg kg™Y) (Ex = 640 nm; Em = 760 nm). The left column shows bioluminescence images of U87-Luc
orthotopic xenografts. Representative fluorescence images (b) and the fluorescence intensity histogram (c, mean + S.D., n = 3, *p < 0.05) of
brains isolated from tumor-bearing mice (U87-Luc) 48 h after the administration of ApoE-Lipo@A8 (Ex = 640 nm; Em =760 nm). ApoE-Lipo@A8
can selectively accumulate at the tumor sites. Representative fluorescence images (d) and the normalized fluorescence intensity histogram (e) of
major organs isolated from tumor-bearing mice (U87-Luc) 6 h after the administration of free A8 and ApoE-Lipo@A8 (Ex = 640 nm; Em = 760
nm). The fluorescence intensities of all organs were normalized to that of the heart. Fluorescence images (f) and fluorescence intensities (g, mean
+S.D., n=3, ¥**p <0.001) of brains harvested from tumor-bearing mice (U87-Luc) 6 h after the administration of free A8 and ApoE-Lipo@A8 (Ex
=640 nm; Em =760 nm). The bottom row in (f) shows bioluminescence images of U87-Luc orthotopic xenografts. Fluorescence images (h) and
the fluorescence intensity histogram (i, mean + S.D., n = 3, **p < 0.01) of brains isolated from U87-Luc or hERG-U87-Luc tumor-bearing mice
48 h after the administration of ApoE-Lipo@A8 (Ex = 640 nm; Em = 760 nm). The fluorescence intensity of the hERG-U87-Luc group was

normalized to the U87-Luc group.

accumulation of ApoE-Lipo@A8. Despite the higher levels of
lung accumulation, hematoxylin and eosin (H&E) staining of
lung tissue following a single ApoE-Lipo@A8 treatment cycle
revealed no discernible histopathological abnormalities, sug-
gesting a favorable pulmonary tolerability profile (SI Fig. S9). To
further validate whether the probe can be used for the in vivo
imaging of hERG potassium channels, an orthotopic brain
tumor model was established using hERG-U87 cells. As depic-
ted in Fig. 5h and i, strong fluorescence intensity was observed
in tumors with high hERG expression, suggesting that probe A8
can effectively bind to hERG channels and be used for their
imaging in vivo.

In vivo antitumor effects of ApoE-Lipo@A8

As ApoE-Lipo@AS8 can efficiently accumulate in GBM tumors,
the antitumor efficacy of ApoE-Lipo@A8 was next evaluated in
orthotopic U87 MG-Luc GBM xenografts (Fig. 6a). 10 days after
tumor implantation, the tumor-bearing nude mice were
randomly divided into two groups. They were treated with PBS
(control group) and ApoE-Lipo@A8 (dose: 3 mg kg '),

21970 | Chem. Sci., 2025, 16, 21962-21974

respectively. ApoE-Lipo@A8 was administered via tail vein
injection every other day for a total of five doses. Then, tumor
growth was monitored by in vivo bioluminescence imaging and
quantified based on relative photon flux. As shown in Fig. éc,
d and f, ApoE-Lipo@AS8 effectively inhibited intracranial tumor
growth. After finishing the treatment cycle, the mice were
euthanized, and their brains and major organs were harvested.
Hematoxylin and eosin (H&E) staining analysis of the harvested
brains confirmed that the ApoE-Lipo@A8 treatment group
achieved effective tumor suppression with reduced tumor
volume compared with the PBS group (Fig. 6e). TUNEL assay
and Ki-67 staining analysis of the tumor tissues showed that
ApoE-Lipo@A8 liposomes significantly induced tumor cell
apoptosis and inhibited tumor cell proliferation (Fig. 6h and i).
More importantly, Kaplan-Meier survival curves showed that
ApoE-Lipo@A8 markedly increased the survival times of mice,
with a median survival time of 48 d, twice that of the PBS group
(Fig. 6g).

Safety is a critical consideration for the clinical use of drugs,
which must demonstrate not only strong therapeutic efficacy

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05222j

Open Access Article. Published on 20 October 2025. Downloaded on 4/2/2026 2:06:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science

a . o o b

¢y, Establish %% o, 120
0 orsthaot;of)ic 1 Drug treatment for five times 1
tumor model f 90 E }
/ i.v. injection - PBS

l l l l l ApoE-Lipo@A8

14d 16d

Survival assessment

Histological examination
f (HE, Ki67, TUNEL)

T T
10 12 14 16 18 20 22
60d
Post-implantation (days)

Body weight (%)
3

—

0d 10d 12d

18d 20d

T TR
T
| FIEEEAERES

-~ PBS
= ApoE-Lipo@A8

ApoE-Lipo@A8 20

High 15

][ 10
! . - . ; | = |
/ i v1 0 1‘2 1‘4 1‘6 1‘8 2‘0 2‘2
Post-implantation (days)

] « x PBS ApoE-Lipo@A8

i TUNEL(Green)

2 . :‘
L—“
.
S
Relative Photon Flux
CJ

|

]

p——

L“

l [}

L—“

P
HE

[S—

210~
1804 _ 1607 _ pps __ 4007 apoE-Lipo@ns
X [ . (] %) c
= 150 2 — ApoE-Lipo@A8 s om =
§ 10 2 1201 o a g
5 120 (7] £
E 5 &
£ 90 > 809 %
5 = @ © ®
g 60 % 404 é) < t
- g S ©) ©
307 . & g1 8 T
o - |
0- 0 T T T T T 1 w "
& W® 0 10 20 30 40 50 60 S o 0 053 24
< ,Q°© Days < 2 Times (h)
v
&
2
IS

Fig. 6 The in vivo antitumor activity of ApoE-Lipo@A8. (a) The experimental setup for the treatment of GBM tumors with ApoE-Lipo@A8. Nude
mice were orthotopically implanted with U87 glioblastoma cells. From the 10th day after tumor implantation, ApoE-Lipo@A8 was administered
via the tail vein every other day for a total of five doses. After one cycle of treatment was completed, mice were euthanized and tumor tissues
were isolated for further H&E, Ki67 and TUNEL staining analysis. (b) The bodyweight changes of mice treated with vehicle (PBS) or ApoE-Lipo@A8
over the treatment period; data are shown as mean + S.D. values (n = 5). (c) Representative bioluminescence images of glioblastoma orthotopic
xenografts at each treatment point. (d) The tumor size changes of mice treated with vehicle (PBS) or ApoE-Lipo@A8 over the treatment period.
Tumor sizes were reflected by the bioluminescence intensities of orthotopic xenograft tumors and plotted relative to the baseline biolumi-
nescence on the 10th day. Data are shown as mean + S.D. values (n = 5). (e) Representative HGE staining results of brain tissues excised from
vehicle (PBS)- or Apo-Lipo@A8-treated mice. (f) The tumor inhibition rate after finishing one cycle of treatment with ApoE-Lipo@A8 (mean +
S.D..n=5); ¥**p < 0.01. The tumor size of the vehicle (PBS) group was plotted as 1. (g) Survival statistics of mice after one treatment cycle. ApoE-
Lipo@A8 treatment can significantly increase the survival rate of tumor-bearing mice. (h) Representative immunohistochemical staining of Ki-67
in tumor tissues excised from vehicle (PBS)- or ApoE-Lipo@A8-treated mice; scale bar: 100 um. (i) Representative apoptotic staining images
(TUNEL, scale bar: 20 um) of tumor tissues that were excised from vehicle (PBS)- or ApoE-Lipo@A8-treated mice. (j) Heart rate changes over 24
hours after the administration of ApoE-Lipo@A8.

but also minimal toxicity. During the treatment period, there
were no significant changes in the body weights of mice
(Fig. 6b), and other abnormal symptoms also did not appear,
suggesting that drug treatment did not cause adverse effects. To
further investigate the safety of the drug, H&E staining of the
major organs was carried out. The results showed that ApoE-
Lipo@A8 had no significant toxic side effects on the heart,
liver, spleen, lungs, and kidneys after one treatment cycle (SI
Fig. S9). Therefore, the liposome ApoE-Lipo@AS$ has low toxicity

© 2025 The Author(s). Published by the Royal Society of Chemistry

when applied in the treatment of GBM tumors. Moreover, heart
rates were monitored for 24 hours after ApoE-Lipo@AS8
administration, and no acute abnormalities in heart rate were
observed, indicating low cardiac toxicity (Fig. 6j).

Conclusions

In this study, we developed a novel near-infrared fluorescent
probe A8 targeting the hERG channel. The results of radioligand
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competitive binding assays and patch clamp experiments
showed that probe A8 exhibited high binding affinity towards
the hERG channel with IC5, values of 3.62 nmol and 0.37 uM,
respectively. Using this probe, the therapeutic and imaging
potential of the hERG channel for glioblastoma was systemati-
cally explored.

After a series of evaluations, it was found that suppressing
the hERG channel using A8 can induce significant tumor
suppression activity at the molecular, cellular and in vivo levels.
The survival rates of mice bearing orthotopic GBM xenografts
were greatly improved after treatment with A8 compared with
the control group. It is worth noting that to achieve the in vivo
application of A8, probe A8 was encapsulated into a novel ApoE-
modified liposome, ApoE-Lipo@A8, which incorporated brain
vascular endothelial cell-targeting peptide ApoE-modified
DSPE-PEG2000, DSPE-PEG2000 and DSPE-PEOz. Subsequent
in vivo fluorescence imaging with A8 confirmed that this
delivery system effectively helped A8 to better penetrate the
blood-brain barrier and accumulate at the tumor site compared
to the free A8 probe after intravenous injection. Meanwhile,
both free A8 and ApoE-Lipo@A8 exhibited a low cardiac distri-
bution, suggesting potentially reduced cardiotoxicity, which is
very important for hERG channel inhibitors for cancer therapy.
Moreover, no abnormalities in heart rate were observed after
treatment with ApoE-Lipo@AS8. This may provide a convenient
formulation method to address the challenges faced by hERG
channel inhibitors for GBM treatment (the blood-brain barrier
and cardiac toxicity). Additionally, unbiased omics studies also
unveiled a novel molecular mechanism underlying the anti-
tumor effects of hERG channel inhibition, including inhibiting
the CDK2-pRB-E2F and Fanconi anemia signaling pathways and
triggering ER-stress-dependent apoptosis and autophagy. This
valuable pharmacological information relating to A8's action in
glioblastoma cells may aid further drug development of hERG
channel inhibitors for cancer therapy.

Probe A8 can selectively label the hERG channel based on the
ACQ (aggregation-caused quenching) effect, and it can be used
for hERG channel imaging at cellular and in vivo levels, and
further for GBM tumor imaging. In a previous study, Li's and
Wang's groups developed a series of hERG channel probes
using a PET (intramolecular photoinduced electron transfer),
environment-sensitive, AIE or molecular-rotation fluorescence
turn on mechanism.***® However, the fluorescence emission
wavelengths of these probes were short, and they were only used
for cellular imaging of the hERG channel. This is the first time
exploring the in vivo imaging of the hERG channel using
a fluorescent probe.

In conclusion, our study developed a novel near-infrared
hERG channel probe A8 with lower toxicity that can be used
for GBM therapy and imaging. This work established a prom-
ising strategy for GBM therapy and imaging, which would
promote the development of the hERG channel as a cancer
therapeutic target. Meanwhile, the hERG potassium channel is
implicated in multiple signaling pathways, and hERG innerva-
tion by probe A8 also holds great potential for combination
therapies with other treatment methods, such as immuno-
therapy, radiotherapy, or targeted agents, to overcome the
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therapeutic resistance or heterogeneity of GBM, ultimately
improving patient outcomes.
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