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Targeted blood-brain barrier penetration
and precise imaging of infiltrative
glioblastoma margins using hybrid cell
membrane-coated ICG liposomes
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Abstract

Surgical resection remains the primary treatment modality for glioblastoma (GBM); however, the infiltrative nature
of GBM margins complicates achieving complete tumor removal. Additionally, the blood-brain barrier (BBB) poses
a formidable challenge to effective probe delivery, thereby hindering precise imaging-guided surgery. Here, we
introduce hybrid cell membrane-coated indocyanine green (ICG) liposomes (HM-Lipo-ICG) as biomimetic near-
infrared (NIR) fluorescent probes for targeted BBB penetration and accurate delineation of infiltrative GBM margins.
HM-Lipo-ICG encapsulates clinically approved ICG within its core and utilizes a hybrid cell membrane exterior,
enabling specific targeting and enhanced BBB permeation. Quantitative assessments demonstrate that HM-Lipo-
ICG achieves BBB penetration efficiency 2.8 times higher than conventional ICG liposomes. Mechanistically, CD44
receptor-mediated endocytosis facilitates BBB translocation of HM-Lipo-ICG. Furthermore, HM-Lipo-ICG enables
high-contrast NIR imaging, achieving a signal-to-background ratio of 6.5 in GBM regions of an orthotopic glioma
mouse model, thereby improving tumor margin detection accuracy fourfold (84.4% vs. 22.7%) compared to
conventional ICG liposomes. Application of HM-Lipo-ICG facilitates fluorescence-guided precision surgery, resulting
in complete resection of GBM cells. This study underscores the potential of hybrid cell membrane-coated liposomal
probes in precisely visualizing and treating infiltrative GBM margins.

Introduction

Glioblastoma (GBM) is a primary brain tumor charac-
terized by exceptionally high malignancy, mortality, and
recurrence rates, invariably associated with a poor prog-
nosis [1]. Despite various treatment modalities such as
radiotherapy, chemotherapy, and immunotherapy, sur-
gical resection remains the preferred and most effective
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visualization of the infiltrative tumor margin [4, 5]. Cur-
rently, intraoperative optical technologies, including
exoscopy, fluorescence [6, 7], and Raman spectroscopy
[8-10], have emerged as promising approaches to detect-
ing and localizing the invasive margin of GBM [3, 11].
In particular, the fluorophore indocyanine green (ICG)
offers the advantage of fluorescence imaging in the near-
infrared (NIR) window, allowing visualization of tumor
margins [12, 13]. However, ICG faces challenges related
to its inefficient blood-brain barrier (BBB) penetration,
limited tumor targeting, and short half-life in the circu-
latory system [14, 15], which restrict its applicability for
precise visualization of tumor margins in GBM.
Liposomes, serving as clinically used drug delivery
systems [16], have demonstrated the ability to raise the
stability and prolong the systemic circulation half-life of
ICG [17-19]. Additionally, liposome-encapsulated ICG
(Lipo-ICG) not merely sustains the metabolic pathway of
ICG but also shows potential application in clinical prac-
tice [20]. With the innate ability to passively target tumor
regions through the enhanced permeability and reten-
tion (EPR) effect, Lipo-ICG exhibits enhanced accumula-
tion of ICG at tumor sites [21]. Furthermore, the bilayer
molecular membrane structure of liposomes offers the
prospect of spontaneous fusion with cell membranes [18,
21, 22]. These properties endow liposomes with natural
biological functionalities and targeting capabilities [23],

but they also suffer from limited temporal colloidal sta-
bility, uncontrolled release, and the need for custom-syn-
thesized phospholipids.

The advent of the biomimetic approach proposed by
Zhang et al. [24]. has driven the application of cell mem-
brane-camouflaged nanoparticles in various tumor mod-
els [25, 26], improving the diagnosis and treatment of
GBM [27-29]. Biomimetic nanoprobes based on cancer
cell membranes exhibit exceptional homotypic binding,
BBB penetration [30], and immune escape functional-
ities [31]. However, the inherent complexity of tumor
characteristics renders monotypic cell membranes insuf-
ficient to meet the diverse and stringent requirements
of biomedical applications. The emerging hybrid cell
membrane (HM) coating approach has paved the way for
addressing these specific applications, acquiring func-
tionalities from both source cell membranes [32, 33].
This unique design not only retains the physicochemical
features of the nanoparticle but also achieves homotypic
targeting coupled with exceptional long-term circulation
performance [34]. Studies with specific cancer cell types,
such as B16F10 (murine melanoma cells), have demon-
strated the potential to cross the BBB due to their high
metastatic ability to the brain [35-38]. Theoretically, an
elaborately designed HM holds the promise of simulta-
neously utilizing two biological functions—BBB penetra-
tion and GBM targeting—derived from the constituent
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cell membranes [39]. This custom dual-functional liposo-
mal probe, modified with a fusion cell membrane, holds
the potential for the precise visualization of infiltrative
margins of GBM.

Herein, we propose an HM-camouflaged ICG lipo-
some, termed HM-Lipo-ICG, which possesses both the
physical and chemical functions of the nanocarrier itself
and the cell membranes’ biological functionalities. The
HM consists of B16F10 cell membrane (BM) and G422
(glioblastoma cell, GM) cell membranes, imparting out-
standing BBB-crossing ability and homologous tumor-
targeting capabilities from their source cell membranes
(Scheme 1). By utilizing the NIR fluorescence of ICG, the
constructed HM-coated liposomes achieve more effec-
tive and precise visualization of the infiltrative margin
of GBM as compared with Lipo-ICG. The application
of these nanoprobes enables the image-guided maximal
resection of orthotopic glioma. This innovative strategy
holds the potential to enhance precise tumor lesion visu-
alization and minimize residual margins in GBM, thereby
mitigating postoperative recurrence and extending sur-
vival for patients with GBM.

Results and discussion

Preparation and characterization of HM-Lipo-ICG
Lipo-ICG was prepared using a thin-layer hydration
method [22, 40]. Cell membranes from B16F10 and
G422 GBM cells were isolated and integrated into Lipo-
ICG through continuous physical extrusion, resulting in
the formation of HM-Lipo-ICG [24, 41]. Transmission
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electron microscopy (TEM) images revealed uniform
spherical shapes with nanoshells of a protein corona in
HM-Lipo-ICG, contrasting with Lipo-ICG, confirming
successful membrane integration (Fig. 1A, B). Dynamic
light scattering (DLS) measurements indicated a smaller
hydrated dynamic size for HM-Lipo-ICG (98.8+0.8 nm,
PDI=0.145) compared to Lipo-ICG (117.6+4.6 nm,
PDI=0.191), attributed to physical compression during
membrane modification (Fig. 1C, Fig. S1). HM-Lipo-
ICG maintained stable hydrodynamic size in water,
phosphate-buffered solution (PBS), and 10% fetal
bovine serum (FBS) over 10 days, demonstrating excel-
lent stability (Fig. S2). The zeta potential of HM-Lipo-
ICG (-36.311.0 mV) was higher than that of Lipo-ICG
(-45.6+£0.4 mV) (Fig. S3), indicating surface potential
alteration due to membrane incorporation (-37.3%+2.9
mV). SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) confirmed the presence of primary protein bands
from B16F10 and G422 cell membranes in the HM-Lipo-
ICG band (Fig. 1D), verifying successful membrane
fusion. Furthermore, dual-channel fluorescence micros-
copy of FITC and Cy5 dye-labeled membranes showed
high overlap in HM-Lipo-ICG aggregates (Fig. 1E), con-
firming successful co-modification. The encapsulation
efficiency and the loading capacity of ICG in HM-Lipo-
ICG were calculated to be 77.6+3.7% and 3.7% + 0.2%,
respectively.

The photophysical properties of HM-Lipo-ICG were
investigated. UV-vis-NIR absorption and fluorescence
spectra were similar to free ICG (Fig. 1F, G), indicating
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Scheme 1 Schematic depiction of the preparation process for HM-Lipo-ICG and its utilization in NIR fluorescence imaging of GBM-bearing mice, encom-
passing tumor margin delineation and guidance for surgical resection. Image was created with BioRender.com, with permission
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Fig. 1 Characterization of HM-Lipo-ICG. a) TEM images of Lipo-ICG and b) HM-Lipo-ICG. Samples were negatively stained with phosphotungstic acid.
Insets display a magnified view of a single liposome. Scale bar =100 nm. c¢) Hydrodynamic diameter of Lipo-ICG and HM-Lipo-ICG measured by DLS. d)
SDS-PAGE protein analysis of marker, B16F10 cell membrane (BM), G422 cell membrane (GM), and HM-Lipo-ICG. e) Fluorescence microscopy images of
HM-Lipo-ICG aggregates with FITC-labelled B16F 10 cell membrane (red) and Cy5-labelled G422 cell membrane (green). Scale bar =10 yum. HM-Lipo-ICG
with 50 ul at a concentration of 0.1 mg/mL was added dropwise to slides and allowed to dry at room temperature under light-protected conditions. f)
Normalized absorption spectra and g) fluorescence spectra of free ICG and HM-Lipo-ICG. Cieg = Ciyy_(jpo-icq = 20 pg/mL

no chemical alteration due to the hybrid membrane
coating strategy [19]. However, an absorption peak red-
shift from 780 nm to 803 nm (Fig. 1F) and a fluorescence
intensity redshift from 804 nm to 814 nm (Fig. 1G) was
observed, attributed to free ICG encapsulation in the
liposome’s hydrophilic core.

Optical stability assessment showed a significant
improvement in HM-Lipo-ICG, with only a 20% reduc-
tion in fluorescence intensity compared to a 65%
reduction in free ICG after 6 days of storage (Fig. S4),
highlighting enhanced stability conferred by liposomal
encapsulation.

In Vitro targeted BBB penetration of HM-Lipo-ICG

The CD44 protein on the surface of B16F10 cells [42, 43]
can specifically interact with the hyaluronic acid (HA) on
the surface of bEnd.3 cells [36, 44]. Therefore, the CD44
marker on the HM-Lipo-ICG was further detected by
western-blotting(WB) measurements. The expression
of CD44 in both the BM-Lipo-ICG and HM-Lipo-ICG
(Fig. S5) was detected, suggesting that the HM-Lipo-ICG
inheritated the marker proteins from source cells.

We hypothesized that Lipo-ICG modified with B16F10
cell membranes would enhance cellular uptake, thereby
promoting HM-Lipo-ICG’s ability to cross the BBB via
receptor-mediated endocytosis [44]. To investigate this,
we first assessed the uptake of HM-Lipo-ICG by bEnd.3
cells using confocal fluorescence imaging and flow
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cytometry. Results indicated a higher ICG fluorescence
signal in the HM-Lipo-ICG-treated group compared to
the Lipo-ICG-treated group. Conversely, in the CD44
antibody-blocked group, the ICG signal in bEnd.3 cells
was significantly reduced compared to the HM-Lipo-
ICG-treated group (Fig. 2A). Flow cytometry quantitative
analysis revealed that the mean fluorescence intensity of
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the HM-Lipo-ICG-treated group was 1.5 times higher
than that of the Lipo-ICG-treated group and 1.4 times
higher than that of the CD44 antibody-blocked group
(Fig. 2B, C). This result indicates that fusion cell mem-
brane modification enhances the uptake efficiency of
Lipo-ICG by bEnd.3 cells, and this enhancement is
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Fig. 2 In vitro evaluation of HM-Lipo-ICG for crossing the BBB. a) CLSM images of bEnd.3 cells incubated for 4 h with Lipo-ICG, HM-Lipo-ICG NPs, and
HM-Lipo-ICG NPs pre-blocked with CD44 antibody. Ccq = Ciips-icc = Cim-tipo-ice = 20 Hg/mL. The cell nuclei were stained by DAPI. Scale bar =10 pm.
b) Flow cytometry quantification of bEnd.3 cell uptake of Lipo-ICG, HM-Lipo-ICG, and HM-Lipo-ICG following CD44 antibody blocking. ¢) Quantitative
analysis of the average fluorescent intensity of ICG in Fig. 2B. Data denote mean +s.d, s P <0.001, n= 3. d) Schematic of the in vitro Transwell model. The
inset illustrates the mechanism by which HM-Lipo-ICG crosses the BBB through receptor-mediated endocytosis. e) Quantitative analysis of the ability of
Lipo-ICG, HM-Lipo-ICG and HM-Lipo-ICG pre-blocked with CD44 antibody to traverse the in vitro BBB model (n=3). The amount of ICG in the upper and
lower chambers was measured and calculated using a linear standard curve
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closely related to the specific interaction between the HA
on bEnd.3 cells and CD44 on B16F10 cell membranes.

Next, an in vitro BBB Transwell model [44] was estab-
lished using bEnd.3 cells to preliminarily evaluate the
ability of HM-Lipo-ICG to traverse the BBB (Fig. 2D).
The trans-endothelial electrical resistance (TEER) of the
BBB Transwell model was measured to confirm model
reliability (data not shown). Results showed that the
relative proportion of ICG in the apical chamber of the
HM-Lipo-ICG-treated group (80.8%) was lower than
that of the Lipo-ICG (100%) and CD44 blocking groups
(91.2%) (Fig. 2E). Conversely, the proportion of ICG in
the basolateral chamber of the HM-Lipo-ICG-treated
group (19.2%) was higher than that of the Lipo-ICG (0%)
and CD44 blocking groups (8.8%) (Fig. 2E). This confirms
that fusion cell membrane significantly enhances the abil-
ity of Lipo-ICG to traverse the in vitro BBB.
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Homotypic targeting of HM-Lipo-ICG to glioma cells in
Vitro
Before assessing the homologous targeting performance
of HM-Lipo-ICG, its cytotoxicity to G422 GBM cells and
bEnd.3 cells was evaluated using the Cell Counting Kit-8
(CCK-8) assay (Fig. S6). The results demonstrated that
HM-Lipo-ICG exhibits high cell viability even at an ICG
concentration of 40 pg/mL, which is eight times higher
than the concentration used for in vivo imaging [45]. This
finding underscores the favorable cellular biocompatibil-
ity of HM-Lipo-ICG, confirming its suitability for safe
use in both tumor imaging and therapeutic applications.
Next, the homologous targeting efficacy of HM-Lipo-
ICG to G422 GBM cells was investigated using confocal
laser scanning microscopy (CLSM) and flow cytometry.
HM-Lipo-ICG, Lipo-ICG, BM-Lipo-ICG, and GM-Lipo-
ICG were incubated with G422 cells for 2 h, followed by
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Fig. 3 Uptake of HM-Lipo-ICG by G422 glioma cells. a) Schematic of G422 glioma cell uptake of Lipo-ICG, BM-Lipo-ICG, GM-Lipo-ICG, and HM-Lipo-ICG.
Image was created with BioRender.com, with permission.b) CLSM images of G422 glioma cells incubated with Lipo-ICG, BM-Lipo-ICG, GM-Lipo-ICG, and
HM-Lipo-ICG for 2 h. Cell nuclei were stained with DAPI. C¢ = 20 pg/mL. Scale bar =10 pm. ¢) Flow cytometry analysis of G422 cell uptake of Lipo-ICG,
BM-Lipo-ICG, GM-Lipo-ICG, and HM-Lipo-ICG. d) Mean fluorescence intensity of ICG in G422 glioma cells treated with Lipo-ICG, BM-Lipo-ICG, GM-Lipo-
ICG, and HM-Lipo-ICG for 2 h (n=3) in Fig. 3C. ns, *, *x, and s represent no statistical difference, P<0.05, P<0.01, and P<0.001, respectively
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fixation and DAPI staining (Fig. 3A). The results showed
a distinct fluorescent signal from ICG (shown in red) in
the HM-Lipo-ICG-treated and GM-Lipo-ICG-treated
groups, indicating a significant increase in cellular uptake
by G422 cells (Fig. 3B). This observation underscores the
commendable self-recognition capacity of HM-Lipo-ICG
and GM-Lipo-ICG towards homologous cells, a crucial
aspect for achieving targeted cancer cell capabilities [46,
47]. Quantitative analysis by flow cytometry revealed that
the average fluorescence intensity in HM-Lipo-ICG and
GM-Lipo-ICG-treated cells exceeded that in Lipo-ICG-
treated G422 cells by a factor of 1.5 (Fig. 3C and D). This
further substantiates that HM-Lipo-ICG and GM-Lipo-
ICG, by inheriting cell membrane proteins from G422
cells, efficiently enter glioma sites through homologous
targeting.

Additionally, to comprehensively evaluate the perfor-
mance of HM-Lipo-ICG in a realistic GBM brain condi-
tion, an in vitro BBB model was established by seeding
endothelial cells in the upper chamber and GBM cells in
the lower chamber (Fig. S7A). Subsequently, HM-Lipo-
ICG, GM-Lipo-ICG, and Lipo-ICG were separately intro-
duced into the upper chamber to assess their ability to
penetrate the BBB and be taken up by glioma cells using
confocal laser scanning microscopy (CLSM). The results
obtained from CLSM imaging (Fig. S7B) and quantitative
analysis (Fig. S7C) demonstrated that the group treated
with HM-Lipo-ICG exhibited superior BBB penetra-
tion and active-targeting capabilities compared to both
the GM-Lipo-ICG-treated group and Lipo-ICG-treated
group. These findings highlight that through modifica-
tion with homologous cell membrane, hybrid cell mem-
brane camouflaged Lipo-ICG demonstrates excellent
tumor targeting abilities after crossing the BBB (Fig. S7).

Finally, to assess whether the coating of tumor cell
membranes protects against phagocytosis by mac-
rophages, the cellular uptake of HM-Lipo-ICG by
RAW?264.7 cells was investigated using CLSM and flow
cytometry. The results revealed that Lipo-ICG-treated
cells exhibited increased red luminescence, whereas
HM-Lipo-ICG-incubated cells showed a 1.5-fold reduc-
tion in intracellular fluorescence (Fig. S8). This suggests
that only a minimal number of cell membrane-coated
liposomes are internalized by RAW264.7 macrophages,
underscoring the enhanced phagocytosis-evading capa-
bilities conferred by the biofunctional properties inher-
ited from the source cancer cells [46, 48].

In Vivo targeted BBB penetration of HM-Lipo-ICG

Encouraged by the successful traversal of the in vitro
Transwell BBB by HM-Lipo-ICG, we further evalu-
ated the ability of HM-Lipo-ICG to penetrate the BBB
and enter brain tissue in a normal mouse model using
NIR fluorescence imaging. Four different liposomal
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formulations, including HM-Lipo-ICG, Lipo-ICG,
GM-Lipo-ICG, and BM-Lipo-ICG, were administered via
intravenous injection (1.0 mg/kg per mouse), and real-
time NIR fluorescence imaging was performed at various
time points. As illustrated in Fig. 4A, the groups injected
with Lipo-ICG and GM-Lipo-ICG exhibited minimal
fluorescence signals in the brain regions of healthy mice.
In stark contrast, the groups receiving BM-Lipo-ICG
and HM-Lipo-ICG showed significantly higher fluores-
cent signals, confirming that the use of metastatic cancer
cell membrane camouflage conferred exceptional BBB
permeability to the liposomes, allowing them to pen-
etrate the brain even when the BBB was intact. Quan-
titative analysis revealed that, at 6 h post-injection, the
fluorescence intensity in the brains of mice treated with
HM-Lipo-ICG and BM-Lipo-ICG was approximately
2.8 times higher compared to those treated with Lipo-
ICG and GM-Lipo-ICG (Fig. 4B). No statistically signifi-
cant difference in fluorescence intensity was observed
between the Lipo-ICG and GM-Lipo-ICG groups, nor
between the BM-Lipo-ICG and HM-Lipo-ICG groups.
These findings suggest that cell membrane-coated bio-
mimetic liposomes derived from brain metastatic cancer
cells retain the functional properties of the original cell
membrane, thus enhancing their BBB penetration capa-
bilities. Additionally, ex vivo imaging of dissected brains
corroborated the in vivo results, showing substantial flu-
orescent signals in the BM-Lipo-ICG and HM-Lipo-ICG
groups (Fig. 4C).

In vivo imaging of infiltrative tumor margins
The G422 orthotopic glioma mouse model was estab-
lished using methods previously described by our group
[22]. This model was utilized to evaluate the in vivo and
microscopic near-infrared (NIR) fluorescence imaging
capabilities of HM-Lipo-ICG for visualizing tumor mar-
gins (Fig. 5A). Luciferase-stably transfected G422 cells
exhibited strong bioluminescent signals in the mouse
brain 9 days post-establishment (Fig. 5B and Fig S9). Gad-
olinium-based T1-weighted contrast-enhanced magnetic
resonance imaging also delineated the brain tumor region
in vivo (Fig. 5C). Furthermore, histopathological analysis
of whole brain tissue from model mice using hematoxy-
lin and eosin (H&E) staining revealed areas of infiltrative
tumor margins within the brain tissue (Fig. 5D). These
findings collectively confirm the successful establishment
of an infiltrative GBM orthotopic mouse model.
Subsequently, the in vivo NIR fluorescence imaging
capability of HM-Lipo-ICG for visualizing infiltrative
tumor margins was assessed using the IVIS imaging sys-
tem. Following intravenous injection of HM-Lipo-ICG
(1.0 mg/kg per mouse), NIR fluorescence imaging was
performed at various time points (Fig. 5E). The results
demonstrated progressive fluorescence signals within the
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Fig. 4 HM-Lipo-ICG crossing the BBB in normal mice. a) NIR fluorescence imaging of normal mouse brains at various time points following intravenous
injection of HM-Lipo-ICG at a dose of 1.0 mg/kg. b) Quantitative analysis of fluorescence intensity in mouse brains from Fig. 4A. n=3. ¢) Ex vivo NIR fluo-
rescence images of brain tissue from different treatment groups 6 h post-intravenous injection

brain tumor region in the HM-Lipo-ICG, BM-Lipo-ICG,
and GM-Lipo-ICG treatment groups, peaking at 6 h post-
injection before gradually declining. In contrast, mini-
mal fluorescence was observed in the Lipo-ICG-treated
group within the mouse brain. Quantitative analysis indi-
cated that at 6 h post-injection, fluorescence intensity
at the tumor sites of BM-Lipo-ICG and HM-Lipo-ICG-
treated mice was approximately 1.4-fold and 1.9-fold
higher, respectively, compared to Lipo-ICG-treated
mice (Fig. 5F). Following Fig. 4A, the peak accumulation
of HM-Lipo-ICG in the targeted tumor regions is indi-
cated by the highest fluorescence intensity observed at
6 h post-injection. The decline in fluorescence intensity
over time can be attributed to a combination of liposome
clearance through lymphatic and circulatory systems,
metabolic degradation, and potential cellular uptake.
HM-Lipo-ICG enabled high-contrast NIR imaging with a
signal-to-background ratio of 6.5 in GBM regions within
the orthotopic glioma mouse model. Ex vivo imaging of
brain tissues from different treatment groups corrobo-
rated the in vivo fluorescence imaging results (Fig. 5G),
confirming the superior homotypic targeting ability of
G422 glioma cell membrane-camouflaged liposomes.

Importantly, fluorescence intensity in gliomas of the
HM-Lipo-ICG-treated group was significantly greater
than in the GM-Lipo-ICG and BM-Lipo-ICG-treated
groups, underscoring that HM-Lipo-ICG nanoparticles
effectively traverse the BBB surrounding emerging glio-
mas and exhibit specific tumor-targeting capabilities.
Additionally, NIR fluorescence microscopic imaging
of HM-Lipo-ICG was employed to delineate infiltrative
tumor margins in frozen sections of brain tissues. For
this purpose, RFP-transfected G422 (RFP-G422) cells
were used to establish orthotopic glioma mouse mod-
els. As depicted in Fig. 5H, brain tissue sections from the
HM-Lipo-ICG-treated group showed complete overlap
between red fluorescence emitted by glioma cells and
green fluorescence emitted by ICG. In contrast, green
fluorescence of ICG in the GM-Lipo-ICG-treated group
did not fully correspond with red fluorescence at glioma
margins, indicating that liposomes modified with hybrid
cell membranes can more accurately identify infiltrative
glioma margins compared to those modified with single
glioma cell membranes. Further quantitative analysis
(Fig. 51, J) revealed that the agreement between tumor
areas identified by the HM-Lipo-ICG-treated group and
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actual tumor areas was as high as 84.4%, approximately
3.7 times higher than that of the GM-Lipo-ICG-treated
group (22.7%).

Finally, the biodistribution and metabolic pathways
of HM-Lipo-ICG in normal mice were evaluated. Ex
vivo NIR fluorescence imaging (Fig S10) revealed that
6 h post-intravenous injection, HM-Lipo-ICG primarily
accumulated in liver tissue, consistent with findings for
Lipo-ICG, BM-Lipo-ICG, and GM-Lipo-ICG. However,
signal intensity in liver tissue was lower in the HM-Lipo-
ICG-treated group compared to the Lipo-ICG-treated
group, suggesting that cell membrane modification can
reduce reticuloendothelial system (RES) uptake of Lipo-
ICG, thereby enhancing imaging quality.
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Fluorescence image-guided surgical resection of GMB in
vivo

HM-Lipo-ICG demonstrated a remarkable ability to
identify infiltrative tumor margins, highlighting its
potential for guiding fluorescence imaging-directed sur-
gical resection. To assess its applicability in facilitating
precise neurosurgery for GBM, craniotomies were per-
formed with stepwise glioma tissue removal guided by
NIR fluorescence imaging of HM-Lipo-ICG, as depicted
in Fig. 6A. A representative brain bearing GBM was col-
lected 6 h post-injection of HM-Lipo-ICG. The tumor
region, highlighted by a blue circle in Fig. 6C, was
exposed and subjected to sequential resections to excise
GBM tissue. Before initial resection, the tumor protruded
from the brain surface, emitting strong fluorescence sig-
nals (Fig. 6B). Following the first resection, the tumor
mass visibly disappeared under direct observation, yet

Step1 Step 2 Post resection

AT
AR RN

- Resection bed

Fig. 6 In vivo NIR fluorescence imaging-guided glioma surgery in G422 orthotopic glioma models. a) Schematic representation of the stepwise surgical
procedure. b) and ¢) Digital and NIR fluorescence images of the tumor resection site, taken 6 h post-injection of HM-Lipo-ICG nanoparticles. The blue
dashed circle in Fig. 6C delineates the tumor location. The surgery continued until all regions emitting a bright fluorescent signal were completely excised.
d) Quantitative analysis of fluorescence signal intensity in the mouse brain regions in Fig. 6B. ) Representative H&E-stained sections of the resected tumor
tissues following each surgical stage. Scale bar =100 um
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significant fluorescence persisted in the resection bed.
Subsequently, a second resection removed remaining flu-
orescent tissue, creating a small cavity on the brain sur-
face. However, a faint area of residual fluorescence was
detected after the second resection, indicating a residual
tumor in the surgical cavity. Therefore, a third resection
was conducted, resulting in complete disappearance of
fluorescence. Quantitative analysis revealed that stepwise
glioma removal reduced fluorescence at the tumor site
from 80.0 (pre-resection) to 27.4 (first resection), 12.0
(second resection), and ultimately to zero (Fig. 6D). To
validate surgical outcomes, resected tissue was examined
using hematoxylin and eosin (H&E) staining (Fig. 6E).
Initial H&E staining of dissected tumor tissue revealed
a dense population of tumor cells, gradually diminish-
ing with successive resections. Following disappearance
of fluorescence, the resection bed displayed normal brain
tissue. These findings emphasize that HM-Lipo-ICG-
based NIR fluorescence imaging represents a promising
strategy for guiding precise and comprehensive neuro-
surgery, effectively targeting gliomas and delineating
tumor margins.

In vivo toxicity evaluation

The in vivo cytotoxicity of Lipo-ICG, GM-Lipo-ICG,
BM-Lipo-ICG, and HM-Lipo-ICG was rigorously
assessed through a comprehensive analysis of blood bio-
chemistry. Mice treated with PBS as the control. Results
showed that the mice treated with nanoparticles exhib-
ited negligible changes in three key liver function mark-
ers compared to the control group (Fig. S11), including
alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and alkaline phosphatase (ALP). Addition-
ally, routine blood parameters, including red blood cell
(RBC) count, white blood cell (WBC) count, hematocrit
(HCT), mean corpuscular volume (MCV), hemoglobin
(HGB), and platelet count (PLT), showed no significant
differences between groups. These findings underscore
the favorable in vivo biosafety of these nanoparticles,
without inducing distinct liver or renal toxicity. Histo-
pathological examination from H&E-stained slices of
major organs (heart, liver, lung, spleen, and kidney) also
revealed no discernible pathological tissue changes or
damage in the different treated groups compared with
the control group (Fig. S12), indicating the absence of
side effects or toxicities induced by these liposomes or
cell membrane coating. Taken together, these results con-
firm that HM-Lipo-ICG exhibits excellent biosafety and
that the hybrid tumor cell membrane cloaked strategy
did not affect the normal function of the human tissues,
holding significant promise for clinical application.
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Conclusions

In conclusion, our study demonstrates the successful
development of hybrid cell membrane-coated ICG lipo-
somes (HM-Lipo-ICG) for targeted BBB penetration and
precise imaging of infiltrative GBM margins. HM-Lipo-
ICG achieved superior BBB traversal and tumor tar-
geting through CD44 receptor-mediated endocytosis
and homotypic targeting, significantly enhancing the
accuracy of fluorescence-guided surgical resection. The
HM-Lipo-ICG exhibited remarkable stability, biocom-
patibility, and safety, making them a promising tool for
improving GBM surgical outcomes. This biomimetic
approach offers a novel strategy for the precise visualiza-
tion and complete resection of infiltrative tumors, poten-
tially reducing postoperative recurrence and prolonging
patient survival.

Materials and methods

Materials

The lipids 1,2-Dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[amino(polyethylene glycol)] (DSPE-PEG)
were obtained from Avanti Polar Lipids in Alabaster,
Birmingham, AL, USA. Indocyanine green (ICG) was
acquired from Sigma-Aldrich located in St. Louis, MO,
USA. Cell culture reagents such as penicillin-streptomy-
cin, trypsin-EDTA, fetal bovine serum (FBS), phosphate-
buffered saline (PBS), high-glucose DMEM and RPMI
1640 medium were sourced from Gibco at Thermo Fisher
Scientific based in Waltham, MA, USA. The membrane
protein extraction kit, bicinchoninic acid protein assay
kit (BCA) along with phenylmethylsulfonyl fluoride
(PMSE), and the Cell Counting Kit-8 (CCK-8) assay were
supplied by Beyotime Biotechnology situated in Shang-
hai China. All other reagents utilized were of analytical
grade. Reagents for western blotting (WB) tests and his-
tological studies were purchased from Yaenzyme (China).

Cell culture

Mouse-derived melanoma cells (B16F10) were cultured
in RPMI 1640 medium, while mouse-derived glioblas-
toma cells expressing luciferase (G422-Luc) and mouse-
derived macrophage cells (RAW 264.7) were maintained
in high-glucose DMEM medium. All culture media con-
tained 10% fetal bovine serum (FBS) and 1% antibiotics
(100 units/mL penicillin and 100 micrograms/mL strep-
tomycin). The cells were incubated at a temperature of
37 °C with a CO, concentration of 5% in a humidified
environment.

Preparation of HM-Lipo-ICG NPs

Synthesis of Lipo-ICG

A thin-film hydration technique was employed to syn-
thesize Lipo-ICG. Initially, a solution containing 5 mg
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DOPC and 1 mg DSPE-PEG,, (in a molar ratio of 95:5)
was dissolved in chloroform (CHCI;). Subsequently, the
solution underwent rotary evaporation followed by vac-
uum drying for 4 h, resulting in the formation of a thin
lipid film. The dried film was then rehydrated using an
aqueous ICG solution with a concentration of 300 pg/
mL at a weight ratio of 1:40 (ICG to phospholipid). After
rehydration, the mixture experienced five cycles of freez-
ing and thawing, alternating between liquid nitrogen
and a water bath at 65 °C. Finally, the resultant liposo-
mal suspension was extruded through polycarbonate
membranes with pore sizes measuring both 200 nm and
100 nm respectively for a total number of twenty passes
each to obtain Lipo-ICG.

Preparation of the hybrid cell nembranes

The B16F10 and G422 cells were collected and suspended
in a hypotonic lysing buffer containing membrane pro-
tein extraction reagent and phenylmethylsulfonyl fluo-
ride (PMSF). The suspension was then placed in an ice
bath for 15 min and subjected to three cycles of freeze-
thaw technique, involving multiple cycles of freezing and
thawing between a room-temperature water bath (37°C)
and liquid nitrogen. Following this, the cells were centri-
fuged at 700 g for 10 min at 4 °C. The resulting super-
natant was collected and further centrifuged at 14,000 g
for 30 min at -80 °C. The resulting white precipitate was
resuspended in deionized water and stored at -80 °C for
subsequent experiments.

The concentration of BI6F10 and G422 membrane pro-
teins was determined using a protein assay kit. BI6F10
cell membranes were combined with G422 cell mem-
branes in equal weight proportions of membrane proteins
(1:1). These mixed membranes were extruded through a
polycarbonate membrane with pores measuring approxi-
mately 400 nm to create hybrid cell membranes.

To confirm the successful fusion of B16F10 and G422
cell membranes, FITC-labeled B16F10 membranes
and Cy5-labeled G422 membranes respectively under-
went extrusion to fabricate HM-Lipo-ICG which was
then introduced to perfluoropropane followed by vigor-
ous shaking. The labeled B16F10/G422 cell membranes
as well as the hybrid membranes were subsequently
observed using confocal laser scanning microscopy
(CLSM).

The fabrication process of biomimetic HM-Lipo-ICG
involved the application of hybrid membranes (HM) for
coating Lipo-ICG at a weight ratio of 1:300 (protein to
phospholipid). This was achieved by manually extrud-
ing the mixture through polycarbonate membranes with
pore sizes of 200 nm and 100 nm, repeated a total of 11
times.
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Characterization of HM-Lipo-ICG NPs

The hydrodynamic size and zeta potential of the sam-
ples were determined using dynamic light scattering
(Zetasizer Nano ZS, Malvern, United Kingdom), while
transmission electron microscopy (TEM) was utilized
to examine the morphology of the NPs. The encapsula-
tion efficiency (EE) and loading capacity (LC) of ICG
were evaluated by using a UV spectrophotometer (Perki-
nElmer LAMBDA 25, USA). The EE and LC were calcu-
lated as described below (n=3).

Encapsulation Efficiency of ICG (%)
_ ICG encapsulated in HM-Lipo-ICG

(/F
Total ICG added x 100%

Loading capacity of ICG (%)
_ 1CG encapsulated in HM-Lipo- ICG

100%
Weight of HM-LipolCG X 100%

To assess the retention of membrane proteins on
BM-Lipo-ICG, GM-Lipo-ICG, and HM-Lipo-ICG, SDS-
PAGE analysis was performed. Additionally, the western
blotting analysis was conducted to assess the expres-
sion of the CD44 on BM-Lipo-ICG and HM-Lipo-ICG.
The concentration of ICG in the samples was also quan-
tified by measuring absorbance at 792 nm using a UV
spectrophotometer (PerkinElmer LAMBDA 25, USA).
UV-visible-NIR spectra were recorded, and fluorescence
emission spectra were obtained with an excitation wave-
length of 720 nm using a fluorescence spectrophotometer
(F900, Edinburgh Instruments Ltd., UK). Furthermore,
DLS measurements were employed to monitor changes
in diameter as an indicator for assessing stability in water,
PBS, and 10% FBS solutions.

Cellular uptake by flow cytometry and confocal microscopy
The uptake of the nanoprobes was evaluated using
CLSM and flow cytometry. G422, bEnd.3, and RAW
264.7 cells were seeded in 24-well plates with a density
of 1x10° cells per well and incubated for 24 h. Follow-
ing that, the cells were exposed to Lipo-ICG, GM-Lipo-
ICG, and HM-Lipo-ICG at a concentration of 20 pg/mL
for 4 h at a temperature of 37 °C. Subsequently, the cells
were washed with PBS, collected and analyzed using flow
cytometry (APC-A700 channel).

For intracellular distribution and localization of the
nanoprobes, G422, bEnd.3, and RAW 264.7 cells (1x10°
cells per dish) were plated on glass-bottom dishes
(35 mm) dish and cultured at 37 °C for 24 h. Then, the
cells were incubated with the nanoparticles (at an ICG
concentration of 20 ug/mL) for 4 h. After washing with
PBS, and fixing with 4% paraformaldehyde, the cell nuclei
were stained with DAPI for 15 min and imaged using
CLSM (LeicaTCS-SP8STED; Heidelberg Germany).
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In vitro cytotoxicity evaluation

The CCK-8 assay was used to evaluate the cytotoxicity of
Lipo-ICG, GM-Lipo-ICG, BM-Lipo-ICG, and HM-Lipo-
ICG. In brief, cells were cultured in 96-well plates (1x 10*
cells per well) at 37 °C for 24 h. Then, different formula-
tions and concentrations of samples including Lipo-ICG
and BM/GM/HM-Lipo-ICG (with an ICG concentration
of 20 pg/mL) were added to the cells and incubated for
another 24 h at 37 °C. After washing with PBS, CCK-8
reagent (10 uL per every 100 pL of DMEM) was added
to each well. The cultures were further incubated for
an additional 4 hours before measuring the absorbance
value at a wavelength of 450 nm to determine cell viabil-
ity in G422 and bEnd.3 cells.

In vitro BBB model

An in vitro model of the blood-brain barrier (BBB) was
established using bEnd.3 cells in a transwell cell culture
system. Tight junctions were formed by refreshing the
medium every other day. The integrity of the BBB model
was evaluated by measuring transepithelial electrical
resistance (TEER) with a CellZscope system (NanoAna-
lytics, Germany).

Various nanoparticles containing 20 pg/mL of ICG
were introduced into the upper chamber and incubated
for 4 h. Subsequently, the supernatant from the upper
and lower chamber was collected. The distribution and
penetration of nanoparticles across BBB were deter-
mined by quantifying fluorescence intensity of ICG in
each compartment relative to its initial concentration.

Animals and orthotopic glioma model

Female BALB/c nude mice weighing 18-22 g and aged
6—8 weeks were obtained from Beijing Vital River Labo-
ratory Animal Technology Co., Ltd. (China) and housed
in a sterile environment at room temperature, follow-
ing a 12-hour light/dark cycle. They were provided with
unrestricted access to food and water. All animal proce-
dures adhered to the protocols approved by the Animal
Care and Use Committee at the Shenzhen Institutes of
Advanced Technology, Chinese Academy of Sciences.

To establish an intracranial orthotopic glioma model,
G422 cells were injected into the striatum region of
the mice’s brains. The animals were anesthetized using
avertin gas-oxygen-ether anesthesia and secured in a ste-
reotactic frame for precise positioning. Approximately
5.0x10° G422 cells (Luciferase-stably transfected G422
cells or RFP-transfected G422 cells), suspended in 5 pL
of serum-free medium, were implanted into the right
striatum at specific coordinates: right lateral position at
1.0 mm from bregma point, with a depth of insertion set
at 3.25 mm below the brain surface. Glioma growth was
monitored through bioluminescence and fluorescence
imaging.
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In vivo fluorescence imaging in orthotopic glioma

After establishing the orthotopic glioma mouse model
successfully, Lipo-ICG and BM/GM/HM-Lipo-ICG (ICG
concentration: 0.5 mg/kg) were intravenously admin-
istered to the glioma-bearing mice. In vivo fluorescent
images were captured at baseline, 6 h, 8 h, and 12 h
post-injection using the IVIS Spectrum imaging system
(PerkinElmer, United States). Mice were euthanized at
6 h post-injection, and organs (liver, kidney, spleen, heart,
lung) along with brains were harvested for ex vivo fluo-
rescence imaging.

Fluorescence-guided glioma surgery in vivo

At 6 h post-injection of the HM-Lipo-ICG probe, mice
were euthanized, and fluorescence-guided glioma sur-
gery was conducted on an operating platform. The mouse
skin was dissected to fully expose the cranial bone, which
was then carefully separated using forceps to expose the
brain tissue. Before resection, fluorescence imaging was
performed. Initial resection was guided visually, followed
by another round of fluorescence imaging to assess the
surgical bed. Subsequently, a second surgery was con-
ducted based on real-time feedback from the in vivo fluo-
rescence signal at the cutting edge. A third resection was
performed if the fluorescence signal persisted, continuing
until the signal disappearance. Resected tumor samples
and selected surgical bed samples without fluorescence
signal were collected and confirmed via H&E staining.

In vivo safety evaluation

The biosafety of nanoparticles was assessed through a
comprehensive evaluation involving histological stain-
ing, blood routine analysis, and serological tests. BALB/c
mice (n=3) were intravenously administered BM/GM/
HM-Lipo-ICG at a concentration of 1 mg/kg. Mice
treated with PBS served as the control group. Twenty-
four hours post-injection, the animals were euthanized,
and blood samples along with major organs (heart, liver,
spleen, lung, kidney, and brain) were collected for subse-
quent blood tests and histological examination.

Liver and kidney function were evaluated by measuring
key biomarkers: alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), and alkaline phosphatase
(ALP) using a blood biochemistry analyzer. Additionally,
a complete blood count was performed to determine red
blood cell count (RBC), white blood cell count (WBC),
hematocrit (HCT), mean corpuscular volume (MCV),
hemoglobin (HGB), and platelet count (PLT) using an
autoanalyzer.

For histological analysis, major organs were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned.
The sections were stained with hematoxylin and eosin
(H&E) and subsequently examined and imaged using an
optical microscope.
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Statistical analysis

Statistical analysis was performed using SPSS 26 software
(IBM, Endicott, NY). Data were expressed as mean*stan-
dard deviation (SD). Significance between two groups
was evaluated using Student’s t-test. One-way analysis
of variance (ANOVA) was employed for comparisons
among multiple groups. A p-value less than 0.05 was
considered statistically significant (*»<0.05, **»<0.01,
**p<0.005), while “NS” denoted no statistically signifi-
cant difference.
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