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GCN5-targeted dual-modal probe across the
blood-brain barrier for borders display in
invasive glioblastoma

Haiyan Zheng 1,4, Lu Zhang 2,4, Xinning Bai1,4, Jinchao Zhu1,4, Shanshan Liu3,4,
Yao Ke1, Qingyuan Lin1, Yuan Yuan1 & Tianhai Ji 1

Glioblastoma (GBM) is a highly invasive malignancy with a poor prognosis,
primarily attributable to its diffuse infiltration into adjacent brain tissue,
thereby complicating effective surgical resection. Current imaging modalities
often struggle to accurately identify tumor boundaries. Here, we identify
general control non-repressed protein 5 (GCN5) as a promising molecular
target for GBM imaging, as it is expressed in GBM lesions within brain tissue,
and its expression levels are significantly correlated with GBM grading. We
develop a dual-modal probewith a particle size of 20 nm, capable of efficiently
traversing the blood-brain barrier (BBB) to target GCN5 through adsorptive-
mediated transcytosis (AMT). The probe employs dendrimers (Den) as car-
riers, which are loaded with a small molecule inhibitor specifically designed to
target GCN5. This probe enhances the preoperative delineation of GBM
boundaries using magnetic resonance imaging (MRI) and facilitates intrao-
perative fluorescence image-guided surgical procedures. Our work introduces
a promising tool for boundary delineation, offering new opportunities for the
precise resection of GBM.

Glioblastoma (GBM) is themost commonmalignant brain tumor of the
central nervous system, with an incidence rate of 5.8 per 100 000
persons. The five-year survival rate for GBM is below 10%, with the
median survival duration for patients being approximately 14.6
months1,2. Because of the blood–brain barrier (BBB) and the tumor’s
heterogeneity3, GBM is invariably unresponsive to conventional che-
motherapy and radiotherapy, with surgical resection being the best
frontline treatment option. GBM cells infiltrate adjacent brain tissue in
a crab-like fashion, forming networks with tumor micro-vessels
through ultra-long thin protrusions4,5. Consequently, surgeons typi-
cally struggle to distinguish the tumor border from the surrounding
normal brain tissue, resulting in incomplete resection of tumor cells
during surgery6. Within 8–12 months post-surgery, the majority of
GBM typically recur at the edgeof the resectioncavity4. The imperative
for a non-invasive imaging technology capable of precisely delineating

themarginbetweenGBMandnormalbrain tissue for surgical guidance
is therefore unequivocally apparent7.

Magnetic resonance imaging (MRI) using contrast agents is the
preferred method for the preoperative detection of GBM. However,
accurately delineating small GBM lesions remains challenging due to
insufficient sensitivity. While commercially available clinical contrast
agents have enhanced the MRI diagnostic efficiency in many cancer
types, they have shown limited effectiveness in GBM diagnosis due to
restricted BBBpermeability and reduced in vivo circulationdurations8.
Gadolinium (Gd)-based contrast agents have been widely employed in
MRI for the GBMdiagnosis9. Fluorescence image-guided surgery (FGS)
utilizing fluorescent probes such as 5-aminolevulinic acid (5-ALA) and
the US Food and Drug Administration (FDA) approved indocyanine
green (ICG)10–13, has demonstrated improved tumor resection out-
comes during surgery14. The integration of MRI and fluorescence

Received: 21 November 2023

Accepted: 27 February 2025

Check for updates

1Department of Pathology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China. 2Nuclear Medical
Department, Changhai Hospital affiliated to Naval Medical University, Shanghai, China. 3Chenggong Hospital, Xiamen University, Xiamen, China. 4These
authors contributed equally: Haiyan Zheng, Lu Zhang, Xinning Bai, Jinchao Zhu, Shanshan Liu. e-mail: skysea_ji@sina.com

Nature Communications |         (2025) 16:2345 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-1396-4880
http://orcid.org/0000-0003-1396-4880
http://orcid.org/0000-0003-1396-4880
http://orcid.org/0000-0003-1396-4880
http://orcid.org/0000-0003-1396-4880
http://orcid.org/0000-0001-7049-0760
http://orcid.org/0000-0001-7049-0760
http://orcid.org/0000-0001-7049-0760
http://orcid.org/0000-0001-7049-0760
http://orcid.org/0000-0001-7049-0760
http://orcid.org/0000-0003-3995-455X
http://orcid.org/0000-0003-3995-455X
http://orcid.org/0000-0003-3995-455X
http://orcid.org/0000-0003-3995-455X
http://orcid.org/0000-0003-3995-455X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57598-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57598-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57598-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-57598-9&domain=pdf
mailto:skysea_ji@sina.com
www.nature.com/naturecommunications


imaging facilitates the delineation of GBMboundaries for preoperative
localization and image-guided surgical intervention.

Conventional contrast agents exhibited limited BBB permeability
and reduced circulation durations in vivo. Recently, the development
of nanoparticles (NPs) has offered a promising new approach for the
diagnosis and treatment of GBMs, which can be chemically modified
and bio-conjugated with versatile molecules or peptides to improve
BBB penetration, target tumors, and enable multi-modal imaging15,16.
Dendrimer (Den) possesses molecular extensions, functional mole-
cular architecture, and the ability to penetrate the BBB, it is thus
applied in imaging and treatment studies of GBMs17. A straightforward
modification could significantly improve the permeability of Den
across the BBB18.

To enhance the tumor-targeting specificity of imaging probes,
existing biological studies have utilized biomolecules that bind to
tumor-specific biomarkers for the labeling of imaging probes19–21. The
epidermal growth factor receptor (EGFR) is overexpressed in 60–90%
of GBMs22.The EGFR inhibitor Cetuximab has been conjugated with
MRI contrast agents to obtain Fe3O4@Au-C225, shows good targeting
ability on GBM imaging23. The folic acid receptor (FAR) is expressed at
low levels in normal tissues, but is overproduced in brain tumors and
the BBB, and is also used as a marker for GBM imaging24.

We previously demonstrated that lysine acetyltransferase 2 A
(KAT2A, also known as GCN5) is highly expressed in GBM25. In this
context, we utilized multi-omic techniques for an in-depth investiga-
tion and identified that GCN5 is highly expressed in GBMs and is
associated with tumor grading, while it is not expressed in normal
brain tissue. This fully demonstrates the potential of GCN5 as a bio-
marker for the molecular imaging of GBMs.

In this work, we develop an MRI/NIR dual-modal imaging probe,
ICG-Gd-Den @DC-G16-11, achieving precise delineation of the bound-
aries of GBM by targeting GCN5 within the tumor. As a carrier, we
select the PEG-modified dendritic polymer material, Den. Initially, Den
is conjugated with the chelating agent dodecane tetraacetic acid
(DOTA) and subsequentlywith theMRI contrast agent Gdbefore being
linked to the small-molecule inhibitor DC-G16-11, a specific inhibitor
targeting GCN5 with relatively high activity26, and ICG27 to form a dual-
modal probe. This probe possesses a particle size of 20 nm and carries
a positive charge, enabling it to traverse the BBB via the adsorptive-
mediated transcytosis (AMT) pathway28. The dual-modal probe facil-
itates both preoperative MRI and intraoperative NIR fluorescence
imaging, allowing for precise tumor delineation at variou time points.
The probe’s specificity for targeting GBM enhances the specific accu-
mulation of the tumor and prolongs the retention time of the probe
within the tumor, thereby improving imaging effectiveness. This
finding has the potential to aid clinicians in the precise removal of
residual GBM lesions, consequently reducing the rate of postoperative
recurrence.

Results
GCN5 is highly expressed in high-grade gliomas
To identify significant molecular markers for the malignant evolution
of gliomas, we analyzed clinical information and transcript expression
data from 749 glioma cases obtained from the Chinese Glioma Gen-
ome Atlas (CGGA) database. Clustered heatmap analysis revealed that
GCN5 expression was significantly correlated with glioma World
Health Organization (WHO) grade, patient age, and IDH1 mutation
status (Fig. 1a). Differential expression analysis further demonstrated a
positive associationbetweenGCN5expression andgliomamalignancy,
with the highest expression observed in WHO grade IV glioblastomas
(GBMs) (Fig. 1b). This finding suggests that GCN5 might be linked to
glioma proliferation and invasion.

To validate these observations, we first confirmed through wes-
tern blotting and immunofluorescence that GCN5 is widely expressed
in various GBM cell lines, localizing to both the nucleus and cytoplasm

(Supplementary Fig. 1a, c). Functional analysis demonstrated that
overexpression of GCN5 enhances the colony-forming ability of GBM
cells, while its knockdown significantly suppresses this ability, further
supporting its role in GBM proliferation (Supplementary Fig. 1b). To
confirm the actual expression of GCN5 in patients with glioma, we
analyzed 87 glioma samples using tissue microarrays. Immunohis-
tochemistry (IHC) results showed that GCN5 expression was sig-
nificantly increased in GBM tissues compared to lower-grade gliomas
and was localized in the cytoplasm, while it was almost not expressed
in normal brain tissue (Fig. 1c, d). The clinical information of the 87
glioma patients and the expression levels of GCN5 are detailed in
supplementary Tables 1 and 2. Based on these findings, GCN5 is con-
firmed as a potentialmolecular imagingmarker for accurately defining
the boundaries of GBMs.

Construction and characterization of dual-modal probe target-
ing GCN5-overexpressed GBMs
In this study, we utilized PAMAM G2-NH2 dendrimers (Den) to con-
struct the dual-modal probe. Previous study has shown that the posi-
tively charged terminal amines of Den can interact with cellular
membranes, this interaction facilitates cellular entry by forming
nanoscale pores in the cell membrane and can even allow crossing of
the nuclear membrane to access the cell nucleus29,30. Some research
has confirmed that DC-G16-11 efficiently targets GCN5 and is a pro-
mising chemical probe26, with the chemical structure shown in Sup-
plementary Fig. 2. Thus, we modified the Den using polyethylene
glycol (PEG) and conjugated it with contrast agents DOTA-Gd, NHS-
ICG, and DC-G16-11 in turn, producing a dual-modal probe targeting
GCN5 overexpressed GBM for MRI and fluorescent imaging simulta-
neously, named ICG-Gd-Den@DC-G16-11 (Fig. 2a). Afterwards, scan-
ning transmission electronmicroscopy (STEM) demonstrated that the
probes had uniform morphology (Fig. 2b).

To validate element distribution of probe, we further employed
STEM to evaluate the energy distribution of Gd atoms using energy-
dispersive X-ray spectroscopy elemental analysis, and the Gd atoms
were depicted as yellow vector points in Fig. 2c. These yellow vector
points concur with the observed particles in overlap of STEM and ele-
mentalmapping of ICG-Gd-Den@DC-G16-11 (Fig. 2d), emphasizing their
substantial accumulation in the distribution zone of dendritic structure.
The content of Gd ion on per milligram Den was measured about to
74.91 ± 7.18μgmg-1 by ICP-OES. Taken together, we speculated that the
surface of the dendritic probe effectively sequestered Gd ion.

The particle size of probe was about to 19.45 ± 7.76 nm (Fig. 2e),
with a positively charged of 26.04 ± 3.36mV on the surface (Fig. 2f),
and a steady dispersion of the probe in DMEM containing 10% Fetal
Bovine Serum (FBS) to stimulate physiological condition (Fig. 2g). To
confirm the specificity of ICG-Gd-Den@DC-G16-11 for targeting GCN5,
we employed surface plasmon resonance (SPR) technology and soft-
ware fitting to determine that the dissociation constant (KD) of the
probe is 6.8μM (Fig. 2h), thus corroborating DC-G16-11’s good affinity
for GCN5 following various modifications.

To demonstrate the probe’s capability for MRI imaging, we con-
ducted the longitudinal proton relaxation time (T1)-weighted MRI of
the ICG-Gd-Den@DC-G16-11 probe at different Gd ion concentrations.
As the Gd ion concentration increased, we observed a gradual rise in
positive contrast-to-noise ratio, affirming the probe’s exceptional
magnetic sensitivity (Fig. 2i). Furthermore, the relaxation rate of the
probe at 37°C was calculated to be 10.43mM-1S-1 (Fig. 2j), which was
markedly higher than that of commercially available contrast agents
such as Magnevist® (Gd-DTPA, r1 = 4.9mM-1S-1, 1.5 T magnetic field)31

and demonstrated a significant enhancement in the imaging perfor-
mance of ICG-Gd-Den@DC-G16-11 attributed to the surface chelation
of several Gd ions on the high-surface-area Den.

We further investigated the optical properties of ICG-Gd-Den@DC-
G16-11 using the VISQUE InVivo Smart near-infrared (NIR) animal
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Fig. 1 | GCN5 is highly expressed in high-grade gliomas. a Heatmap clustering
shows a significant positive correlation between GCN5 expression and glioma
pathological grade, tissue type, patient age, and IDH mutation status, based on
Chinese GliomaGenomeAtlas (CGGA) database analysis. bGCN5 expression levels,
derived from 749 glioma samples in the CGGA database, are significantly elevated
in World Health Organization (WHO) grade IV GBMs compared to lower-grade
gliomas.WHOgrade II, n = 218 samples (blue);WHOgrade III, n = 240 samples (red)
and WHO grade IV, n = 291 samples (green). c Representative immunohistochem-
istry (IHC) images illustrating GCN5 expression in normal brain tissue, low-grade

gliomas, and high-grade gliomas. d Comparison of GCN5 expression levels in WHO
grade II and grade IV gliomas. WHO grade II, n = 36 samples (blue); WHO grade IV,
n = 51 samples (red). The data (b) and (d) are presented as box - plots and the data
distribution characteristics are shown through violin plots. The upper and lower
bounds of the box are defined by the 75th and 25th of the data distribution. The
median is represented by a bold horizontal line within the box. The whiskers above
and below the box are themaximum andminimum values. The P value in (b and d)
was calculated by the two-sided Mann-Whitney U test (Wilcoxon rank-sum test).
****p <0.0001.
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fluorescence imaging system and fluorescence spectrophotometer. The
results indicated that a high signal intensity reflected a higher con-
centration of ICG-Gd-Den@DC-G16-11 in the concentration range tested
(Fig. 2k). The maximum emission wavelength was observed at 808nm,
and the probe was evenly distributed in saline solution. This finding
indicated that the Den loaded with ICG existed in phosphate-buffered
saline (PBS) in a monodispersed form, minimizing aggregation.

Additionally, we constructed a semi-quantitative curve depicting the
fluorescence intensity of the ICG-Gd-Den@DC-G16-11 against varying Gd
ion concentrations, utilizing a fluorescence spectrophotometer. This
analysis confirmed a strong linear correlation between fluorescence
intensity and Gd concentration (Fig. 2l). These results demonstrated
excellent fluorescence responsiveness and optical properties of
the probe.
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Biocompatibility evaluation of ICG-Gd-Den@DC-G16-11
We further evaluated the biocompatibility of the ICG-Gd-Den@DC-
G16-11 probe through in vivo and in vitro experiments. First, the ICG-
Gd-Den@DC-G16-11 probeswere co-culturedwithHEB, CHG5, andU87
cell lines at a high concentration of 150μgmL-1 for 12, 24, and 48h.

Methyl Thiazolyl Tetrazolium (MTT) toxicity experiments showed that
the cell survival rate did not change significantly (Fig. 3a), indicating no
toxic side effects on normal brain cells and GBM cell lines in vitro. We
also conducted in vivo toxicological evaluations on healthy mice
through blood chemistry indicators and histological examinations,

Fig. 2 | Construction and characterization of Dual-modal probe targeting
GCN5-overexpressed GBM. a Schematic representation of the probe’s synthesis.
b Scanning transmission electronmicroscopy (STEM) images of the ICG-Gd-Den@DC-
G16-11. c Energy Dispersive Spectrometer detector (EDS) mapping of Gd ion.
d Overlap of STEM images and element mapping of the ICG-Gd-Den@DC-G16-11.
e Particle size distribution of ICG-Gd-Den@DC-G16-11. f Variation of zeta potential of
ICG-Gd-Den@DC-G16-11 during the modification process (n=3 independent experi-
mental replicates). g Alteration of the water-based particle size of ICG-Gd-Den and
ICG-Gd-Den@DC-G16-11 probes at different time intervals in high glucose serum
DMEM containing 10% FBS (n= 3 independent experimental replicates). h SPR-based

binding assay of ICG-Gd-Den@DC-G16-11 with GCN5. i Magnetic resonance T1-
weighted imaging of the probe at varyingGd ion concentrations. j Fitting curve for the
relaxation rate of the probe at different Gd ion concentrations, with r1 relaxation rate
equal to 10.43mM-1s-1 (n= 3 independent experimental replicates). k Near-infrared
fluorescence imaging of the ICG-Gd-Den@DC-G16-11 probe dispersed in PBS at dif-
ferent Gd ion concentrations (808nm, 1.0Wcm−2). l Semi-quantitative curve of
fluorescence intensity of ICG-Gd-Den@DC-G16-11 probe against Gd ion concentra-
tions (n=3 independent experimental replicates). Data in (f, g, j and l) were presented
as mean values ± standard deviation (SD).
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Fig. 3 | Biocompatibility evalution of ICG-Gd-Den@DC-G16-11. a Cytotoxicity of
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Den@DC-G16-11 (n = 3 independent experimental replicates). b Blood chemistry
examinations. Globulin (GLOB), albumin (ALB), plasma alkaline phosphatase (ALP),
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(CRE) levels were assessed after tail vein injection of physiological saline, ICG-Gd-
Den@DC-G16-11 and ICG-Gd-Den (100μL of 20mgmL-1, Gd concentration:
1.5mgmL-1). n = 3 independent experimental replicates. c H&E staining images of
main organs (heart, liver, lung, spleen, and kidney) from each group. Data in (a, b)
are presented as mean values ± SD.
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using saline as the control group. The saline (100μL), ICG-Gd-
Den@DC-G16-11 and ICG-Gd-Den (100μL of 20mgmL-1, Gd con-
centration: 1.5mgmL-1) were separately injected into healthymice, and
after 7 days, bloodwas collected from themice to access liver function
biomarkers (globulin (GLOB), albumin (ALB), plasma alkaline phos-
phatase (ALP), alanine aminotransferase (ALT), and aspartate amino-
transferase (AST), total bilirubin(T-BIL), total protein (TP)) and kidney
function biomarkers ((uric acid (UA), blood urea nitrogen
(BUN), creatinine (CRE)) via chemiluminescence analysis. The results
demonstrated that, compared to the control group, ICG-Gd-Den@DC-
G16-11 exhibited no toxic side effects on the hepatic or renal systems in
mice (Fig. 3b). Subsequently, the mice were euthanized and the main
organs were surgically removed (heart, liver, spleen, lung and kidney).
After hematoxylin and eosin (H&E) staining, no significant inflamma-
tory reactions orotherpathological changeswereobserved (Fig. 3c). In
summary, no noticeable cytotoxicity of ICG-Gd-Den@DC-G16-11 was
observed in the biocompatibility study, indicating it as a promising
candidate for in vivo biological imaging applications.

BBB-crossing efficiency of dual-modal probes in vitro
Efficiently crossing the BBB is essential for GBM detection using ima-
ging probe5. To create an accurate simulation of the probe’s penetra-
tion rate through the human BBB, we constructed a dynamic co-
culture microfluidic biomimetic model of the blood-brain barrier32. In
thismodel, astrocytes (HA-1800)were seeded in the upper chamber to
establish the neural chamber, and brain microvascular endothelial
cells (hCMEC/D3) were seeded upside down in the lower chamber to
create the vascular chamber (Fig. 4a). A precise shaker was employed
to simulate vascular shear stress, which promoted the expression of
ZO-1 protein and strengthened tight junctions between endothelial
cells (Supplementary Fig. 3a, b). We measured the transendothelial
electrical resistance (TEER) each day as an indicator of BBB perme-
ability to monitor the development of cell fusion and tight connec-
tions. Our results indicated that the TEER attained its maximum value
on the seventhdayaftermodeling (Fig. 4b). As theBBBbarrier function
depends on the high expression of specific proteins, particularly tight
junction proteins such as ZO-1 in BBB endothelial cells33, we evaluated
ZO-1 expression in the model on the seventh day after modeling using
immunofluorescence staining. On the sixth day ofmodeling, there was
a significant upregulation in the expression of the ZO-1 protein
(Fig. 4c). This result confirms that tight junctions between vascular
endothelial cells have been formed, making it suitable for testing the
penetration rate of probes through the BBB. Small molecule penetra-
tion experiments were conducted on the sixth day post-model con-
struction to confirm barrier function. Fluorescein sodium solution
(FLU, 376Da) and two FITC-dextran solutions of different molecular
weights (40 kDa and 70 kDa) were separately added to the vascular
chamber of the model. Samples of the culture medium were collected
from the neural chamber, and thefluorescence intensitywasmeasured
using a fluorescence spectrophotometer. Subsequently, permeability
(Papp) for each model was calculated. The FITC-labeled dextran
solutions of 70 kDa, which have a similar particle size to ICG-Gd-
Den@DC-G16-11, demonstrated significantly lower permeability (Sup-
plementary Fig. 3c) in the dynamic blood-brain barrier chip compared
to the static transwell model34, highlighting the advantages of the
dynamic setup.

We conducted an additional assessment of the penetration cap-
abilities of ICG-Gd-Den@DC-G16-11 within the BBB model. On the
seventh day post-model construction, ICG-Gd-Den and ICG-Gd-
Den@DC-G16-11 were added to the lower chamber of each model
separately, and the fluorescence intensity was measured via a fluor-
escence spectrophotometer. After 2 h incubation, the medium was
withdrawn from the upper chamber of the model, and the fluores-
cence intensity was measured again. The results demonstrated that
both probes could efficiently penetrate the in vitro BBB model. The

penetration rate of ICG-Gd-Den@DC-G16-11 was around 50%, which
was notably twice as high as that of ICG-Gd-Den (Fig. 4d). As shown in
Fig. 4e, the high efficiency of crossing the blood-brain barrier is related
to the charge carried on the surface of the probe.The surfaces of brain
capillary ECs are negatively charged under physiological pH
conditions35. Based on this feature, one transport mechanism for
macromolecules traversing the BBB is adsorptive-mediated transcy-
tosis (AMT). This process exploits the electrostatic interactions
between positively charged substrates and negatively charged ECs,
resulting in the formation of vesicles for endocytosis36, and the elec-
trostatic interaction between positively charged probe and negatively
charged blood-brain barrier facilitates the crossing of the blood–brain
barrier37. Therefore, we hypothesized that ICG-Gd-Den@DC-G16-11
possessing a remarkably higher positive charge compared to ICG-Gd-
Den, could exhibit a high efficiency to traverse the BBB.

Dual-modal probe specifically targeted GCN5-overexpressed
GBM cells in vitro
To verify the specificity of ICG-Gd-Den@DC-G16-11 binding to GBM
with GCN5 overexpression via its DC-G16-11 ligand, we co-cultured the
probe with the GBM cell line U87, which overexpresses GCN5, and the
low-grade glioma cell line CHG5, which has low GCN5 expression, for
2 h25. We also designed two control groups, including an ICG-Gd-Den
treated group and a pre-blocking group of DC-G16-11(10μgmL-1)26

inhibitor + ICG-Gd-Den@DC-G16-11. The results showed that the ICG-
Gd-Den@DC-G16-11 probe was efficiently taken up by GCN5-
overexpressing U87 cells and had a fluorescence intensity ~3.6-fold
greater than the low-grade glioma cell line CHG5 (Fig. 5a-b). Addi-
tionally, the signal of the ICG-Gd-Den@DC-G16-11 treated group was
significantly higher than that of the ICG-Gd-Den treated group and the
DC-G16-11 pre-blocking group. Therefore, these results elucidated that
the ICG-Gd-Den@DC-G16-11 probe specifically targeted GCN5-
overexpressed GBM cells. Subsequently, we co-cultured the U87 cell
line with ICG-Gd-Den@DC-G16-11 and ICG-Gd-Den for 2 hours sepa-
rately, both containing the same concentration of 150μgmL-1 probes,
with PBS as a blank reference. TheMRI image exhibited that the probe
specifically bound to GCN5-overexpressing U87 cells via a 3 T MRI
system (Fig. 5c). Furthermore, the probe intracellular efficiency was
quantified by evaluating the intracellular gadolinium content via an
inductively coupled plasma optical emission spectrometry (ICP-OES).
The cellular uptake of the ICG-Gd-Den@DC-G16-11 (40.04 ± 6.28 pg
cell−1) was significantly higher than that of the ICG-Gd-Den
(25.03 ± 2.46 pg cell−1, Fig. 5d). These results revealed the targeting
specificity and cellular uptake of ICG-Gd-Den@DC-G16-11 for further
in vivo imaging.

Dual-modal probe precisely delineate the borders of orthotopic
GBMs via MRI
GCN5 is primarily expressed in the cytoplasm, where the positively
charged probes on its surface are attracted to the negatively charged
membranes of tumor cells.Uponentry into the cells, theseprobes bind
to the target protein GCN5, probes that failed to bind to intracellular
target proteins are cleared more quickly (Fig. 6a). The probes suc-
cessfully penetrate the BBB and localize within the brain tumor site via
the enhanced permeability and retention (EPR) effect and receptor-
mediated transcytosis (RMT). To further validate the efficacy of dual-
modal probes utilizing MRI for accurately delineating the boundaries
ofGBM,weestablished the orthotopicGBMmice. Tocloselymimic the
growth characteristics of GBM seen in human patients, particularly its
high invasiveness, we selected the invasive GL261 GBM model for
construction38. Additionally, the conventional U87 GBM model was
established to determine whether the nanoparticles yield consistent
results across multiple GBM models. Each model was divided into
three groups (n = 3 mice each group): ICG-Gd-Den was set as the
control group, ICG-Gd-Den@DC-G16-11 as the targeting group, and

Article https://doi.org/10.1038/s41467-025-57598-9

Nature Communications |         (2025) 16:2345 6

www.nature.com/naturecommunications


another competitive group which was first injected with a DC-G16-11
inhibitor to pre-block the binding site followed by injection of the ICG-
Gd-Den@DC-G16-11. Before injection, the boundaries between the
tumor tissue and surrounding brain tissue were indistinct (Fig. 6b, 0 h
and Supplementary Fig. 4a, 0 h). However, after the probes injection,
the tumor site, especially the peripheral regions, became markedly
prominent and differentiated from the surrounding tissue (Figs. 6b,
1–8h and Supplementary Fig. 4a, 1–8 h). The targeted group (ICG-Gd-
Den@DC-G16-11) showed significantly higher MRI signal enhancement
compared to the control group (ICG-Gd-Den) and the competitive
group (DC-G16-11 blocked + ICG-Gd-Den@DC-G16-11). As time elapsed
following the injection, the signal enhancement intensified and

reached its climax at 3 h post- injection, after which minimal signal
variation was observed (Fig. 6c and Supplementary Fig. 4b). These
results indicated that the ICG-Gd-Den@DC-G16-11 probe has excellent
MRI capabilities, provided a favorable time window for the MRI of the
tumor site.

At 3 h after injection with ICG-Gd-Den@DC-G16-11, we extracted
brain slices from orthotopic GBM mice model. Based on the fluores-
cence imaging characteristics of the dual-modal probes, weperformed
GCN5 fluorescence staining on the brain slices. The immuno-
fluorescence images revealed significant co-localization of the probe
(red) with GCN5 (green) (Fig. 6d and Supplementary Fig. 4c). ImageJ
software analysis of brain slices from the ICG-Gd-Den, ICG-Gd-
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Den@DC-G16-11, and competitive group showed that the ICG-Gd-
Den@DC-G16-11 probe was better able to bind to GCN5 in tumor cells
than the ICG-Gd-Den, which showed no apparent signals. In the GL261
GBMmodel, the experimental group exhibited afluorescence intensity
that was ~ 4.7-fold higher than that of the competitive group (Fig. 6e).
Similarly, in the U87 GBM model, the experimental group exhibited a
fluorescence intensity that was ~ 2.7-fold higher than that of the
competitive group (Supplementary Fig. 4d). The results demonstrate
that dual-modal nanoprobes carrying DC-G16-11 and modified with
PEG can effectively penetrate the BBB in vivo and specifically bind to

GCN5 in GBM cells for MRI imaging, while remaining non-binding to
normal brain cells.

Dual-modal probes displayed the borders of orthotopic GBMvia
fluorescence imaging
We further investigated the targeted fluorescence imaging perfor-
mance of the ICG-Gd-Den@DC-G16-11 in orthotopic GBM mice via
small-animal fluorescence imaging. The mice were injected intrave-
nously with ICG-Gd-Den, ICG-Gd-Den@DC-G16-11, and the competitive
group of ICG-Gd-Den@DC-G16-11 plus free DC-G16-11 inhibitor, small-
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animal fluorescence imaging was performed at different time points.
Figure 7a exhibited that the ICG-Gd-Den@DC-G16-11 probe specifically
accumulated in the tumor site of orthotopic GL261 GBM mice. The
fluorescence signals in the tumor site of the competitive-group mice
were observably weaker than those in the ICG-Gd-Den@DC-G16-11
group. In contrast, no detectable fluorescence signal was observed in
the control group. These results revealed the tumor specific targeting
ability of ICG-Gd-Den@DC-G16-11. Different fluorescent signals in the
tumor site suggest the specific accumulation of the tumor targeted by
DC-G16-11.

Subsequently, the treated orthotopic GL261 GBM mice were
sacrificed, and the fluorescence intensity of main organs including
heart, lungs, intestines, stomach, liver, spleen, kidneys, and brain were
measured. According to the fluorescence intensity of main organs
(Fig. 7b, c), the probes were mainly metabolized and eliminated from
the body through the kidneys. Only a small amount of the probes
accumulated in the liver, stomach, and lungs. These results indicated
low expression of GCN5 in these organs and the probes were partly
captured by the reticuloendothelial system (RES)39. To clarify the
dependence of fluorescence intensity in tumors at different time
points, we measured the fluorescence intensity in tumor site con-
firming that it significantly increased and culminated at 3 hours post-
injection (Supplementary Fig. 5), which is consistent with the obser-
vation in the MRI study. The fluorescence intensity of ICG-Gd-
Den@DC-G16-11 probe was 2.1 times higher than the competitive
group in tumor site, indicating the DC-G16-11 conjugation improved
the target efficiency of the probes. Subsequently, the in vivo hemo-
dynamic data showed that the blood concentration levels of the ICG-
Gd-Den and ICG-Gd-Den@DC-G16-11 probes significantly decreased
with time and remained approximately 8% ID g−1 at 6 h after injection
(Fig. 7d). By applying a two-compartment model40, the blood-
clearance half-lives of the ICG-Gd-Den and ICG-Gd-Den@DC-G16-11
probes were determined to be 72.5 and 84.5min, respectively. These
values are comparable to the blood half-lives of currently used com-
mercial MRI contrast agents41, indicating that our dual-modal probe
can ensure imaging clarity and quality while evading RES uptake and
undesired accumulation in non-targeted organs of the body.

After fluorescence imaging, tissue sections of treated mice were
stained with H&E and imaged using confocal microscopy. H&E staining
of brain sections revealed that the orthotopic GL261 GBM model
exhibited notable aggressiveness, characterized by the infiltrative
growth of the tumor into normal brain tissue. The tumor cells exhibited
deep-staining nuclei, pronounced nuclear atypia, uneven chromatin
distribution, and enlarged nucleoli, along with evident angiogenesis
within the tumor (Fig. 7e). In contrast, the invasiveness observed in the
U87 GBM model was less pronounced (Supplementary Fig. 4e). The
probes were able to accurately delineate the tumor boundary in both
orthotopic GBM models, indicating the notable diagnostic efficiency.
Under confocal microscopy, we observed significant uptake of ICG-Gd-
Den@DC-G16-11 probes in the cytoplasm of tumor cells within the
fluorescent slices, whereas normal brain cells, as indicated byHE-stained
control images, showed no noticeable uptake of the probe (Fig. 7f and
Supplementary Fig. 4e). Similarly, a certain amount of ICG-Gd-Den@DC-
G16-11 probe were also accumulated in the brain slices of the competi-
tive group, which is consistent with the images obtained from small
animal fluorescence imaging (Supplementary Fig. 6a, b). This phenom-
enon is hypothesized to attributed to the limited ability of DC-G16-11 to
penetrate the BBB, thereby preventing it from fully occupying the GCN5
binding sites. In contrast, a certain amount of ICG-Gd-Den@DC-G16-11
can still cross the BBB and bind to GCN5 for imaging.

To validate the ability of ICG-DEN@DC-G16-11 to display tumor
boundaries during surgery, orthotopic GL261 GBM mice were treated
with the probe and underwent real-time fluorescence imaging using a
clinical-grade intraoperativefluorescence imagingplatform. For better
exposure, the entire brain was removed and exposed to the irradiation

of intraoperative navigation device. The tumor site emitting distinct
green fluorescence signal was displayed using the accompanying near-
infrared fluorescence imaging system (Supplementary Fig. 7a), con-
firming that ICG-DEN@DC-G16-11 can clearly display tumor boundaries
through full-course real-time near-infrared fluorescence imaging.
Subsequent H&E staining of brain slices showed that the tumor outline
was consistent with the intraoperative navigation images of the GL261
model (Supplementary Fig. 7b, left). Moreover, CLSM images of the
brain showed that tumor cells infiltrating the brain parenchyma at the
edges contained ICG-DEN@DC-G16-11, exhibiting distinct red fluores-
cence (Supplementary Fig. 7b, right).

To further evaluate the sensitivity of ICG-DEN@DC-G16-11 to
early-stage GBM, we also used a small tumor foci model at an early
stage of the orthotopic GL261 GBMmice. On the seventh day following
transplantation, intraoperative navigation imaging revealed a faint
fluorescent signal in the left hemisphere of the brain (Supplementary
Fig. 7c). Upon bisecting the mouse brain along the midline, the small
tumor foci in the left hemisphere exhibited a clear fluorescent signal
with a well-defined outline (Supplementary Fig. 7d). This result indi-
cated that the sensitivity of ICG-DEN@DC-G16-11 is sufficient for
imaging with intraoperative navigation equipment, and the brain
tumor-targeting efficiency of ICG-DEN@DC-G16-11 was highly reliable.
In summary, our dual-modal probe specifically accumulated in the
GCN5 high-expression GBM area, providing the possibility for accu-
rately determining surgical margins using NIR imaging.

Discussion
In this study, we develop a dual-modal probe for magnetic resonance
and fluorescence imaging, capable of targeting elevated GCN5
expression levels in GBM to enhance the precise delineation of tumor
boundaries. This probe exhibited its high efficiency for surgical
resection guiding, thereby reducing the probability of recurrence. The
study started with the differential expression genes between glioma
and normal brain tissue, exploring the potential of GCN5 targeting in
glioblastoma detection, including using GCN5 targeting to determine
surgical margins. Through comprehensive multi-omics analysis of big
data and mechanistic research, we confirmed the correlation of GCN5
with glioma grading, showing significantly upregulated expression
levels in GBM and being unexpressed in normal brain tissue. Our
results suggest that GCN5 may contribute to the malignant progres-
sion of glioma, andutilizingGCN5 as a target to construct probes holds
potential for delineating GBM boundaries precisely.

The existence of the BBB blocks over 98% of therapeutic agents
from entering the brain42. Therefore, increasing the permeability of
drugs across the BBB is recognized as the first andmost crucial step for
glioma treatment. Facilitating the transport of molecular drugs across
the BBB for precise delineation of GBM remains a significant challenge.
Our study indicates that the dual-modal probe, which effectively targets
GCN5 in GBM, may offer substantial advancements. Previous studies
have shown that nanoparticleswith adiameter of 20-50 nmare takenup
by mammalian cells at a faster and higher rate and concentration
compared to other sizes and shapes43. In the systemic physiological
environment, the glycocalyx, consisting of the sialo-glycoconjugates
and heparan sulfate proteoglycans expressed on the luminal surface of
BCECs, contributes to an overall negative charge of BBB44,45. Therefore,
cationized nanodrugs could trigger the adsorption-mediated endocy-
tosis, i.e., AMT based drug delivery, by electrostatic interactions
between the positively charged moieties of the nanodrugs and the
negatively charged membrane surface regions of the BBB46. The max-
imal binding capacity (Bmax) of AMT is several thousand times higher
than that of RMT, leading to significantly higher transcellular
transport45. Additionally, positively charged probes are more likely to
adsorb onto negatively charged cell membranes and be engulfed by
cells, thereby gaining the opportunity to interact with proteins within
the cytoplasm2,47,48. Due to the method of crossing the blood-brain
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barrier mediated by AMT and the inherent advantages of Den nano-
materials, our improved nanoprobe demonstrated a 50% crossing rate
in an in vitro BBB model. This demonstrates improved permeability of
nanoprobes across the blood-brain barrier compared to previous
studies17,49. Our results in this study also suggest that the binding of ICG-
Gd-Den@DC-G16-11 and GCN5 occurred inside the cell after the probe
was actively phagocytosed, and the unmodified ICG-Gd-Den is expelled
from the cell more quickly after being phagocytosed by the cells.

Malignant tumors are known to disrupt the integrity of the BBB,
resulting in a blood-brain tumor barrier (BTB) that exhibits significant
heterogeneity and is characterized by various distinct features. In the
presence of an intact BBB, hydrophobic molecules with a molecular
weight of less than 500Da and smaller than 1 nm are capable of dif-
fusing transcellularly into the neuroparenchyma50. However, the
downregulation of ZO-1 and vascular endothelial cell adhesion mole-
cule (VE-CAM) in the BTB leads to a loss of continuous endothelial cell
adhesion, resulting in the formation of abnormal molecular permea-
tion pathways51. This leads to nanoparticles with a size of less than
20nm being able to cross the BTB more easily52. In vivo fluorescence
imaging experiments, we observed a notable phenomenon: larger
tumors in the animal model exhibited a greater accumulation of the
probe, leading to increased fluorescence intensity. Therefore, we
hypothesize that the probe, with a particle size of 20 nm, can effec-
tively traverse the highly permeable BTB, rather than relying exclu-
sively on active targeting mechanisms.

Our research confirms the significance of GCN5 as a diagnostic
target for GBM. The dual-modal probe designed in this study can assist
surgeons in achieving aprecisediagnosis viaMRIbefore surgery.During
surgery, fluorescence imaging can be performed for visual detection,
providing differentiation between the tumor’s borders and the sur-
rounding normal tissue. Considering the limited effectiveness of cur-
rent GCN5 small molecule inhibitors in tumor suppression53, the
prospects for drug development targeting GCN5 remain uncertain at
this time. However, by utilizing the precise targeting capabilities of
GCN5 for accurate localization of GBM, we plan to focus on future
research aimed at developing nanotechnology-based drug delivery
systems. This approach aims to investigate the potential of targeting
GCN5 in combination with first-line drugs such as temozolomide, car-
mustine, or bevacizumab54, which may enhance therapeutic efficacy
against GBM by improving the efficiency of drug delivery to the tumor.

Methods
Ethical statement
This research complies with all relevant ethical regulations. All surgical
interventions carried out and the subsequent postoperative care
provided to the animals have been reviewed and approved by the
Animal Protection and Use Committee of Shanghai Jiao Tong Uni-
versity School of Medicine Affiliated Ninth People’s Hospital, China,
with protocol number SH9H-2019-A710-1. Sex was not considered in
the study design because this variable was not relevant to the study,
and female mice were selected in this study to ensure gender uni-
formity. 87 human GBM tissue samples were collected from the Ninth
People’s Hospital of Shanghai Jiao TongUniversity School ofMedicine.
Sex was not considered in the study design. The study was approved
by the Ethics Committee of the Ninth People’s Hospital of Shanghai
Jiao Tong University School of Medicine, China (Protocol No.: SH9H-
2024-T499-1), all participants provided written informed consent and
were not compensated.

Materials
NHS-PEG-DC-G16-11 was custom-made from Suzhou Qiangyao Bio-
technology Co., Ltd (Suzhou, China) according to the chemical struc-
ture reported in the literature26. PAMAM G2-NH2 dendrimers (Den)
was purchased from XINQBio Co., Ltd (Hangzhou, China). Gadolinium
chloride (GdCl3) and indocyanine green (ICG) were purchased from

Energy Chemical. N-hydroxy succinimide (NHS), DOTA-NHS,
fluorescein-carboxylic acid (FITC-COOH), polyethylene glycol (PEG)
and 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were pur-
chased fromAladdin. Dimethyl sulfoxide (DMSO) was purchased from
yuanye Biotechnology Co., Ltd (Shanghai, China). 4’,6-diamidino-2-
phenylindole (DAPI), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), Dulbecco’s Modified Eagle Medium (DMEM) and fetal
bovine serum (FBS) were purchased from Thermo Fisher Scientific.
MTT Cell Proliferation and Cytotoxicity Assay Kit, protease inhibitors,
6X loading buffer were purchased from Beyotime Biotechnology Co.,
Ltd (Shanghai, china). Microfluidic chip was purchased from Dax-
iangbio Co., Ltd (Beijing, China). The fusion plasmid GCN5-GFP was
purchased from Shanghai Genechem Co., Ltd. (Shanghai, China). Anti-
KAT2A/GCN5 Antibody (abcm, clone name: AT3G13, Catalog number:
ab208907, LotNumber: 1003062-3; 1:300 dilution); antibodies against
GCN5 (Santa cruz, clone name: A-11, Catalog number: sc-365321; Lot
Number: F0822; 1:300 dilution); rabbit anti-TJP1 antibody (Anti-ZO-1
antibody) (Sino Biological, Catalog number: 102305-T02, 1:500 dilu-
tion); goat polyclonal secondary antibody tomouse IgG (H + L) labeled
with Alexa Fluor 488 (Abcam; Catalog number: ab150113; 1:500 dilu-
tion); FITC-labeled goat anti-rabbit IgG (Beyotime, Catalog number:
A0562,1:500 dilution); mouse GFP(1:1000; abcam ab291); mouse
ACTIN (1:10000; abcam ab6276).

Clinical samples
We collected 87 formalin-fixed, paraffin-embedded (FFPE) GBM tissue
samples from Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine. Histopathological and immunohisto-
chemical diagnoses were performed independently by two neuro-
pathology experts following the 2016 World Health Organization
(WHO) classification of central nervous system tumors. Informed
consent was obtained from all patients prior to sample collection, in
accordance with the ethical guidelines of the Ethics Committee of the
Ninth People’s Hospital of Shanghai Jiao Tong University School of
Medicine, China. The clinical and pathological characteristics of the 87
glioma cases are summarized in Supplementary Table 1.

Cell culture
The human GBM cells U87 (Catalog No. BNCC338150), U251 (Catalog
No.BNCC101001), H4 (Catalog No. BNCC101682), A172 (Catalog No.
BNCC341782), LN229 (Catalog No. BNCC341218) and humanmicroglia
cells HMC3 (Catalog No. BNCC342264) were obtained from the Beijing
BeNa Culture Collection (Beijing, China). Additionally, the low-grade
glioma cells CHG5, the GBM cell lines GL261 and TJ905 were gener-
ously provided by Dr. X.B. from the Third Military Medical University.
The human brain microvascular endothelial cells hCMEC/D3, astro-
cytes HA-1800, and human brain astrocyte HEB was donated by D.L.
from Huaqiao University. All cell lines were authenticated by STR
analysis and routinely tested to be free of mycoplasma. Cells were
cultured in DMEM supplemented with 10% FBS and maintained in a
humidified incubator at 37 °C with 5% CO₂. And the cells for all
experiments were in logarithmic growth phase.

Plasmid construction and transfection
For transient overexpression, TJ905 cells were transfected with the
plasmid using Lipofectamine 3000 (Invitrogen) following the manu-
facturer’s instructions. Cells were plated, transfected with DNA-
Lipo3000 complexes, and incubated at 37 °C with 5% CO2. After 24-
48 hours, cells were lysed for mRNA and protein level validation or
used for downstream experiments.

Immunoblotting
Immunoblotting was performed according to standard protocols. In
short, cells were lysed in lysis buffer (Invitrogen) supplemented with
protease inhibitors and kept on ice for 15min. After centrifugation,
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proteinswere quantified using the BCAprotein assay kit (Solarbio) and
mixed with 6X loading buffer. Samples were boiled for 10min and
subjected to SDS–PAGE, followed by transferring onto PVDF mem-
branes (Millipore). Membranes were incubated with primary anti-
bodies overnight at 4 °C, and then with HRP-conjugated species-
specific antibodies (Beyotime, 1:1000) at room temperature for half an
hour. The following primary antibodies were used: mouse GCN5
(1:300; abcam ab208097), mouse GFP (1:1000; abcam ab291), mouse
ACTIN (1:10000; abcam ab6276).

Colony formation assay
U87 Cas9 and GCN5-KO cells, as well as TJ905 cells transfected with
either GFP or GCN5, were seeded at an appropriate density in six-well
plates. The cells were cultured for over 14 days until visible colonies
formed. Colonies were then fixed with absolute ethanol and stained
with 0.5% crystal violet. After washing with PBS, the plates were air-
dried before imaging and quantification. Colony numbers were
counted and statistically analyzed.

Immunofluorescence analysis
Cells were washed twice with DPBS, fixed with 4% paraformaldehyde
for 15min, and permeabilizedwith 0.25%TritonX-100 for 10min. After
incubation in a blocking buffer for 45min, the cells were incubated
overnight at 4 °C with the following primary antibodies: anti-GCN5
(abcam ab208097, 1:200 dilution). Then, they were incubatedwith the
Alexa Fluor secondary antibody (abcam, ab150113) for 1 h at room
temperature. A mounting medium containing DAPI was used for
counterstaining.

Construction of dual-modal probe
To synthesize the Den-Gd-DC-G16 probes, 50 µL of hydrochloric acid
solution containing concentrated gadolinium chloride (50mgmL-1)
was mixed with 1mg of NHS-DOTA. The pH was adjusted to 6 using
0.25M sodium carbonate solution, and the mixture was heated to
60°C for 30min. Next, 1mL of HEPES buffer containing 20mgmL-1

of Den was added. Subsequently, 20mg of Den-Gd was mixed with
1mgofNHS-PEG-DC-G16-11 inHEPES buffer (pH8.4) and stirred for 1 h.
The product was dialyzed in ultrapure water (7000Da membrane) to
remove unreacted components. The purified probes were designated
as Den-Gd-DC-G16. Then, NHS-ICG was added to the solution and
stirred at room temperature for 4 h. The resulting ICG-Gd-Den@DC-
G16-11 was isolated by centrifugation and further purified by dialysis to
remove unreacted NHS-ICG.

Physical characterization of the probes
Surface morphology was analyzed using STEM with a JEOL JEM-2100
instrument. A 10 µL sample of the probe was placed on a copper grid,
air-dried, and stained with 1.5% phosphotungstic acid (pH 6.0) for
10min before STEM imaging and mapping. Gadolinium concentration
on theprobe surfacewasmeasuredby ICP-OESwith aThermoScientific
iCAP-6300 spectrometer. Hydrated particle size and surface potential
were determined at each coupling step using a Malvern Zetasizer
(Malvern Panalytical, UK). Probe samples, surface-grafted with ICG at
varying concentrations of Gd ions (0, 15, 30, 70, and 150 µgmL-1), were
analyzed for fluorescence intensity using a VISQUE InVivo Smart NIR
fluorescence-imaging system and a Siemens 3 T TrioMRI systemwith a
clinical head-imaging coil, respectively. Gadolinium-ion loading capa-
city and in vitro stability under physiological conditions (PBS and
serum) were also evaluated. Particle size and fluorescence intensity
were monitored at different incubation times (0, 6, 12, 24, 32, 48 h).
Longitudinal relaxation time (T1) was measured with a Bruker MQ60
relaxation analyzer at 37 °C and 1.4 T (60MHz). The magnetization
recovery curve was used to assess T1, and gadolinium concentration
(s−1) was calculated by fitting the inverted relaxation time (1/ T1) and
determining the T1 relaxivity (r1) according to a standard formula.

Verification of the probe’s GCN5 targeted efficacy
The activator is prepared by mixing 400mM EDC and 100mM NHS
immediately prior to injection. The CM5 sensor chip (cytiva) is acti-
vated for 420 s with the mixture at a flow rate of 10μLmin-1. Dilute
GCN5 to 20μgmL-1 in immobilization buffer, then injected it into
sample channel Fc2 at a flow rate of 10μLmin-1, and typically result in
immobilization levels of 12600 RU, the reference channel Fc1 does not
need a ligand immobilization step. The chip is deactivated by 1M
Ethanolamine hydrochloride at a flow rate of 10μLmin-1 for 420 s.
Dilute ICG-Gd-Den@DC-G16-11 with the same analyte buffer to 8 con-
centrations (0.16-10) μM. ICG-Gd-Den@DC-G16-11 is injected to chan-
nel Fc1- Fc2 at a flow rate of 20mLmin-1 for an association phase of
100 s, followed by 180 s dissociation. The association and dissociation
processes are all handlled in the analyte buffer. Repeat 8 cycles of
analyte according to analyte concentrations in ascending order. After
each cycle of interaction analysis, the chip needs to be regenerated.

Construction of BBB chip model
A microfluidic chip (Daxiangbio, Beijing, China) was prepared by ren-
dering the channels hydrophilic with PBS under dynamic conditions ((2
cycles per min, 30 degrees shaking angle) at 37°C). The channels were
coated with 0.3mgmL-1 mouse-tail collagen (Corning) and incubated
for 2 h. HA-1800 cells (2.5 × 10⁶ cells mL-1) were seeded into the upper
chamber, allowed to adhere for 2 h, and cultureddynamically for 2 days
in DMEM with daily medium refresh. Human cerebral microvascular
endothelial cells (hCMEC/D3, 1 × 10⁷ cells mL-1) were then seeded into
the lower chamber, allowed to attach statically for 2 h, and cultured
dynamically. The transepithelial electric resistance (TEER) was mon-
itored every day using an epithelial voltohmmeter (Millicell-RES, Milli-
pore, USA). The tight junctions of the in vitro model could be regarded
tomimic the real BBB when the TEER values reached a stable level. The
tight junction formation of the BBBmodel was confirmed by ZO-1 (Sino
Biological, 1:500 dilution in PBS) immunofluorescence staining, per-
formed after fixation and blocking, followed by imaging with an
inverted fluorescence microscope (Olympus IX73, Tokyo, Japan).

Permeability of tracer dyes to validate BBB model
The permeability of the compound was determined by measuring its
diffusion rate across the membrane. A 200μL solution of fluorescein
sodium (FLU) at a concentration of 0.05mgmL-1 and a 1.25mgmL-1

solution of FITC-dextran (40 kDa, 70 kDa) were added to the vascular
compartment of the chip, while 100μL of culture medium was added
to the neural compartment. After 2 hours, samples were taken from
the neural compartment, diluted two-fold with culture medium, and
the fluorescence intensity of the samples was measured using a
fluorescence spectrophotometer. The permeability coefficient was
calculated using Artursson’s (1990) coefficient formula:

Pappðcms�1Þ= dQ
dt

×
1
A
×

1
C0

ð1Þ

dQ
dt represents the amount of a measured substance passing

through per second; 1
A represents the reciprocal of the membrane

surface area; 1
C0

represents the reciprocal of the initial concentration of
the substance being measured.

Measurement of BBB permeability of probe in vitro
To evaluate BBB penetration, 200 µL of ICG-Gd-Den@DC-G16-11
(150 µgmL-1) was introduced into the vascular chamber of the chip,
while 100 µL of medium was added to the neural chamber. After a
2-hour incubation, the solution from the neural chamberwas collected,
diluted 1:2 withmedium, and its fluorescence intensity measured using
a fluorospectrometer (NanoDrop 3300, Thermo Fisher Scientific, MA,
USA). BBB penetration efficiency was calculated as the fluorescence
intensity ratio between the neural and vascular chambers.
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In vitro visualization of the probe via MRI
U87 cells with a wall attachment rate exceeding 80% were prepared in
six-well plates by aspirating the culture medium. A mixture of ICG-Gd-
Den@DC-G16-11, ICG-Gd-Den probes, and serum-free DMEM was
added at Gd concentrations of 150 µgmL-1, followed by incubation in a
37°C, 5% CO₂ culture chamber for 2 hours. Afterward, the cells were
detached using trypsin, collected in 5mL centrifuge tubes with 3mL
PBS, anddispersed evenly. Approximately 5 × 10⁵ cells were transferred
into 2mL centrifuge tubes, centrifuged to remove the supernatant, and
resuspended in 300 µL of 2% (w/v) gelatin solution (BioLeaf, Shanghai,
China). Themixturewas solidified on ice for 30minutes. Control group
was prepared using PBS at the same time. T1 imaging was performed
using a Siemens 3 T Trio MRI system with a clinical head-imaging coil.
Imaging parameters included a slice thickness of 2.3mm, TE = 7.8ms,
TR = 500ms, and FOV=60 × 60mm. The T1 relaxation time for the
region of interest was calculated from the acquired data.

Evaluation of probe phagocytosis by cells in vitro
Cell samples prepared for MRI imaging were thawed at room tem-
perature, and the PBS-gelatin mixture was centrifuged to remove the
supernatant. Subsequently, 1mLof concentrated nitric acidwas added
to the pellet, and the sample was incubated at 37 °C for 24–48h in a
constant-temperature incubator until complete digestion of the cells.
The digested solution was then diluted to a final volume of 10mL, and
the gadolinium concentration was measured using ICP-OES, with
results expressed in mg mL-1. The calculation method for the gadoli-
nium content in a single cell, WGd is:

WGd =
CGd

n
: ð2Þ

where asCGd is the total concentration ofGd atoms, and n is quantified
cell number.

Quantitative detection of probe phagocytosis by cells in vitro
U87 cells and CHG5 glioma cells (1 × 10⁵ cells) were seeded in 3.5 cm
confocal dishes to evaluate the cellularuptakeof the ICG-Gd-Den@DC-
G16-11 probe. Once the cells reached approximately 80% confluency,
they were incubated with one of three nanoparticle samples at a
concentration of 150 µgmL⁻¹: ICG-Gd-Den@DC-G16-11, ICG-Gd-
Den@DC-G16-11 with excess competitive DC-G16-11 inhibitor, or ICG-
Gd-Den. The incubation was carried out at 37 °C for 2 h. Afterward, the
cells were washed three times with PBS, stained with 500 µL of DAPI
dye, and incubated at 37 °C for 15min. Finally, cellular uptake was
visualized and analyzed using a confocal scanning laser microscope
(OLYMPUS FV4000, DAPI: 405 nm, ICG: 785 nm).

Biocompatibility evaluation of the probe in vitro
The cytotoxicity of the ICG-Gd-Den@DC-G16-11 probe was assessed
using the MTT assay. U87, HEB, and CHG5 cells were seeded in 96-well
plates at a density of 1 × 104 cells per well. Cells were treated with PBS
(control group) or the probes at a concentration of 150 µgmL⁻¹ and
incubated for 24 or 48 h. Following incubation, the cells were washed
three times with PBS, and 100 µL of MTT solution was added to each
well. After 4 h, the MTT solution was replaced with 100 µL of dimethyl
sulfoxide (DMSO) to dissolve the formazan crystals. The absorbance at
490nm was measured using a microplate reader (EnVision, Hunan,
China). Cell viability was calculated as the percentage of absorbance in
treated cells compared to untreated control cells.

Establishment of orthotopic GBMmice models
Six-week-old female BALB/c nude mice were purchased from SLAC
Laboratory Animal Center, Shanghai, China. During the experiments,
the mice were anesthetized with 5% pentobarbital sodium at a dose of
0.05 µL per 10 grams of body weight. A small hole was drilled 2mm to

the right and 0.5mm upward from the anterior fontanelle of each
mice. Using a single-arm brain stereotaxic apparatus (NeuroStar,
Malvern, PA), a microinjector was inserted vertically to a depth of
3.5mm, retracted 1mm over 5min, and 5 × 10⁵ U87 cells or 1 × 10⁵
GL261 cells suspended in 5 µL of substrate gel were injected. After a
5-min pause, the injectorwas slowly withdrawn.Micewith their wound
sterilized and seamedwere carefully housed in a specific pathogenfree
(SPF) environment. Tumor size was assessed via MRI two weeks after
inoculation. No tumors exceeded the maximum permissible diameter
of 2 cm or 10% of the total body weight, as stipulated by the Ethics
Committee. During the experiment, all animals were housed in a
controlled environment maintained at a temperature of 24 °C and a
humidity level of 30%–50%, following a strict light/dark cycle of 12 h
each. The animals had unrestricted access to both water and food.

Blood biochemistry examinationkey
BALB/c nude mice (6–8 weeks old) were randomly assigned to three
groups (n = 3 per group). Each group received an intravenous injection
via the tail vein of either physiological saline, ICG-Gd-Den@DC-G16-11,
or ICG-Gd-Den probes (100μL of 20mgmL-1, Gd concentration:
1.5mgmL-1). Blood samples were collected through orbital bleeding
7days after probe injection. Serumwasobtainedby centrifugingwhole
blood at 800 g for 5min. Blood biochemistry analysis was performed
using an automated chemistry analyzer (Chemray 240, Rayto Inc.) at
Servicebio Technology Co., Ltd. (Wuhan, China).

In vivo visualization of the probe via MRI
To assess the specific targeting ofGCN5by the probe and itsMRI effect
in an orthotopic GBM mice model, we established three experimental
groups: ICG-Gd-Den@DC-G16-11, ICG-Gd-Den (control), and a compe-
titivegroupof ICG-Gd-Den@DC-G16-11 plus freeDC-G16-11 inhibitor. In
the competitive group, a DC-G16-11 inhibitor (150 µg per mice) was
injected intravenously, followed by a second injection of ICG-Gd-
Den@DC-G16-11 after 30minutes. Eachgroupunderwent threeparallel
experiments with tail vein injections. The probes (100μL of 20mgmL-

1, Gd concentration: 1.5mgmL-1) were diluted in 100 µL saline and
injected into the tail veins of anesthetizedmice. MRI was performed at
0, 1, 3 and 8 h post-injection using a 7 T MRI scanner (BioSpec System
70/20, Bruker). T1-weighted images were acquired with the following
parameters: TR = 400ms, TE = 8.02ms, slice thickness = 1.00mm,
FOV = 35 × 25mm, matrix size = 256 × 256mm. MRI images were ana-
lyzed using ParaVision 360 v3.1 software. The relative signal intensity
enhancement (rSIE) was calculated as the ratio of the post-injection
tumor intensity to the baseline intensity.

In vivo visualization of the probe via fluorescence imaging
To further assess the probe’s ability to specifically target GCN5 in GBM
models, small-animal fluorescence imaging (VISQUE InVivo Smart,
Anyang-si, South Korea) was performed at 0.5, 1.0, 2.0, 3.0, 4.0 and
8.0 h after intravenous injection of the probes. This was done to
observe probe distribution in the mice model. Following imaging, the
mice were euthanized, and fluorescence distribution was evaluated in
various organs, including the heart, lungs, liver, spleen, kidneys, small
intestine, and brain. Organ weights were also recorded. The probe
distribution in each organ was quantified using the formula: %
ID g−1 = (organ fluorescence intensity + total fluorescence intensity) ×
100%/organ mass.

Detection of the blood half-life of the probe
ICG-Gd-Den@DC-G16-11 and ICG-Gd-Den probes (100μL of 20mgmL-

1) were slowly injected into the tail veins of anesthetized mice (n = 3
mice). Blood sampleswere then collected at various timepoints (10, 15,
20, 30, 60, 120 and 240min) via tail-vein puncture using a capillary
tube. The blood samples wereweighed, and fluorescence intensity was
measured using a fluorescence spectrophotometer to generate a
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time–fluorescence intensity curve. The blood half-life of the ICG-Gd-
Den@DC-G16-11 probe was calculated using a two-compartment
intravenous model and nonlinear regression analysis (GraphPad
Prism 9, GraphPad Software).

Intraoperative navigation imaging
Three hours after the injection of the ICG-Gd-Den@DC-G16-11 (100μL
of 20mgmL-1), the mice underwent craniotomy and intraoperative
navigation imaging using a clinical-grade fluorescence laryngoscope
imaging platform (DPM-III-01, Zhuhai Deep Medical Technology Co.,
Ltd.) for real-time fluorescence imaging. All imaging procedures were
performed with the same settings (808 nm, 2.4W, exposure time:
30ms, excitation power 20%, gain 3 dB). In order to expose the field of
view more clearly, we perfused the mice heart apex with formalin
injection, and then performed intraoperative navigation probe irra-
diation on the whole brain. With the probe irradiation using the
intraoperative navigation device, the tumor area emitted green fluor-
escence, which was clearly observed in the accompanying image dis-
play system.

Statistics & Reproducibility
Data were presented as means ± standard deviation (SD). The
results were analyzed by the paired or unpaired two-sided Student’s
t-test between two groups. One-way analysis of variance (ANOVA)
and multiple comparison was used to determine statistical sig-
nificance. Two-sidedMann-Whitney U test (Wilcoxon rank-sum test)
was used to analyze the differential expression of GCN5 in different
grades of gliomas. Categorical data were evaluated using the two-
sided Chi-square (χ²) test. All statistical analyses were conducted
using GraphPad Prism 9 (GraphPad Software, Inc., La Jolla, CA, USA).
Exact P values were provided accordingly in the figures or captions.
For all graphs, *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.
No statistical method was used to predetermine sample size. The
experiments were not randomized. The Investigators were not
blinded to allocation during experiments and outcome assessment.
The exact number of replicates and the statistical tests are
employed are specified in the figure legends. Unless otherwise
indicated, n represents the number of independent experimental
replicates. For the data in Figs. 2b–d, 4d, 7e and Supplementary
Figs. 4c, 4e, 6a, 6b, and 7b, three independent experiments were
conducted, yielding equivalent results. The results from repre-
sentative experiments are displayed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The expression of GCN5 and related gene expressions, as well as
clinical data analysis, were obtained from the Chinese Glioma Genome
Atlas (CGGA) project (Download | CGGA - Chinese Glioma Genome
Atlas). The GCN5 grading and tissue chip clinical grading violin plot
visualizations were generated using Hiplot (https://hiplot.com.cn/
cloud-tool/drawing-tool/detail/119). All other datadata generated or
analyzed during this study are available within the article, Supple-
mentary Information file and the Source Data file. Source data are
provided with this paper.
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