
Nature Materials

nature materials

https://doi.org/10.1038/s41563-024-02114-5Article

Blood–brain-barrier-crossing lipid 
nanoparticles for mRNA delivery to the 
central nervous system
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The systemic delivery of mRNA molecules to the central nervous system is 
challenging as they need to cross the blood–brain barrier (BBB) to reach into 
the brain. Here we design and synthesize 72 BBB-crossing lipids fabricated 
by conjugating BBB-crossing modules and amino lipids, and use them to 
assemble BBB-crossing lipid nanoparticles for mRNA delivery. Screening 
and structure optimization studies resulted in a lead formulation that has 
substantially higher mRNA delivery efficiency into the brain than those 
exhibited by FDA-approved lipid nanoparticles. Studies in distinct mouse 
models show that these BBB-crossing lipid nanoparticles can transfect 
neurons and astrocytes of the whole brain after intravenous injections, 
being well tolerated across several dosage regimens. Moreover, these 
nanoparticles can deliver mRNA to human brain ex vivo samples. Overall, 
these BBB-crossing lipid nanoparticles deliver mRNA to neurons and 
astrocytes in broad brain regions, thereby being a promising platform to 
treat a range of central nervous system diseases.

Messenger RNA (mRNA) has been explored for a number of applica-
tions, such as vaccines, cancer immunotherapies and protein replace-
ment therapies1–7. To realize these applications, lipid nanoparticles 
(LNPs) are emerging as a safe and effective delivery platform from 
bench to clinic. In particular, LNP-mRNA vaccines were rapidly devel-
oped and used against the COVID-19 pandemic in 2020 (refs. 8–11). In 
general, many LNPs after systemic administration deliver mRNA to 
the liver. Recently, several approaches have been developed to deliver 
mRNA to other tissues, such as the pancreas, eyes, lungs, uterus and 
testes12–17. However, the delivery of mRNA to the brain remains a formi-
dable challenge due to the blood–brain barrier (BBB)18,19.

In essence, the BBB consists of pericytes, astrocytic processes 
and a basement membrane that surrounds a monolayer of endothelial 
cells that constitute the brain’s vascular supply20–24. This physiological  
barrier selectively blocks the passage of many small molecules, pro-
teins and mRNA into the brain. Previous studies have reported that 
several approaches can mediate the crossing of the BBB, including 
passive diffusion and adsorptive-mediated, carrier-mediated and 
receptor-mediated transcytosis25. On the basis of the findings of these 
natural transportation pathways, researchers have explored many 
strategies to deliver various types of functional cargos to the brain. For 
example, silica nanoparticles conjugated with glucose and glycoprotein 
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measured the apparent pKa of BLNPs, an important parameter of 
LNP. Their apparent pKa ranged from 5.28 to 9.79 (Supplementary 
Fig. 4a–f). We further analysed the structure–activity relationships 
of these BLNPs based on the data from the N2a cells. For example, LDs 
with two hydrocarbon tails possessed better delivery efficacy than LDs 
with three and four tails. Specifically, LD10 BLNPs bearing two tails with 
a carbonate ester were the most effective in mRNA delivery, which was 
4.7-fold greater than MC3 LNPs. Similarly, among the DSs, DS11 BLNPs 
(equipped with carbonate ester tails) showed 6.9-fold higher lumines-
cence intensity than MC3 LNPs. In the series of CD lipids, CD6 with three 
acetal tails showed 14.4-fold higher luminescence intensity compared 
with MC3 LNPs. By contrast, the luminescence intensity in TMs was 
relatively low. In the case of TDs, the length of the hydrocarbons greatly 
affected the delivery efficiency of mRNA. TD5, installed with myristic 
hydrocarbon tails, exhibited better delivery efficiency than those with 
palmitic and lauric tails. TD8 with three acetal tails showed 13.4-fold 
higher luminescence intensity than MC3 LNPs. For the MK lipid series, 
14.6-fold higher luminescence intensity was found for MK6 with acetal 
tails compared with MC3. These results suggest that both BBB-crossing 
modules and diverse structures of amino lipids can greatly affect the 
in vitro mRNA delivery efficiency.

On the basis of these in vitro results, 12 lead BLNPs were selected 
for further in vivo evaluation. These 12 BLNPs showed the highest 
luciferase activity among all the BLNPs tested in both N2a cells and 
bEnd.3 cells. We formulated these BLNPs with FLuc mRNA and injected  
them intravenously into mice at an mRNA dose of 0.5 mg kg–1 via  
the tail vein. Among all the BLNPs tested, MK6 BLNPs induced the 
highest luminescence intensity in brain tissue 6 h after administration, 
which was much higher than MC3 LNPs (Fig. 2g,h). Both MK6 BLNPs 
and MC3 LNPs showed similar signal intensity in other major organs 
(Fig. 2i and Supplementary Fig. 5a). We did not observe a correlation 
between particle size and biodistribution. Meanwhile, we characterized 
the particle properties of MK6 BLNPs using several well-established 
methods. MK6 BLNPs were around 139.8 ± 3.5 nm in diameter with a 
polydispersity index of <0.15 (Supplementary Fig. 5b). Approximately 
83.1 ± 2.7% of mRNA was encapsulated in MK6 BLNPs, and they were 
slightly positively charged (Supplementary Fig. 5c).

Optimization of BLNPs for systemic mRNA 
delivery to the brain
To further improve the brain delivery efficiency of BLNPs through 
systemic administration, we conducted several rounds of experiments 
to optimize MK6 BLNP formulations (Supplementary Fig. 6a). In our 
prior studies, we found that the increase in ionizable lipid molar ratio 
in the LNP formulation can augment mRNA delivery44. Therefore, we 
increased the molar ratios of MK6 in the formulation, ranging from 20 to 
60, and maintained the other parameters constant. As the molar ratios 
of MK6 increased, we observed MK6B BLNPs (a molar ratio of MK6/ 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)/cholesterol/ 
1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 
(DMG-PEG2k) = 60:30:40:0.75) with a slight improvement in lumines-
cence intensity in the brain (intravenous, tail-vein injection; mRNA 
dose, 0.5 mg kg–1; Fig. 3a). This specific molar ratio was selected 
for subsequent optimization rounds. Next, by adjusting the weight 
ratios between MK6 and mRNA, we found that MK6E BLNPs with a 
weight ratio of MK6/mRNA = 12.5/1 showed a twofold increase in 
brain luminescence intensity compared with the original MK6 BLNPs 
(Fig. 3a,b). Thus, this formulation composition—BL/DOPE/cholesterol/
DMG-PEG2k = 60:30:40:0.75 and BL/mRNA = 12.5/1—was chosen for the 
following studies.

In addition to tuning the formulation ratios, we modified the chem-
ical structure of MK6 by adjusting the length of the alkyl chains and the 
position of acetal groups in the lipid tails, which led to the synthesis of 
MK13-MK16 BLs (Fig. 3c). These MK BLNPs exhibited similar particle 
size, encapsulation efficiency and zeta potential (Supplementary 

peptides were reported to deliver genome-editing components to the 
brain by retro-orbital injection26. An mRNA-loaded exosome with brain 
tumour-targeting peptides was used to treat orthotopic glioblastoma 
(GBM)27. Fucoidan-based nanoparticles were developed to undergo 
caveolin-1-dependent transcytosis and cross the BBB28. Despite these 
significant advances, there is an urgent demand to effectively and safely 
deliver mRNA to brain cells, especially neurons.

To achieve mRNA delivery in the brain, new strategies need 
to be conceived. Previously, researchers reported that certain 
small-molecule ligands can cross the BBB through diverse pathways. 
Specifically, l-DOPA can be recognized by the large neutral amino 
acids transporter 1 on endothelial cells and be transported across the 
BBB for the treatment of Parkinson’s disease29–31. d-Serine serves as a 
neuromodulator and crosses the BBB by amino acid transporter solute 
carrier family 6 member 14 (refs. 31–35). Temozolomide is an alkylat-
ing lipophilic agent that crosses the BBB to treat GBM36,37. Tryptamine 
derivatives are neurotransmitter precursors that cross the BBB by 
active transport via Mg2+ and ATP-dependent uptake38–40. Cinnamic 
derivatives can cross the BBB and insert into the beta sheet of amyloid 
β proteins41. MK-0752 reduces the generation of amyloid-β after cross-
ing the BBB in vivo42,43. On the basis of these important findings, we 
designed and synthesized six classes of BBB-crossing lipids (BLs) by 
conjugating these molecules with various amino lipids. We hypothesize 
that these BLs can facilitate formulations of BBB-crossing lipid nano-
particle (BLNP) with mRNA that cross the BBB and efficiently deliver 
mRNA to the central nervous system (Fig. 1a).

Design and development of BLNPs for systemic 
mRNA delivery to the brain
Inspired by the structures and functions of small-molecular ligands 
that can cross the BBB, we designed six classes of BLs (Fig. 1b) 
including l-DOPA-derived lipids (LD), d-serine-derived lipids (DS), 
temozolomide-derived lipids (TM), tryptamine-derived lipids (TD), 
cinnamic-acid-derived lipids (CD) and MK-0752-derived lipids (MK). 
These BLs consist of various amino groups and lipid chains. We incor-
porated diverse functional groups in the chains such as ester, carbon-
ate and acetal. On the basis of the unique structures of these BLs, we 
conceived the synthesis routes for individual lipids. Figure 1c shows the 
representative synthesis of DS11 and MK6. For example, d-serine was 
first protected by Fmoc to give Fmoc-d-serine. Then, Fmoc-d-serine was 
coupled to Boc-protected diethylenetriamine, followed by the depro-
tection of Boc to obtain compound 1. Finally, compound 1 underwent 
reductive amination with lipid aldehydes and subsequent deprotection 
to afford DS11. Through a separate synthesis pathway, Boc-protected 
hexamethylenediamine was condensed with MK-0752, followed by the 
subsequent deprotection of Boc to give compound 2. Last, a reductive 
amination reaction between compound 2 and an aldehyde produced 
MK6. All the compounds were purified by flash chromatography and 
validated by 1H nuclear magnetic resonance and mass spectrometry.

Next, we formulated each BL with firefly luciferase (FLuc) mRNA 
to generate BLNPs, and studied their physicochemical properties. The 
particle sizes of BLNPs ranged from 97.3 ± 2.0 nm to 177.6 ± 2.0 nm 
with a polydispersity index of <0.3 (Supplementary Fig. 1a,b). They 
are positively charged and the obtained mRNA encapsulation effi-
ciency ranges from 64.9 ± 4.1% to 88.1 ± 5.0% (Supplementary Fig. 1b).
Then, we evaluated their mRNA delivery efficiency in Neuro-2a (N2a), a 
mouse neuroblastoma cell line, and bEnd.3, a mouse brain endothelial 
cell line. A series of BLNPs showed over fivefold higher luminescence 
intensity than DLin-MC3-DMA (MC3) LNPs in N2a cells (Fig. 2a–f). In 
particular, CD6, TD5, TD8 and MK6 BLNPs showed over tenfold higher 
luminescence intensity than MC3 LNPs. Moreover, these lead BLNPs 
also exhibited high mRNA delivery efficiency in bEnd.3 cells (Supple-
mentary Fig. 2a–f). Meanwhile, these BLNPs displayed minimal toxicity 
in both N2a and bEnd.3 at the tested dose (80% or higher cell viability 
in all the treated groups; Supplementary Fig. 3a,b). Additionally, we 
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Fig. 1 | Design of BLNPs. a, Illustration of the formulation of BLNPs and potential BBB-crossing mechanisms. b, Chemical structures of BLs. c, Synthesis routes of 
representative BLs (DS11 and MK6).
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Fig. 6b,c). They also presented similar apparent pKa values, with a nar-
row range from 6.70 to 6.99 (Supplementary Fig. 6d). Among this series 
of MK BLNPs, MK16 BLNPs showed the highest in vivo luminescence 
intensity in the mouse brain after intravenous injection, which was 
1.7-fold higher than MK6E BLNPs and 8.3-fold greater than MC3 LNPs 
(Fig. 3d,e). These results suggest that the alkyl chain length surround-
ing the acetal group greatly affected the mRNA delivery efficiency of 
MK BLNPs to the brain. Moreover, MK6, MK6E and MK16 displayed 
comparable distribution trends in other major organs (Supplemen-
tary Fig. 7a,b). Additionally, MK16 BLNPs showed 7.4-fold and 6.5-fold 
higher luminescence intensity than ALC-0315 and SM-102 LNPs in 
brains after intravenous administration, respectively (Supplementary 
Fig. 8a,b). The MK16 BLNPs exhibited a particle size of 137.0 ± 4.1 nm 
and an mRNA encapsulation efficiency of approximately 84.8 ± 1.5% 
(Supplementary Fig. 9a,b). The particles were positively charged and 
displayed spherical morphology in cryogenic transmission electron 
microscopy images (Supplementary Fig. 9c). Additionally, MK16 BLNPs 

showed potent mRNA delivery efficiency in both bEnd.3 cells and N2a 
cells with negligible cytotoxicity at the tested dose (Supplementary 
Fig. 9d,e). On the basis of the above results, we selected MK16 BLNPs 
as the leading material for further studies.

To assess the kinetics of MK16 BLNPs delivery to brain, we meas-
ured the fluorescence intensity of MK16 BLNPs loaded with an Alexa 
Fluor 647-labelled RNA at different time points following a single 
intravenous injection. Substantial levels of fluorescent signals were 
observed in the brain at the time points of 1 h and 6 h, with no detect-
able signals at and after the 18 h time point (Supplementary Fig. 10a). 
Moreover, we calculated the percentages of fluorescent signals end-
ing up in major organs after an intravenous injection of MK16-Alexa 
647 RNA BLNPs. Using this method, we observed nearly 56.6 ± 2.5% 
of the MK16 BLNPs in the liver, 6.5 ± 1.1% in the spleen, 7.4 ± 0.8% in 
the kidneys, 10.5 ± 1.0% in the lungs and 3.7 ± 1.4% in the heart (Sup-
plementary Fig. 10b). In particular, there was 15.3 ± 0.4% of the MK16 
BLNPs in the brain.
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Fig. 2 | Characterizations of BLNPs for mRNA delivery. a–f, Luminescence 
intensity of BLNP-FLuc mRNA in N2a cells. The intensity was normalized to the 
MC3 LNP group. g, Luminescence intensity of brains from the lead BLNP-FLuc-mRNA- 
treated mice (intravenous). The intensity was normalized to the MC3 LNP group.  
h, Representative images of brains from the mice intravenously treated with 
MC3 LNPs and MK6 BLNPs. i, Luminescence quantification of the organs from 

mice treated with PBS, free mRNA, MC3 LNP or MK6 BLNP. Data in a–i are from 
n = 3 biologically independent samples. Data are presented as mean ± s.d. 
Statistical significance was determined by one-way ANOVA followed by Dunnett’s 
multiple comparisons test. n.s., not significant, P > 0.05, *P < 0.05, **P < 0.01, 
****P < 0.0001.
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To investigate MK16 BLNPs for mRNA delivery in different types 
of brain cell in vivo, we formulated MK16 BLNPs with mRNA encod-
ing green fluorescent protein (GFP) and conducted a single intrave-
nous injection of the formulation in mice. Then, we quantified the 
cellular distribution through the flow cytometry analysis of brain 
tissues 12 h after administration (Supplementary Fig. 11a). MK16 BLNPs 
preferentially delivered GFP mRNA to neurons (4.64 ± 1.00% GFP+), 

astrocytes (6.63 ± 0.62% GFP+) and brain capillary endothelial cells 
(BCECs; 5.62 ± 0.78% GFP+) at an mRNA dose of 0.5 mg kg–1, the effi-
ciency of which is particularly superior to those achieved by MC3 LNPs 
in the corresponding cell types (Fig. 3f,g and Supplementary Fig. 11b). 
Additionally, a small proportion of microglia (1.68 ± 0.15% GFP+) also 
exhibited GFP expression. By contrast, oligodendrocytes and neural 
stem cells showed negligible GFP expression. Furthermore, increasing 
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Fig. 3 | Optimization and characterization of MK6 BLNP series for systemic 
mRNA delivery to mouse brain. a,b, Normalized luminescence intensity (a) 
and representative IVIS images (b) of brains of mice intravenously injected with 
MK6 BLNPs and MK6E BLNPs encapsulating FLuc-mRNA. The intensity was 
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brain cell types after various doses of MK16-mediated GFP mRNA delivery  
(1 mg kg–1) from f. h, Illustration of a bEnd.3-N2a transwell cell assay for BBB 

penetration assessment. The lower compartment was seeded with N2a cells.  
i, Luminescence intensity of N2a cells in the lower compartment after MK16 
BLNP-FLuc mRNA treatment to the bEnd.3 cells in the upper compartment. 
The bEnd.3 cells were pretreated with either MβCD or NGST. j,k, Fluorescence 
intensity (j) and representative IVIS images (k) of the brains of the mice after 
intravenous injections with MK16 BLNPs encapsulating Alexa Fluor 647-labelled 
RNAs. The mice were pretreated with either MβCD or NGST. l, Illustration of 
the proposed BBB-crossing mechanisms of MK16 BLNPs. All data are from n = 3 
biologically independent samples and are presented as mean ± s.d. Statistical 
significance and P values were determined by one-way ANOVA followed by 
Dunnett’s multiple comparisons test. n.s., not significant, P > 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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the dose of GFP mRNA to 1 mg kg–1 led to enhanced GFP expression in 
neurons (7.36 ± 0.78%), astrocytes (9.71 ± 0.70%), BCECs (9.18 ± 0.80%) 
and microglia (2.85 ± 0.44%), suggesting the mRNA delivery efficiency 
of MK16 BLNPs to brain cells is dose dependent (Fig. 3f,g and Supple-
mentary Fig. 11b).

Mechanisms of MK16 BLNP across the BBB
To explore the possible mechanisms of BBB transportation by MK16 
BLNPs, we constructed a transwell assay consisting of bEnd.3 cells to 
mimic the BBB using the method reported before (Supplementary 
Fig. 12a)45. In this model, MK16 BLNPs encapsulated with Alexa Fluor 
647-labelled RNA exhibited dramatically higher fluorescence intensity 
in the lower compartment than the groups of phosphate-buffered saline 
(PBS) and MC3 LNPs, respectively (Supplementary Fig. 12b). When 
methyl-beta-cyclodextrin (MβCD; a caveolae-mediated endocytic 
inhibitor) was used to pretreat cells, a 43.3 ± 1.7% decrease in transcy-
tosis efficiency was observed (Supplementary Fig. 12c). However, treat-
ment with chlorpromazine (a clathrin-mediated endocytic inhibitor) 
and 5-(N-ethyl-N-isopropyl)-amiloride (a micropinocytosis-mediated 
endocytic inhibitor) did not significantly reduce the transcytosis effi-
ciency of MK16 BLNPs. Furthermore, pretreatment with MK-0752, the 
small molecule incorporated as the BBB-crossing module in MK lipids, 
resulted in a 63.8 ± 3.1% decrease in the transcytosis efficiency of MK16  
BLNPs, indicating that MK-0752 competitively inhibited the trans-
cytosis of MK16 BLNPs (Supplementary Fig. 12c). This finding suggested 
that MK16 BLNPs may partially utilize the transportation mechanism 
used by MK-0752 molecules. Since MK-0752 is a γ-secretase inhibitor, 
we speculated that γ-secretase may facilitate the transcytosis of MK16 
BLNPs through bEnd.3 cells. Therefore, we added nirogacestat (NGST)—
an FDA-approved γ-secretase inhibitor—to the transwell assay as well 
as the seeded N2a cells in the lower compartment to examine whether 
MK16 BLNPs could cross the endothelial cell layer and then deliver FLuc 
mRNA to the N2a cells after transcytosis. Co-incubation with MβCD or 
NGST sharply diminished the luminescence intensity in both bEnd.3 
cells in the upper compartment and N2a cells in the lower compartment, 
compared with the groups treated only by MK16 BLNPs (Fig. 3h,i and 
Supplementary Fig. 12d). These results indicate that MK16 BLNPs can 
cross endothelial cells by both caveolae- and γ-secretase-mediated 
transcytosis. To further validate the mechanism in vivo, we pretreated 
mice with either MβCD or NGST before intravenous administrations 
of MK16 BLNPs loaded with an Alexa Fluor 647-labelled RNA. As shown 
in Fig. 3j,k, both MβCD and NGST resulted in a significant decrease in 
fluorescence intensity in the brains of pretreated mice compared with 
those receiving only MK16 BLNPs, suggesting a substantial reduction in 
the passage of MK16 BLNPs across the BBB. These findings demonstrate 
that caveolae and γ-secretase might be critical mediators in facilitating 
the BBB crossing of MK16 BLNPs.

Delivery applicability and safety studies of MK16 
BLNPs
We next investigated MK16 BLNPs for functional mRNA delivery in an 
Ai14 mouse model (Fig. 4a). The Ai14 mouse is genetically engineered 
with a LoxP-flanked stop cassette that prevents tdTomato expression 
in vivo at the baseline, but activates the tdTomato expression with 
Cre recombinase46. In this experiment, we evaluated Cre recombinase 
mRNA-mediated editing by intravenously administering MK16 BLNPs 
to Ai14 mice. In PBS-treated mice, tdTomato expression was undetect-
able 5 days after administration, but on MK16 BLNP delivery of Cre 
mRNA, a tdTomato signal was observed throughout most regions of 
the brain, with the strongest signal detected in brain margins (Fig. 4b 
and Supplementary Fig. 13a,b). These areas are adjacent to the menin-
ges, which consist of abundant blood vessels. By contrast, MC3 LNPs 
resulted in a negligible tdTomato signal, indicating a markedly lower 
efficiency in delivering Cre mRNA throughout the brain. Importantly, an 
obvious tdTomato signal was observed in the hippocampus, thalamus 

and cerebral cortex of the brains from Ai14 mice treated with MK16 
BLNP-Cre mRNA (Fig. 4c–e). The expression levels of tdTomato-positive 
cells were comparable in these three brain regions. Specifically, in the 
hippocampus, tdTomato-positive neurons in the MK16 BLNP group 
accounted for 5.98 ± 1.52% of the total, whereas in the thalamus and 
cortex, the proportions were 5.86 ± 0.42% and 6.68 ± 1.13%, respec-
tively (Fig. 4f–h). Astrocytes with the tdTomato signal represented 
8.36 ± 1.85% in the hippocampus, 8.49 ± 1.53% in the thalamus and 
8.74 ± 2.07% in the cortex (Fig. 4f–h). In the MC3 LNP group, the neurons 
and astrocytes displaying the tdTomato signal within the hippocampus, 
thalamus and cerebral cortex regions were observed at approximately 
1% (Fig. 4f–h). To study whether multiple injections of MK16 BLNP-Cre 
mRNA could enhance gene editing in Ai14 mice, we compared the tdTo-
mato expression levels across various brain cell types from the mice 
receiving single or triple injections of MK16 BLNPs. The results showed 
that triple injections of MK16 BLNPs resulted in approximately twofold 
higher tdTomato expression in neurons, astrocytes, BCECs and micro-
glia than those in the single-injection group (Fig. 4i). Specifically, the 
tdTomato expression level of these brain cells after three injections was 
quantified as 16.7 ± 2.2% in neurons, 19.2 ± 3.0% in astrocytes, 17.9 ± 1.6% 
in BCECs and 4.5 ± 0.9% in microglia. Moreover, the tdTomato signals in 
these brain cells induced by MK16 BLNPs were much higher than MC3 
LNPs in both single- and triple-injection groups. Together, these results 
highlight the potential of MK16 BLNPs as promising mRNA carriers to 
cross the BBB, deliver multiple types of mRNA to essential brain cells 
(especially neurons and astrocytes) and induce robust expression of 
functional proteins across broad regions of the brain.

Next, we conducted a series of experiments to understand the 
safety profile of MK16 BLNPs. Since MK-0752—a starting material for the 
chemical synthesis of MK16—is a potent NOTCH inhibitor, we investi-
gated whether MK16 BLNPs might regulate NOTCH pathways in various 
organs47,48. In this work, we applied an RNA-sequencing assay to profile 
the expression level of NOTCH-related mRNA transcripts in the brain, 
liver and spleen. As shown in Supplementary Fig. 14a, mice treated 
with MK16 BLNPs displayed expression levels of most NOTCH genes 
that were similar to those in the PBS-treated group. By contrast, mice 
treated with MK-0752 exhibited substantial alterations in certain key 
NOTCH-related transcripts. To further study the potential toxicity and 
cytokine profiles of MK16 BLNPs, we collected plasma samples from 
the treated mice at intervals of 6, 24 and 48 h post-administration for 
comprehensive blood biochemical analysis. The proinflammatory 
cytokine and chemokine profiles elicited by MK16 BLNPs were com-
parable with or milder than those induced by MC3 LNPs at the same 
mRNA dose (Supplementary Fig. 14b). The levels of most biomarkers 
in both groups reverted to the baseline, as established by the PBS 
control, at 24 and 48 h after injection (Supplementary Fig. 14b,c). To 
assess the effects of MK16 BLNPs on liver and kidney function, plasma 
samples were also analysed for key biomarkers indicative of metabolic 
and excretory processes. The levels of aspartate aminotransferase, 
alanine aminotransferase and blood urea nitrogen remained within 
the normal range, suggesting that the hepatic and renal functions 
were not adversely affected by the administration of MK16 BLNPs 
(Supplementary Fig. 14d). Furthermore, thorough histopathologi-
cal evaluations of harvested tissues including the brain, heart, liver, 
lungs, spleen and kidneys at various time intervals revealed no notable 
pathological alterations (Supplementary Figs. 14e, 15 and 16). Finally, 
blood biochemical analysis and histopathological evaluations of major 
organs of the Ai14 mice revealed that multiple injections of MK16 BLNPs 
did not elicit obvious systemic toxicity (Supplementary Fig. 17a–d). 
These results highlight the biocompatibility and safety of MK16 BLNPs.

Demonstration of MK16 BLNPs in a cocaine 
exposure model
After the validation of delivery efficiency and tolerability of MK16 
BLNPs, we probed their ability to deliver a functional mRNA in a 
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Fig. 4 | MK16 BLNPs for Cre mRNA delivery in the Ai14 mouse model. a, Diagram 
depicting that delivery of Cre recombinase mRNA turns on tdTomato expression 
in Ai14 mice. b, Representative brain images of Ai14 mice intravenously  
injected with PBS, MK16 BLNP-Cre mRNA or MC3 LNP-Cre mRNA. Scale bar,  
1 mm. c–e, tdTomato expression in neurons (Map2+) and astrocytes (GFAP+) 
 in the hippocampus (c), thalamus (d) and cortex (e). Scale bar, 50 µm.  
f–h, Quantification of tdTomato-positive neurons and astrocytes in the 

hippocampus (f), thalamus (g) and cortex (h). i, Immunofluorescence flow 
cytometry analysis of tdTomato expression in different brain cell types after 
single or triple intravenous injections of MK16 BLNP-Cre mRNA and MC3 LNP-Cre  
mRNA. All data are from n = 3 biologically independent samples and are 
presented as mean ± s.d. Statistical significance and P values were determined 
by one-way ANOVA followed by Dunnett’s multiple comparisons test. n.s., not 
significant, P > 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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disease model. ΔFOSB is a pivotal transcription factor involved in the 
regulation of addictive behaviours and the neuropathology of drug 
dependence49,50. Given that the major clinical problem in addiction is 
that the user becomes tolerant to the effects of the drug over time, prior 
studies reported that enhancing ΔFOSB could be a viable approach to 
treat drug addiction by making subthreshold, non-reinforcing doses of 
cocaine more reinforcing, potentially reducing the risks of overdose51. 
Therefore, we formulated MK16 BLNPs with mRNA encoding ΔFOSB 
(ΔFosb mRNA) and tested this formulation in a cocaine-induced con-
ditioned place preference (CPP) model, which provides an indirect 
measure of drug reward, to assess the effects of ΔFOSB overexpression 
in modulating an animal’s ability to form drug-context associations. 
We first studied whether MK16 BLNPs could deliver ΔFosb mRNA to the 
nucleus accumbens (NAc), a key brain reward region in which ΔFOSB 
is known to exert its most prominent effects49,50. Systemic delivery 
of ΔFosb mRNA using MK16 BLNPs resulted in a strong expression of 
ΔFOSB protein within the NAc 24 h after injection (Fig. 5a). By con-
trast, negligible ΔFOSB signals were observed in PBS-treated mice. 
The observed differential expression highlights the capacity of MK16 
BLNPs to deliver functional mRNA to deep regions of the forebrain.

Once we observed the reliable production of ΔFOSB driven by 
MK16 BLNPs in the NAc, we tested its effects in the cocaine-induced CPP 
model (Fig. 5b). Briefly, animals first underwent a pre-test during which 
the baseline preferences of wild-type naive mice were established. 
During the pre-test, animals freely explored a CPP chamber consist-
ing of two distinct compartments (stripe walls with a small mesh floor 

and dark walls with large mesh floors). Animals were then counterbal-
anced for drug or saline conditioning to adjust for small-chamber 
biases across groups. During two consecutive conditioning days, mice 
received one daily intraperitoneal injection of saline in the morning, 
and were confined to one chamber for 30 min. In the afternoon, mice 
received an intraperitoneal injection of a subthreshold dose of cocaine 
and were confined to the opposite side of the chamber. Two doses of 
MK16 BLNP-ΔFosb mRNA were intravenously administrated to the mice 
after each conditioning day. On day 4, during the post-test phase, the 
mice were given free access to both compartments and their time spent 
in each compartment was recorded as a measure of preference for the 
drug-paired side. As expected, the subthreshold dose of cocaine did 
not induce CPP in control PBS-treated animals (Fig. 5c). Importantly, 
mice receiving MK16 BLNP-ΔFosb mRNA exhibited a significant pref-
erence for the cocaine-associated compartment compared with the 
pre-test (Fig. 5c). This increase in preference indicates augmented 
drug-seeking behaviour in the MK16 BLNP-ΔFosb-treated mice, which 
is consistent with previous work that overexpressed ΔFOSB selectively 
in NAc neurons either in inducible transgenic mice or by viral-mediated 
gene transfer49,52.

To further explore the clinical translatability of MK16 BLNP-ΔFosb 
mRNA, we examined MK16 BLNPs for the delivery of ΔFosb mRNA  
to adult human brain tissue ex vivo. Cortical tissue samples from 
two adult human subjects were treated with MK16 BLNP-ΔFosb 
mRNA (Fig. 5d). Quantitative analysis revealed ΔFOSB expression in 
4.00 ± 0.99% of neurons, 6.49 ± 2.33% of astrocytes and 2.38 ± 0.94% 
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of microglia, whereas the untreated slices exhibited no detectable 
expression (Fig. 5e).

Efficacy of MK16 BLNPs for treating GBM
GBM represents the most aggressive and lethal form of primary brain 
tumour53. Owing to its rapid progression and poor prognosis, iden-
tifying effective therapeutic targets is crucial. A tumour suppressor 
gene, like phosphatase and tensin homologue (PTEN), is commonly 
mutated in wide ranges of GBM, which may be a great candidate for 
therapeutic intervention27,54. To investigate the clinical potential of 
MK16 BLNPs in treating PTEN-mutated GBM, we formulated MK16 
BLNPs with Pten mRNA and intravenously administered this formu-
lation to tumour-bearing immunodeficient mice in an orthotopic 
model of human U-118MG GBM (Fig. 6a). We first investigated the 
expression of PTEN after the treatment of MK16 BLNP-Pten mRNA in 

the orthotopic GBM tumour model. Immunofluorescence staining 
of brain sections containing GBM demonstrated greater accumula-
tion of MK16 BLNP-Pten mRNA within the tumour region rather than 
adjacent normal tissue (Supplementary Fig. 18a). Moreover, MK16 
BLNP-Pten mRNA reduced the tumour growth, thereby achieving 
prolonged survival in tumour-bearing mice compared with the PBS 
and MK16 BLNP-control mRNA (mCherry mRNA) groups (Fig. 6b–d). 
In particular, 70% of the mice treated with MK16 BLNP-Pten mRNA 
survived over 120 days in the orthotopic GBM model. Histological 
analysis revealed that mice treated with MK16 BLNP-Pten mRNA 
exhibited smaller residual tumours than both PBS group and MK16 
BLNP-control mRNA group (Supplementary Fig. 18b). Addition-
ally, mice treated with MK16 BLNP-Pten mRNA showed significantly 
reduced tumour growth and enhanced survival rates compared with  
those receiving MC3 LNP-Pten mRNA (Supplementary Fig. 19a–c).  
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These results demonstrate that the systemic delivery of MK16 BLNP- 
Pten mRNA is a promising strategy for effective GBM treatment. 
Together, the impressive effects of MK16 BLNPs in both cocaine addic-
tion and GBM models establish its potential as a powerful delivery 
platform for studying and treating various brain disorders.

Outlook
Overall, we have designed and synthesized a library of BBB-crossing 
ionizable lipids by attaching a variety of lipid tails to different small 
molecules known for their ability to penetrate the BBB. MK16 BLNP, a 
lead material, is capable of crossing the BBB simultaneously mediated 
by caveolae and γ-secretase, enabling the efficient delivery of functional 
mRNA to several types of brain cell, and exhibiting tolerability under 
various dosing regimens. For future investigational new drug applica-
tions, it is crucial to conduct a toxicology study following good labora-
tory practice based on FDA guidelines, which provides a comprehensive 
understanding of the safety profile of MK16 BLNPs. For example, dose 
escalation studies and repeat administrations are essential to uncover 
the maximum-tolerated dose and potential long-term adverse effects. 
Additionally, specific mRNA cargoes need to be carefully designed and 
thoroughly examined to ensure precise targeting and efficacy in the 
treatment of the diverse pathophysiological mechanisms underlying 
various brain disorders. In summary, this BLNP platform represents 
an important proof-of-concept study to advance LNP-mRNA delivery 
to the brain, which offers a possible avenue for treating a wide range 
of brain disorders.
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Methods
Animal studies
The animal experiments conducted in this study adhered to the guide-
lines approved by the Institutional Animal Care and Use Committee of 
the Ohio State University (2014A00000106) and the Icahn School of 
Medicine at Mount Sinai (IPROTO202200000134). All relevant ethical 
regulations were followed as applicable. Both male and female C57BL/6J 
(000664), Ai14 (007914) and NU/J mice (002019) (6–10 weeks old), 
obtained from the Jackson Laboratory, were used for the experiments.

Materials
All chemicals were purchased from Fisher Scientific unless otherwise 
listed. DOPE (850725), 1,2-distearoyl-sn-glycero-3-phosphocholine 
(DSPC, 850365) and DMG-PEG2k (880151) were purchased from Avanti Polar 
Lipids. MC3 (555308), ALC-0315 (556006), ALC-0159 (556014) and SM-102  
(464358) were purchased from MedKoo Biosciences. NGST (HY-15185) 
and MK-0752 (HY-10974) were obtained from MedChemExpress. 
5-(N-Ethyl-N-isopropyl)-amiloride (A3085), MβCD (C4555) and chlor-
promazine (1125006) were purchased from Sigma-Aldrich. The detailed 
synthesis of all the BLs is described in the Supplementary Information. 
The 1H nuclear magnetic resonance spectra and mass spectra of all BLs 
are shown in Supplementary Figs. 20–52. The mRNAs encoded with 
FLuc, GFP, Cre recombinase, ΔFosb-FLAG and Pten-FLAG used in this 
study were constructed according to previously reported procedures55. 
Minimum essential medium (11095080), Dulbecco’s modified Eagle’s 
medium (11965092), neurobasal medium (21103049), N-2 supplement 
(17502048), B-27 supplement (17504044) and heat-inactivated foetal 
bovine serum (A5670801) were obtained from Thermo Fisher Scientific. 
Human-brain-derived neurotrophic factor (78005) was purchased 
from STEMCELL Technologies. The N2a (CCL-131) and bEnd.3 (CRL-
2299) cells were obtained from the American Type Culture Collection.

Preparation and characterization of BLNPs
A previously reported method was used to prepare BLNPs encapsulat-
ing mRNA55. BLs were formulated with DOPE, Chol and DMG-PEG2k using 
BL/DOPE/cholesterol/DMG-PEG2k at a molar ratio of 20/30/40/0.75. 
The original mass ratio of ionizable lipid/mRNA in the formulation 
is 10. The MC3 lipid was formulated with DSPC, Chol and DMG-PEG2k 
at a molar ratio of MC3/DSPC/Chol/DMG-PEG2k = 50/10/38.5/1.5. 
For ALC-0315 and SM-102, the formulation ratio is ALC-0315/
DSPC/Chol/ALC-0159 = 46.3/9.4/42.7/1.6 and SM-102/DSPC/Chol/
DMG-PEG2k = 50:10:38.5:1.5, respectively. The hydrodynamic diameter 
and polydispersity of the formulated BLNPs were measured by a Nano 
ZS Zetasizer (Malvern). The encapsulation efficiency was measured 
using the RiboGreen assay. The morphology of BLNPs was visualized 
using cryogenic transmission electron microscopy (Thermo Scientific 
Glacios) as previously described44.

In vitro luciferase assay for BLNPs
The N2a cells were cultured in minimum essential medium with 10% 
foetal bovine serum (37 °C, 5% CO2) and the bEnd.3 cells were cultured 
in Dulbecco’s modified Eagle’s medium with 10% foetal bovine serum 
(37 °C, 5% CO2). The cells were seeded in white 96-well plates (2 × 104 
cells per well), followed by overnight incubation in the growth medium. 
Then, 5 µl of BLNPs loaded with FLuc mRNA (0.01 mg ml–1 FLuc mRNA) 
were added to each well. Following an 18 h incubation period, cells were 
treated with a Bright-Glo luciferase substrate. After 5 min incubation,  
the relative luminescence intensity was quantified using a BioTek  
Cytation 5 Cell Imaging Multimode Reader.

Cytotoxicity of BLNPs in vitro
To assess the cytotoxicity of all BLNPs in N2a cells and bEnd.3 cells, a 
modified version of the MTT assay was used. After seeding in a 96-well 
plate and culturing overnight, the N2a cells and bEnd.3 cells were 
treated with either PBS or the selected BLNPs for 24 h. Afterwards, the 

MTT reagents were added to the cells and then further incubated at 
37 °C for 4 h. Subsequently, dimethyl sulfoxide was substituted for the 
old growth medium, followed by a 10 min shaking period. A wavelength 
of 570 nm was used to quantify absorbance.

BLNP-FLuc mRNA delivery by intravenous administration via 
tail vein
C57BL/6J mice (n = 3 for each group) were intravenously injected with 
selected BLNPs (N1-methyl-pseudouridine FLuc mRNA, 0.5 mg kg–1). 
After 6 h, the mice received an intraperitoneal injection of 150 µl of 
d-luciferin substrate (30 mg ml–1). The major organs, including the 
brain, were dissected and imaged after 8 min using a Xenogen IVIS imag-
ing system. The signals in the brain of all the groups were quantified 
using regions of interest and then the signals of the treatment groups 
were divided by the average signal intensity of the control groups 
for normalization. To investigate the in vivo kinetics of MK16 BLNPs, 
C57BL/6J mice (n = 3 for each group) were intravenously injected with 
MK16 BLNPs encapsulating Alexa Fluor 647-labelled RNA at the RNA 
dose of 0.5 mg kg–1. After 1, 6, 18, 24 and 48 h, the brains were dissected 
from mice and immediately imaged using a Xenogen IVIS imaging sys-
tem. To examine the in vivo biodistribution of MK16 BLNPs, C57BL/6J 
mice (n = 3 for each group) were intravenously administered with 
MK16 BLNP-Alexa Fluor 647-labelled RNA at an RNA dose of 0.5 mg kg–1. 
After 1 h, major organs including brains were dissected from mice and 
immediately imaged using a Xenogen IVIS imaging system.

Immunofluorescence staining for brain tissues
After 24 h post-treatment (ΔFosb mRNA delivery study) or 5 days after 
the last dose (Cre mRNA delivery study), mice were transcardially 
perfused with 20 ml of PBS and then 20 ml of 4% paraformaldehyde. 
The mouse brains were post-fixed in 4% paraformaldehyde at 4 °C 
overnight and then incubated in a 25% sucrose solution in PBS at 4 °C 
for up to 3 days before the section. Coronal sections of the brains were 
taken (5–10 µm thick) using cryotome, mounted on microscope slides 
and then incubated in 10% goat serum and 0.3% Triton X-100 in PBS for 
1 h. For ΔFosb mRNA delivery study, the brain slices were stained with 
anti-DDDDK tag (1:200, Abcam, ab205606) overnight at 4 °C, whereas 
for the Cre mRNA delivery study, the slices were stained with the pri-
mary antibodies including anti-GFAP (1:200, Abcam, ab68428) and 
anti-MAP2 (1:200, Abcam, ab183830). After rinsing with PBS, second-
ary antibodies (donkey anti-rabbit IgG H&L (Alexa Fluor 488) (1:200, 
Abcam, ab150073) and donkey anti-rabbit IgG H&L (Alexa Fluor 647) 
(1:200, Abcam, ab150075)) were used for 60 min incubation at room 
temperature. 4′,6-Diamino-2-phenylindole dihydrochloride (DAPI, 
Thermo) was used as a nuclear counterstain. All sections were imaged 
using fluorescence microscopy (Leica DiM8). To quantify the expres-
sion of tdTomato in specific cell types, all cells were first identified 
using DAPI staining. Subsequently, cells expressing tdTomato, MAP2 (a 
marker for neurons) and GFAP (a marker for astrocytes) were counted 
within the total cell population. The proportion of tdTomato positivity 
was then determined by dividing the number of tdTomato-positive cells 
by the number of cells positive for either Map2 or GFAP. This approach 
allows for the calculation of tdTomato expression levels specifically in 
neurons and astrocytes.

Immunofluorescence flow cytometry for brain cells
The dissociation and collection of brain cells followed established 
protocols with minor modifications56. After 12 h post-treatment (GFP 
mRNA delivery study) or 5 days after the last dose (Cre mRNA delivery 
study), mice were anaesthetized and transcardially perfused with 
20 ml PBS, and then the brain was carefully dissected. After removing 
the meninges, the brain tissue was dissected into small pieces in the 
TrypLE Express Enzyme (1×) solution containing 10 U ml–1 DNase I and 
then incubated at 37 °C for 15 min. Brain tissues were mechanically 
dissociated by pipetting to obtain a uniform suspension. Then, single 
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cells were obtained using a cell strainer 70 µm nylon mesh (Fisher) 
and purified with myelin removal beads based on the manufacturer’s 
protocols (Myelin Removal Beads II, human, mouse, rat, 130-096-433; 
Miltenyi Biotec). The purified single-cell solutions were then prepared 
for immunofluorescence staining separately with specific cell markers 
(primary antibodies) for 1 h at 4 °C: NeuN (1:100, Abcam, ab177487) for 
neurons, GFAP (1:100, Abcam, ab68428) for astrocytes, CD11b (1:100, 
Abcam, ab184308) for microglia, CD31 (1:100, Abcam, ab134168) for 
BCECs, platelet-derived growth factor receptor alpha (1:100, Abcam, 
ab203491) for oligodendrocytes and Islet-1 (1:100, Abcam, ab109517) 
for neural stem cells. For staining with NeuN, GFAP or Islet-1, the cells 
were fixed and permeabilized using eBioscience intracellular fixation 
and permeabilization buffer set for intracellular staining. The cells 
were then stained with secondary antibodies (donkey anti-rabbit IgG 
H&L (Alexa Fluor 647) (1:200, Abcam, ab150075)) for 30 min at 4 °C. 
All samples were then fixed and permeabilized for GFP staining (Alexa 
Fluor 488) (1:200, BioLegend, FM264G). After the final wash of antibody 
staining, the cells were stained by a DAPI staining solution (Miltenyi 
Biotec) and proceeded directly to flow cytometry analysis, where 
20,000 DAPI+ events were recorded.

CPP
An unbiased CPP test was carried out as described52 using three cham-
bered CPP boxes (Med Associates) and software in which two larger end 
chambers have distinct visual (grey versus striped walls) and tactile 
(small grid versus large grid flooring) cues to allow differentiation. 
All experimental sessions were conducted in a room with dim lighting 
and controlled ambient temperature. During the initial pre-test ses-
sion, mice were permitted to freely explore all the three chambers for 
20 min to ensure no inherent preference for any chamber. To mitigate 
any pre-existing bias towards a particular chamber, the groups were 
carefully balanced. The conditioning phase involved associating one 
end chamber with a saline injection in the morning and the opposite 
end chamber with a cocaine injection (12.5 mg kg–1) in the afternoon, 
over two consecutive days. Each conditioning session lasted for 30 min. 
Two doses of MK16 BLNP-ΔFosb mRNA (1 mg kg–1) were intravenously 
injected into the mice on conditioning days 2 and 3. On the fourth day, 
the CPP test was administered, allowing each mouse to move freely 
among all three chambers for 20 min. The place preference scores were 
calculated based on the difference in time spent on the side paired with 
cocaine versus the side paired with saline.

Ex vivo mRNA delivery in human brain tissue
All research involving human subjects was conducted under STUDY-13-
00415 of the Human Research Protection Program at the Icahn School 
of Medicine at Mount Sinai. Human cortical tissues were obtained 
with consent from two adult patients with Parkinson’s disease dur-
ing routine neurosurgery for the implantation of deep brain stimula-
tion electrodes. During deep brain stimulation surgery, a standard, 
FDA-approved technique known as cauterization is used to assist in 
the safe implantation of the deep brain stimulation electrode. The 
cauterization technique results in a small volume loss of ‘non-eloquent’ 
cortical tissue, which means that the loss has no discernable functional 
impact on the patient. As part of the living brain project (STUDY-13-
00415) protocol, this technique was adapted to retrieve a small biopsy 
from the prefrontal cortex region, which would otherwise have been 
discarded post-cauterization. The biopsy of the prefrontal cortex is 
taken using a 4 mm biopsy punch and a microdissector before cauteri-
zation. The obtained cortical tissue biopsies were promptly stored on 
ice and sectioned into 300-µm-thick slices within 30 min. The slices 
were then cultured in a neurobasal medium containing 1% N-2, 1% 
B-27 and 10 ng ml–1 human-brain-derived neurotrophic factor for 1 h 
before treatment with 1 µg MK16 BLNP-ΔFosb mRNA. After 24 h, the 
slices were dissociated into a single-cell suspension and prepared for 
immunofluorescence staining with specific cell markers.

In vivo mRNA delivery for GBM treatment
The U-188 MG cell line (HTB-15, ATCC) was transduced with FLuc-IRES- 
Puro Lentivirus (GlowCell-14p, Biosettia) based on the manufac-
turer’s guidance to generate the U-118MG-FLuc cell line. To establish 
an orthotopic GBM model, each mouse received an injection of pain 
killer (buprenorphine 0.1 mg kg−1) 30 min before deep anaesthesia 
(induction at 4% isoflurane; maintenance at 1.5% isoflurane). The mice 
were positioned into a stereotaxic frame (David Kopf Instruments) and 
their body temperatures were maintained using a heating pad. Skin was 
disinfected three times with 70% ethanol before skin incision. Single 
burr holes (diameter, 1.0 mm) were drilled at the following coordinates: 
X = −1.0 mm, Y = +1.5 mm. U-118MG-FLuc cells (1 × 106) were slowly 
injected at a constant rate of 300 nl min−1 (2 µl per site) into the lateral 
of the hippocampus (X = −1.0 mm, Y = +1.5 mm, Z = +1.6 mm) using a 
motorized micro-pump (Legato 130, KD Scientific) with a precision 
syringe (Hamilton Gastight Series, 10 µl). Before pulling out the syringe, 
it was maintained for 3 min. Then, the mice skin was disinfected again, 
and the skin was closed by surgical staples. All mice were closely moni-
tored until they were awake in a 37 °C heating chamber.

The establishment of orthotopic U-118MG-FLuc brain tumour 
using a Xenogen IVIS imaging system after 10 days post-implantation. 
To examine the accumulation of MK16 BLNP-Pten mRNA in the GBM 
region, mice with established U-118MG GBM were administered MK16 
BLNP-Pten mRNA intravenously (via the tail vein; 1.0 mg kg–1). After 
24 h, the mice were transcardially perfused with 20 ml PBS. The brains 
were then carefully dissected, fixed and sectioned. Brain slices were 
stained overnight at 4 °C with an anti-DDDDK tag antibody (1:200, 
Abcam, ab205606), followed by a 60 min incubation with a secondary  
antibody (donkey anti-rabbit IgG H&L (Alexa Fluor 488), 1:200, Abcam, 
ab150073) at room temperature. DAPI was used to counterstain the 
nuclei, and all the sections were imaged using fluorescence microscopy 
(Leica DiM8). The mice were divided into three random groups: PBS 
group, control (mCherry) mRNA group and Pten mRNA group. Treat-
ments were intravenously administered via the tail vein on days 10, 13 
and 16, with doses of PBS, MK16 BLNP-control mRNA (or MC3 LNP-Pten 
mRNA) and MK16 BLNP-Pten mRNA at 1.0 mg kg–1, respectively. From 
days 10 to 31, the mice were imaged every 3 days to measure the lucif-
erase intensity of the brain tumours. The mice were then continuously 
monitored, and those exhibiting loss of body weight of 20% or body 
condition score of ≤2 were humanely removed from the study. To 
visualize the tumour residues, the brain tissues were dissected, fixed  
and sectioned. The brain slices were counterstained with DAPI to  
distinguish between the tumour and normal tissue regions.

Statistics and reproducibility
The statistical analysis was conducted using GraphPad Prism 9 soft-
ware, Microsoft Excel (v. 2112), ImageJ (v. 1.53) and FlowJo (v. 10.4). 
For comparison between multiple data groups, one-way analysis of 
variance (ANOVA) followed by Dunnett’s multiple comparisons test 
were used. The two-tailed Student’s t-test was used to compare two 
data groups. For the CPP model, two-way ANOVA with Šidák post hoc 
test were used. In the GBM model, two-way ANOVA with Fisher’s least 
significant difference was used to compare the luminescence intensity 
and the log-rank (Mantel–Cox) test was conducted to compare the sur-
vival rates. P values of <0.05 were considered statistically significant. 
All the data met the assumptions of the statistical tests used, including 
normality and equal variances, and were formally tested to ensure the 
validity of the statistical analysis. No statistical method was used to 
predetermine the sample size.

Ethics statement
All research involving human subjects was carried out under STUDY-13-
00415 of the Human Research Protection Program at the Icahn School 
of Medicine at Mount Sinai. Research participants in the living cohort 
provided informed consent for sample collection, genomic profiling, 
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clinical data extraction from medical records and public sharing of 
deidentified data.

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

Data availability
Mouse reference genome assembly GRCm38.99 was used for data 
analysis (https://hgdownload.soe.ucsc.edu/goldenPath/mm10/ 
chromosomes/). All data supporting the findings of this study are avail-
able within the Article and its Supplementary Information. Source data 
are provided with this paper.
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