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Fusogenic lipid nanoparticles for rapid
delivery of large therapeutic molecules to
exosomes

Gamsong Son 1,2,6, Jiyoung Song3,6, Jae Chul Park 2,
Hong Nam Kim 1,3,4,5 & Hojun Kim 1,2

Exosomes, as cell-derived lipid nanoparticles, are promising drug carriers
because they can traverse challenging physiological barriers such as the blood-
brain barrier (BBB). However, a major obstacle in utilizing exosomes as drug
carriers is loading large therapeutic molecules without compromising the
structural integrity of embedded biomolecules. Here, we introduce a mem-
brane fusion method utilizing fusogenic lipid nanoparticles, cubosomes, to
load large molecules into exosomes in a non-destructive manner. When the
drug-loaded cubosome and exosome solutions are simply mixed, membrane
fusion is completed in just 10min. Our method effectively loads doxorubicin
and immunoglobulin G into exosomes. Moreover, even the most challenging
molecule—mRNA—is loaded with nearly 100% efficiency, demonstrating the
versatility of our approach. In terms of biological behavior, the resulting
hybrid exosomes preserve the functional behavior of exosomes in BBB uptake
and penetration. Surprisingly, controlling exosome-to-cubosome ratios allows
precise control over BBB uptake and transport. Furthermore, these hybrid
exosomes retain cell-specific delivery properties, preserving the targeted
delivery functions dictated by their exosomal origin. This study demonstrates
the feasibility of a mix-and-load method for rapid and efficient drug loading
into exosomes, with significant potential for the treatment of neurological
diseases.

ExosomesaremajortransportmediatorsofRNA,proteins,andother
molecules between cells1,2. Recent studies have shown that exo-
somes can effectively penetrate multiple biological barriers,
including the blood-brain barrier (BBB), which is known for its
selectivity and dynamic nature in regulating the passage of sub-
stances such as nutrients, ions, and drugs3,4. Inspired by the biolo-
gical role, therehasbeenasurgeofresearchonutilizingexosomesas
drug carriers2,5. Amongmany, loading large drugs onto exosomes is

perceived as one of the major challenges because of the resilient
lipidmembrane6,7. Conventional physical and/or chemicalmethods
for drug loading irreversibly modulate the lipid membrane and
embedded biomolecules. In addition, these methods are not com-
patible with loading nucleic acids and large proteins8,9. Given the
critical role of RNA- and protein- based therapeutics highlighted
during the COVID-19 pandemic, a non-destructive and universal
drug-loading methodology for large therapeutic molecules
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that essentially preserves the biological functions of exosomes is
of great interest.

Membrane fusion-based vesicular delivery is an emerging
approach to drug loading in exosomes10. This non-destructivemethod
allows for the loading of large therapeutic molecules, with drug size
limitations determined primarily by the encapsulation capacity of the
fusogenic carrier11. Recently, there have been multiple attempts to
deliver drugs onto exosomes through membrane fusion with drug-
encapsulating liposomes12–14. However, the liposome-basedmembrane
fusion method requires multiple processing steps and/or long pro-
cessing times (>12 h) due to the low fusogenicity12,13. Moreover,
the liposome-based method requires the use of high concentrations
(>50mol%) of cationic lipids in liposomes to encapsulate anionic
molecules such as mRNA15,16. This limitation also applies to RNA
delivery into exosomes, where cationic liposomes have been com-
monly used17,18. This can significantly alter the membrane charge
density of the hybrid exosomes, potentially leading to increased cel-
lular toxicity and limited tissue penetration19,20.

Cubosomes are highly fusogenic lipid nanoparticles, with bicon-
tinuous cubic symmetry21. According to membrane elasticity theory,
the lipid bilayer in cubosomes has a positive Gaussian modulus
allowing for spontaneous membrane fusion22–25. Cubosomes are
known for their versatility in encapsulation, capable of encapsulating
both hydrophilic and hydrophobic molecules26. Notably, recent stu-
dies have demonstrated their ability to successfully encapsulate
mRNA, underscoring their suitability for delivering large-sized ther-
apeutic molecules27. Moreover, cubosomes serve as excellent drug
reservoirs; their small water channels, where hydrogen-bonded water
molecules to lipid head groups limit the degradation and conforma-
tional changes of encapsulated molecules. Considering the superior
fusion characteristics and high encapsulation capacity of cubosomes,
it can be a superior candidate for loading drugs into exosomes.

In this study, we report a cubosome-mediated universal and rapid
drug loading method for exosomes that preserves the function of
embedded biomolecules. The drug loading capability of cubosomes
was demonstrated with various drugs of different sizes and physico-
chemical properties, including doxorubicin, immunoglobulin G, and
mRNA. The functional behaviors of the resulting hybrid exosomes
were assessed through permeability tests conducted in a BBB-on-a-
chipmodel. Notably, the hybrid exosomes exhibited varying transport
across the BBB and cellular uptake behaviors depending on the
cubosome-exosome ratio and their cellularorigin, suggesting that they
retain the functional properties of the original exosomes post-fusion.
We propose that our hybrid exosome platform offers innovative and
modular strategies for therapeutic delivery in CNS disorders.

Results and discussion
In this work, we utilized cubosomes to load drugs into exosomes
(Fig. 1a). Cubosomes are highly fusogenic lipid nanoparticles having
two principal curvatures with different signs, similar to fusion pore.
According to the membrane elasticity theory, this structure can
spontaneously fuse with lipid membrane by lowering the free energy
cost upon fusion (please refer to the method section for detail)24. Due
to the high fusogenicity of cubosomes, we can simplymix solutions of
cubosomes and exosomes to fabricate hybrid exosomes. The pre-
servation and enhancement of biological functions of hybrid exo-
somes were demonstrated with an in vitro BBB permeation test
(Fig. 1b). The hybrid exosomes retained the intrinsic properties of the
exosomes dictated by their origin, and the cubosome-to-exosome
ratio modulated the BBB permeability and absorption behavior.

Cubosome mass production
Our previous study demonstrated a microfluidic approach for cubo-
some fabrication28. However, the production rate of cubosomes was
aproximately 20 times lower than that of lipid nanoparticles (LNPs),

which limited their utility in translational research28–30. Here, we opti-
mizedflowconditions and themicrofluidicmixer design for large-scale
production (Fig. 2a). The lipid feeding solution and water were
simultaneously injected and mixed through the microfluidic mixer.
Upon mixing, solvent polarity abruptly changed, leading to lipid pre-
cipitation into droplets (Supplementary Fig. 1e). Subsequently, these
droplets were annealed to induce fusion between droplets and self-
assembly into cubosomes.

As the primitive cubic phase is a thermodynamic equilibrium
phase for the given lipid composition, we hypothesized that larger
particle sizes would favor the formation of the cubic phase over other
structures (Fig. 2b). According to the reported LNP studies, it is found
that an increase in lipid concentration results in larger particle size31,32.
Similarly, increasing the total flow rate (TFR) and decreasing the flow
rate ratio (FRR) increases the lipid concentration in themixed volume.
Therefore, the cubic phase is expected to be favored at higher lipid
concentrations, higher TFRs, and lower FRRs33. To prove our
hypothesis, we explored the effect of these three variables on lipid
nanoparticle structurewithin the following ranges: lipid concentration
(0.15, 0.3, 0.45M), TFR (2, 3, 4ml/min), and FRR (water:lipid = 1:1,
2:1, 3:1).

The particle structures prepared from 27 fabrication conditions
are represented as a 3D diagram (Fig. 2c). The structure of the lipid
particles was analyzed by SAXS scans (Supplementary Tables 1, 2). The
red, gray, yellow, and blue symbols represent the cubic, cubic domi-
nant (cubic + hexagonal), hexagonal dominant (cubic + hexagonal),
and hexagonal phases, respectively. Immediately, one can notice that
the cubic phases exist in the upper right corner of the phase space. To
study the trend of the lipid nanoparticle structure according to each
variable, the 2D projection graphs are shown (Fig. 2d–f). Each point in
the 2D diagram represents the overlap of three data points from each
plane in the 3Ddiagram. The circlesweredivided into three parts, each
representing the phases observed. The area where the cubic phase
appeared at least once was indicated by a red background. In the lipid
concentration and FRRplane, the cubic phasewasprominent at higher
lipid concentration and lower FRR (Fig. 2d). In the case of TFR and lipid
concentration, higher lipid concentration and TFR favored the cubic
phase (Fig. 2e). Lastly, TFR and FRR plane show that the cubic phase is
produced in most cases, implying that lipid concentration is the most
dominant parameter for structure determination (Fig. 2f). Overall, the
preference for the cubic structure increased with increasing lipid
concentration and TFR and decreasing FRR as we hypothesized.
Indeed, it was found that cubosomes have a bigger particle size com-
pared to lipid nanoparticles having different structures (Supplemen-
tary Fig. 1a). Themanufacturing conditions for cubosomes arefixed for
the remainder of the study at 0.45M lipid concentration, 4ml/min
TFR, and 1.5:1 FRR.

Cubosomes fabricated under these conditions had a size of
approximately 120 nm and a PDI of 0.17 (Fig. 2g). The 1D and 2D SAXS
scan data of cubosomes represent three characteristic Bragg peaks
(Fig. 2h). These three peaks appear at positions with ratios of √2, √4,
and √6, corresponding to [110], [200], and [211] reflections, respec-
tively. The calculated lattice spacing was 154.4 Å. Additionally, SAXS
analysis of dye-loaded cubosomes (Supplementary Fig. 1b) confirms
that the lipid composition used in this study supports the formation of
a long-range ordered bicontinuous cubic phase. The detailed structure
of cubosome was studied using cryo-EM (Fig. 2i). In line with results
obtained from other techniques, cubosomes have 121 ± 12 nm in size
and well-ordered internal structures (Supplementary Fig. 1d).

Drug encapsulation in cubosome
Cubosome is composed of two interwoven water channels separated
by a continuous lipid bilayer33. Therefore, it can encapsulate both
hydrophilic and hydrophobic drugs. Among many drugs, large-sized
biomolecules such as mRNA and proteins (>100 kDa) have garnered
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significant interest since COVID-19. To load such molecules onto
exosomes, we first aimed to encapsulate large-sized therapeutic
molecules in cubosomes.

To encapsulate drugs into cubosomes, wemixed the drug-feeding
solution with the lipid solution using a microfluidic mixer (Fig. 3a).
Upon mixing, drug-encapsulating droplets were generated and sub-
sequently fused to form cubosomes during the annealing process. We
then analyzed the amounts of drugs loaded into the cubosomes. For
doxorubicin and IgG, loading efficiency was over 85% (Fig. 3b). Sur-
prisingly, long mRNA (1 kb) showed a loading efficiency reaching 98%
based on RiboGreen assay. In fact, this result can be expected, con-
sidering that similar manufacturing methods used in LNPs have also
shown high encapsulation efficiency formRNA34. The encapsulation of
mRNA in cubosomewas further validated by fluorescencemicroscopy.
Cubosomes were stained red with Texas Red dye (Fig. 3c), and mRNA
was labeled green with FAM dye (Fig. 3d). When two images were
overlapped, the yellow particles were observed, indicating that mRNA
is colocalized within the cubosomes (Fig. 3e). Green particles were
rarely observed, suggesting that most of the mRNA is loaded into the
cubosomes as observed in the loading efficiency test.

For effective drug loading into exosomes in the later stage, it is
important for mRNA-cubosomes to maintain fusogenic structure. The
size of mRNA-cubosomes was 101.6 nm, about 20 nm smaller than
drug-free cubosomes (Fig. 3f). The smaller size is attributed to the
Coulombic interaction betweenmRNA and the cationic lipid. In the 1D
SAXS plot, three characteristic Bragg peaks are observed at the same q

values as in the cubosome-only samples, indicating a well-ordered
primitive cubic structure (Fig. 3g). As expected, the zeta potential of
cubosomes encapsulated with negatively charged mRNA decreased
(Supplementary Fig. 2e). Interestingly, a distinct peak around 0.12 Å−1

appeared, which was not observed in cubosome-only samples.
According to foundational work by the Safinya group, this peak can be
interpreted as the folding structure of the mRNA35,36. Based on the
position and width of the mRNA peak, we can infer that mRNA forms
units spaced 5.1 nm apart, with approximately 3.7 repeating units. The
Cryo-EM image of themRNA-cubosome further supports the presence
of a highly ordered internal structure, as indicated by the SAXS study
(Fig. 3h, Supplementary Fig. 2a). Cubosomes loaded with IgG and Dox
retained awell-ordered cubic structure, demonstrating their versatility
for loading various drug types (Supplementary Fig. 3a,b).

Cubosome as an excellent drug reservoir
In addition to their high encapsulation efficiency, cubosomes
demonstrate an excellent capacity to protect encapsulated molecules
from environmental degradation. This is particularly crucial for
maintaining the stability of sensitive agents such as mRNA. Consider-
ing the mix-and-load scenario, room temperature storage is beneficial
for the effective distribution of exosome therapies.

We studied the structural stability ofmRNA-cubosomesby storing
the mRNA-cubosome solution at room temperature for three weeks.
The changes in the cubic structure of lipids and the folding structure of
mRNA were monitored using SAXS (Fig. 3i). Typically, oxidation of
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lipid head groups can lead to structural changes and mRNA can easily
degrade under these conditions. However, the mRNA-cubosomes
maintained a unit cell size of 15.37 ± 0.10 nmandmRNA repeatingunits
(domain size/unit spacing(dmRNA)) of 3.58 ± 0.14 throughout the three
weeks (Fig. 3j). The photographic images of fresh and three-week-old
samples show a consistent milky color, demonstrating the colloidal
stability of mRNA-cubosomes (Fig. 3k). Therefore, cubosomes offer a
promising solution for the effective storage and distribution of sensi-
tive drugs such as mRNA, thereby enhancing the viability of exosome
therapies.

Kinetics of membrane fusion
Next, we evaluate the kinetics of fusion between cubosomes and
exosomes via Fluorescence Resonance Energy Transfer (FRET)

analysis. Cubosomes were preparedwith FRET pairs (0.5mol% of NBD-
PE and Liss Rhod-PE each) (Fig. 4a, Supplementary Fig. 1b).When these
two dyes in the cubosome are close enough and excited by 460nm
light, emission occurs at 590 nm through energy transfer fromNBD to
Liss Rhod. When membrane fusion between cubosome and exosome
happens, the distance between NBD and Liss Rhod would increase,
leading to a decrease in the fluorescence intensity of Liss Rhod. The
changes in Liss Rhod fluorescence intensity over 10min were mon-
itored. As the cubosome-to-exosome ratio decreased, the Liss Rhod
fluorescence intensity decreased more rapidly, and the fusion rate
saturated at a cubosome: exosome ratio of 1:5 (Supplementary Fig. 4a).
Therefore, to show the overall trend, we finally selected the ratios of 1:1
and 1:10, which represent slow and fast fusion kinetics, respectively.
Regardless of the cubosome to exosome ratio, a rapid decrease in Liss

0.05 0.10 0.15

 cubosome

q [Å-1]

In
te

ns
ity

 [a
rb

. u
ni

ts
]

0 200 400 600
0

10

20

30

N
um

be
r [

pe
rc

en
t]

Size [d. nm]

 Cubosome
(0.45M, 4ml/min, 1.5:1)

Cubic Cubic + Hexagonal Hexagonal + Cubic Hexagonal

f

h

a

g

e

Lipid conc. [M]

2

3

4

0.450.15 0.3

TF
R 

[m
l/m

in
]

d

1

2

3

0.450.15

FR
R 

[w
at

er
 : 

lip
id

]

0.3
Lipid conc. [M]

b

TFR

increase

FRR

increase

Lipid conc.

increase

c

FRR: Flow Rate Ra�o
TFR: Total Flow Rate

Cubosome

Lipid feeding Solu�on

Water feeding solu�on

Annealing
Droplet 

forma�on

i

50nm100nm

(1
10

)

(2
00

)

(2
11

) (110)
(200)
(211)

2

4

3

FRR [water : lipid]
1 2 3

TF
R 

[m
l/m

in
]

Fig. 2 | Optimize cubosome fabrication for mass production. a Schematic of
cubosome fabrication usingmicrofluidicmixer.When the solvent polarity changed
abruptly uponmixing of two solutions, lipids precipitate into droplets. Afterwards,
annealing of droplets induces the self-assembly into cubosomes. Lipid concentra-
tion (0.15, 0.3, 0.45M), Flow rate ratio (FRR; lipid:water = 1:1, 1:2, 1:3), and total flow
rate (TFR; 2, 3, 4ml/min) were controlled independently. b Preferred lipid phases
according to lipid concentration, FRR, and TFR. c 3D phase diagram representing
the phases of 27 samples at varied lipid concentrations, FRR, and TFR. Red circle
indicates a cubic phase. Gray circle represents coexistence of cubic and hexagonal

phases, but cubic phase is dominant. Blue circle, on the other hand, represent the
hexagonal phase dominant. Pure hexagonal phases are marked with green circles.
d–f 2Dprojectiondiagramsof concentration-FRR, concentration-TFR, andFRR-TFR
plane. Each circle is divided into three parts to indicate the overlapping color
results of three replicate samples. Areas where the cubic phase appeared at least
once are marked with a red background. g DLS results under the final condition
(0.45M, lipid:water = 1:1.5, 4ml/min). h SAXS results and 2D-SAXS image under the
final conditions revealing a well-ordered primitive cubic phase. i Cryo-TEM image
under the final conditions.

Article https://doi.org/10.1038/s41467-025-59489-5

Nature Communications |         (2025) 16:4799 4

www.nature.com/naturecommunications


Rhod fluorescence intensity was observed when the buffer was deio-
nizedwater (Fig. 4b,c and Supplementary Fig. 4b–e). To investigate the
impact of electrostatic force on the fusion between cubosomes and
exosomes, the same experiments were also conducted but in PBS
buffer condition. Interestingly, fusion in PBS exhibited considerably
slower kinetics and the effect of cubosome to exosome ratio wasmore
prominent in PBS buffer condition.

Although lipid mixing is a generally accepted indicator of the
membrane fusion process, it can only provide information about lipid
mixing between cubosomes and exosomes. As our goal is to maintain
the vesicle structure after the fusion event, the completion of fusion

needs to be monitored. Therefore, we utilized Small Angle X-ray
Scattering (SAXS) to estimate the fusion structures. After mixing
cubosomes and exosomes at a number ratio of 1:10 in deionizedwater,
in situ SAXS scans show the time-dependent scattering changes at 10-s
intervals for 10min (Fig. 4d). Three Bragg peaks at the initial time point
indicate the presence of well-ordered cubosomes in the sample. Over
time, the intensities of the Bragg peaks continuously decrease and
disappear. When we plotted the intensity of the first Bragg peak over
time at 60-s intervals after background subtraction, a trend similar to
that observed in the FRET study was found (Fig. 4e,f). Cubic structure
disappears much faster in deionized water, while cubic structure
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remains when fusion happens in PBS buffer. When cubosome to exo-
some number ratio was 1:10 and mixed in PBS buffer, however, the
intensity of the Bragg peak was rather preserved over 10min. In other
words, even though lipid mixing happens rapidly in this condition, it
forms intermediate structures, for example, cubosome-attached exo-
somes (bleb structure).

The schematic illustration of membrane fusion from a structural
perspective is summarized in Fig. 4g. The ions in PBS screen the
electrostatic interactions between positively charged cubosomes and
negatively charged exosomes, slowing down the fusion process37,38.

Indeed, Debye lengths were calculated as 203 nm in deionized water
and 35.8 nm in PBS, supporting the dramatic difference in fusion
kinetics between the two different buffers. Another variable, the
cubosome to exosome number ratio, also affects the fusion kinetics. In
the caseof 1:10 ratio, the LissRhodfluorescence intensity decreasedby
57% after 10minofmixing, but in the caseof 1:1 the rate decreasedonly
by 12% in PBS. We can understand the fusion behavior at different
particle concentrations using Collision Theory, a model that explains
reaction rates. In the context of fusion events, the fusion reaction is
governed by the collision between particles. According to the theory,
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the collision frequency is proportional to the concentrations of the
reacting species, as described by the equation:

ZAB =NANBσAB

ffiffiffiffiffiffiffiffiffi
πμ
8kT

r
ð1Þ

WhereZAB: Collision Frequency,NA,NB: Number of Particle A andB, σAB:
Collision Cross-Section, μ: Reduced Mass, k: Boltzmann Constant, T:
Temperature39. As the concentration of reactant particles increases,
the number of collisions rises, thereby increasing the likelihood of a
reaction. Thus, an increase in the concentration of exosomes leads to
more frequent collisions with cubosomes, promoting faster fusion.

The fusion reaction between cubosomes and exosomes in D.W.
was mostly completed within 10min, indicating the fast fusion kinet-
ics. The underlying principle of such kinetics can be understood using
membrane elasticity theory by Helfrich24. According to the theory, the
free energy of a membrane per unit area can be described as follows:

F=A= k=2ðC � C0Þ2 + �κK ð2Þ

Where C and C0 represent curvature and equilibrium curvature of a
membrane, �κ and K are Gaussian moduli and Gaussian curvature,
respectively. The free energy change duringmembrane fusion is about
�4π�κ (Please refer method section for details). In the case of cubo-
somes, �κ is positive so the fusion is spontaneous while this is not the
case for liposomes.

Characterization of fusion structures
After confirming the fast fusion event between cubosome and exo-
some, we studied the size change of the system as fast kinetics may
indicate large aggregates. After 10min of mixing cubosome and exo-
some solutions, the size increased as we expected in all systems
(Fig. 4h). As the number concentration of exosomes increased during
fusion, the particle size also increased, suggesting that the higher
concentration facilitated the interaction between the two particles.
However, the particle diameter stayed below 200nm in all fusion
conditions, indicating that fused lipid nanoparticles have slower fusion
kinetics over time. As observed in the lipid mixing experiments, elec-
trostatic interactions are the major driving force for fusion. When
membrane fusion happens, the effective membrane charge density
decreases, thereby limiting the chance of colliding with another lipid
nanoparticle40,41. The smaller size of lipid nanoparticles fused in PBS
buffer at a cubosome-to-exosome number ratio of 1:10 (163 nm)
compared to the sample in deionizedwater (197 nm) further concretes
this hypothesis. When we increased the incubation time to several
hours, however, the particle size increased significantly in the case of
excess exosomes incubated with cubosomes in deionized water
(Supplementary Fig. 5d,e).

To evaluate the overall degree of fusion, we utilized fluorescence
microscopy. Cubosomes were labeled with the green fluorescent dye,

NBD-PE, and exosomes were labeled with the red fluorescent dye, DiI.
Two solutions of cubosomes and exosomes were then mixed at a 1:10
ratio in deionized water and imaged after 10min (Fig. 4i,j). In the
merged fluorescence image, most particles appeared yellow, indicat-
ing colocalization of cubosomes and exosomes (Fig. 4k). Additionally,
the absence of green fluorescence suggests that all of the cubosomes
fused with exosomes within 10min.

To understand the detailed membrane fusion structures, we
conductedCryo-TEMstudies (Fig. 4l). Exosomeswere characterizedby
an electron-dense core (from exosomal proteins and nucleic acids)
with heterogeneous size distribution.When exosomes and cubosomes
are in contact, they rapidly exchange lipids and form an active fusion
pore. In themiddle of the cryo-EM image, one can see the intermediate
fusion structure with electron-dense materials appearing to be biased
on one side suggesting membrane fusion between cubosomes and
exosomes. Subsequently, the fully fused hybrid exosome appeared
where the proteins of the exosome dispersed throughout, indicating
complete fusion.

Finally, we studied whether the drugs encapsulated in the cubo-
some canbe transferred to the insideof the exosome. Eachof the three
cubosome solutions encapsulating different drugs was mixed with
exosomes for 10min. Tominimize the number of unfused cubosomes,
the number ratio of cubosomes to exosomes was set at 1:10. The drug
loading efficiencywas thenmeasured (Fig. 4m). Doxorubicin showed a
relatively lowdelivery efficiencyof approximately 77%. This is because,
similar to the previous cubosome loading, doxorubicin has higher
membrane permeability compared to other drugs, allowing it to
transport freely across the membrane. Remarkably, most of the IgG
and mRNA were transferred to the exosome without detectable loss.

Transport of hybrid exosomes in BBB model
To study whether hybrid exosomes retain the unique transport cap-
ability of exosomes, we evaluated the transport of hybrid exosomes
across the in vitro 3D BBB model. For this purpose, we utilized
microphysiological system-based BBB models which offer multiple
benefits, including visualization of drug carrier transport, discrimina-
tion of uptake and transport, and cell type-specific uptake.

To generate the in vitro 3D BBB model, a microfluidic device
consisting of three-phase guide channels (microstructures that guide
the liquid flow in microchannels) was utilized (Fig. 5a)42. To recapitu-
late human brain BBB physiology, a hydrogel suspension mixed with
human astrocytes (HAs) and human brain vascular pericytes (HBVPs)
was introduced into the central channel of the device and allowed to
gelate. The following day, humanbrainmicrovascular endothelial cells
(HBMECs) were evenly seeded on the hydrogel wall, as well as on the
bottom and top of the side channels. The tri-cultured systemwas then
incubated for fourdays to facilitate maturation of the endothelial
barrier. The microfluidic platform is optimized for high-throughput
studies, as it contains 28 individual wells per device and requires only
1μL of hydrogel per well, significantly reducing reagent consumption

Fig. 4 | Membrane fusion between cubosome and exosome. a Scheme of
describing the Fluorescence Resonance Energy Transfer (FRET) experiment for
understanding fusion kinetics at different exosome: cubosome ratio and buffer. As
fusion progresses, the energy transfer between FRET pair is decreased. The fluor-
escence intensity decrease of acceptor, Liss Rhod dye, was used as a lipid mixing
indicator. Cubosomes were used as a control for comparison before fusion
occurred. b Changes in fluorescent intensity of Liss Rhod intensity in Deionized
water (D.W.) and PBS when the exosome: cubosome number ratio is 1:1. c Changes
in Liss Rhod intensity in D.W. and PBS when the exosome: cubosome number ratio
is 10:1. d SAXS scan results for solution of cubosome and exosomemixture. Under
D.W. conditions, measurements were taken every 10 s for 10min when the exo-
some: cubosomeconcentration ratiowas 10:1. As fusionprogresses, the intensity of
the first Bragg peak indicating cubic phase is decreased. e Changes in the first peak

of the cubic phase in D.W. and PBS when the exosome: cubosome concentration
number ratio is 1:1. f Changes in the first peak of the cubic phase in D.W. and PBS
when the exosome: cubosome concentration number ratio is 10:1. g Scheme
showing the difference in the membrane fusion kinetics in D.W. and PBS due to
charge screening. h DLS results in D.W. and PBS when the exosome: cubosome
concentration ratio is 1:1 and 10:1. Data are presented as mean ± SE, n = 3.
i Fluorescence image of hybrid exosome showing only the exosome labeled by DiI.
j Fluorescence image of hybrid exosome showing only the cubosome labeled by
NBD-PE.k Fluorescence imageofhybrid exosome. Exosomeand cubosomeoverlap
and yellow signal observed, supporting a completion of membrane fusion. l Cryo-
TEM image of the fusion process between exosome and cubosome. m Loading
efficiency of doxorubicin, immunoglobulin G, and mRNA into exosomes. Data are
presented as mean± SE, n = 3.
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while enabling efficient evaluation of drug permeability across the BBB
(Fig. 5b). To validate the formation and integrity of the BBBmodel, we
performed immunofluorescence staining using specific cellular mar-
kers (Fig. 5c). Endothelial cells (HBMECs) were stained with CD31,
astrocytes with GFAP, and pericytes with αSMA. The results showed
that endothelial cells formed a continuous monolayer barrier that
closely interactedwith the astrocytes and pericytes along the hydrogel
interface (Fig. 5d). Additionally, the presence of key tight junction
proteins, including ZO-1, VE-cadherin, and Claudin-5, confirmed the
integrity of the endothelial barrier and its maturation after a four-day
incubation period (Fig. 5e). Astrocytes and pericytes were observed
lining the hydrogel surface, forming a structure thatmimics the in vivo
BBB. Collectively, these results demonstrate that the developed
in vitro BBB model successfully recapitulates the essential cellular
architecture, tight junction integrity, and functional properties of the
native BBB, making it a powerful platform for drug permeability
studies.

We evaluated the transport of hybrid exosomes across an in vitro
3D BBB model. Red fluorescent dyes (DiI and Texas Red for exosome
and hybrid exosome, respectively) conjugated carriers were used to
visualize the transport of the carriers. Additionally, green fluorescent
dye-conjugated lectins, which specifically bind to glycoproteins in
endothelial cells, were used to visualize the boundary of the endo-
thelial barrier. The fluorescently labeled carriers were added to the tri-

culture medium and introduced into the microfluidic reservoir, which
is connected to the channel where endothelial cells were being cul-
tured. The uptake and transport of the carriers across the endothelial
barrier were then monitored using confocal microscopy.

The HBMEC-derived exosomes (HBMEC-exosome alone) were
preferentially uptakenbybrain endothelial cells, exhibiting the highest
fluorescence intensity at the BBB boundary (Fig. 6a). In the case of
hybrid exosomes prepared by fusing HBMEC-exosomes with cubo-
somes, an enhanced BBB transport was observed compared to the
HBMEC exosomes alone (Fig. 6b). Additionally, as the ratio of HBMEC
exosomes decreased, the fluorescence intensity near the BBB bound-
ary also decreased (Fig. 6c), suggesting increased transport or
decreased HBMEC content-EC interaction. These results suggest that
(i) the content from cubosome facilitates the transport of carriers, and
(ii) the content from HBMEC-exosomes increases the uptake or inter-
action of carriers in the HBMECwall. These findings also imply that the
modular approach to controlling the transport-uptake ratio of target
drugs is feasible by modulating the exosome-to-cubosome ratio.

One important merit of exosomes is that they have specificity
based on their cellular origin. Therefore, we investigated how exo-
somes from different sources influence the transport of hybrid exo-
somes across the BBB. We prepared HA-derived exosomes and fused
them with cubosomes at a 1:1 ratio (Fig. 6d). To demonstrate the dif-
ference in uptake behaviors, the carrierswere identically perfused into
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the endothelium channel and their transport was observed, focusing
particularly on astrocytes within the 3D hydrogel. Interestingly, unlike
HBMEC-hybrid exosomes, HA-hybrid exosomes were predominantly
taken up by astrocytes within the 3D hydrogel rather than by endo-
thelial cells. To further validate the involvement of human astrocytes
(HAs), we pre-labeled astrocytes with Qtracker 565 (green), a stable

long-term cell tracker, before seeding them into the microfluidic
device. HA-hybrid exosomes were tagged with Texas Red (red) and
perfused into the system. The confocal images demonstrated the
successful crossing of the BBB by hybrid exosome and their sub-
sequent uptake by astrocytes, as evidenced by the clear co-localization
of the green (astrocyte) and red (hybrid cubosome) signals in the
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merged image (Fig. 6e). These results clearly indicate that the origin of
exosomes influences the fate of cellular uptake after BBB penetration
by hybrid exosomes.

In summary, our findings demonstrate that (i) the presence of
cubosomes in hybrid exosomes enhances transport across the BBB, (ii)
the cubosome-to-exosome ratio regulates the balance between trans-
port and uptake, and (iii) the origin of the exosomes influences target
of uptake through homing effects (Fig. 6f). These conclusions are
clearly supported by the integrated fluorescence intensity observed
outside the BBB barrier (Fig. 6g).

Transport of drug-loaded hybrid exosomes across the BBB
To evaluate the permeability of various bioactive cargoes, including
doxorubicin, immunoglobulin G (IgG), and mRNA, we conducted a
permeability assay using both cubosomes and hybrid exosomes in
the in vitro BBB model (Fig. 7a). The results revealed that while
doxorubicin showed no significant difference in permeability
between cubosomes and hybrid exosomes, the transport of IgG and
mRNA was significantly enhanced when delivered via hybrid exo-
somes. Quantitative analysis further confirmed this result, demon-
strating that the permeability of IgG and mRNA increased
approximately 2-fold compared to delivery with cubosomes alone
(Fig. 7b). These findings indicate that hybrid exosomes exhibit
superior efficiency in facilitating the transport of larger and more
structurally complex molecules, such as proteins and nucleic acids,
across the endothelial barrier.

To confirm that the bioactive cargo remains encapsulated and
intact during transport, we tracked Texas Red-labeled hybrid exo-
somes (red) carrying mRNA (yellow) across the BBB model. Confocal
imaging clearly showed co-localization of the red (hybrid exosome
carrier) and yellow (mRNA cargo) signals beyond the endothelial bar-
rier (Fig. 7c). This result validates that the hybrid exosomes success-
fully encapsulate mRNA and effectively deliver it across the BBB
without significant dissociation of the cargo. Overall, these results
highlight the potential of hybrid exosomes as a robust and efficient
platform for the delivery of complex therapeutic molecules, particu-
larly proteins and nucleic acids, across the BBB.

In this study, we introduced an approach for the efficient loading
of large therapeutic molecules into exosomes using a simple mix-and-
load method. The microfluidic method for cubosome fabrication
allows the successful encapsulation of various types of drugs, includ-
ing 1 kb mRNA, with minimal cationic lipid content. Our results
demonstrate that cubosomes can protect encapsulated drugs such as
mRNA at room temperature for up to three weeks. Remarkably, these
cubosomes retained their fusogenic properties, enabling complete
membrane fusion with exosomes within 10min, thereby realizing the
‘mix-and-load’ method.

The BBB permeability test of hybrid exosomes demonstrates the
potential in transendothelial drug delivery across the blood-brain
barrier (BBB). Given the challenges associated with treating neurolo-
gical disorders such as Alzheimer’s disease, efficient transport of
therapeutic agents across the BBB is crucial43. The ability to tune drug
uptake and transport by adjusting the cubosome-to-exosome ratio
and/or exosomal origin presents a promising avenue for developing
targeted drug delivery systems.

Methods
materials
Glycerol monooleate; GMO was purchased from Nu Chek Prep(USA).
18: 1 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methox-
y(polyethylene glycol)-2000] (ammonium salt); DOPE-PEG2000, 18: 1
1,2-dioleoyl-3-trimethylammonium-propane; DOTAP, 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-
yl) (ammonium salt); NBD-PE, 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt); Liss
Rhod-PE were purchased from Avanti Polar Lipids. Texas Red-DHPE,
DiI cell-Labeling Solution; DiI, Human IgG total ELISA Kit, Quant-iT™
RiboGreen™ RNA Assay Kit were bought from Invitrogen. ExoQuick®
kit was purchased from System Biosciences(USA). CleanCap® EGFP
mRNA (5moU) (L-7201) was customized from TriLink. Doxorubicin
hydrochloride; DOX, IgG from huma n serum; IgG were purchased
fromSigma-Aldrich.mRNAprimer (seq. [FAM]TGGGGGTGTTCTGCT
GGT AGT GG) and (seq. [Cy5] TGG GGG TGT TCT GCT GGT AGT GG)
was designed from BIONEER and COSMO. Phosphate-buffered saline
(PBS) were purchased from Welgene and lysis buffer was purchased
from Bionote, Inc (Korea). Microfluidic channel was purchased from
Enparticle. Inc (Korea)

Cubosome formulation
Cubosome was manufactured using a microfluidic system. The lipid
film was prepared according to each concentration (0.15, 0.3, 0.45M)
at a ratio of GMO, DOTAP, and PEG of 95:4:1mol%. Thereafter, ethanol
was added to the lipid film and then vortexed. In the water phase, each
volume (500, 1000, 1500 ul) was prepared according to the ratio of
FRR. The prepared water phase and lipid phase were mixed by a
chaotic microfluidic mixer at 2, 3, 4ml/min TFR. Thereafter, for the
lipid emulsions were annealed by a rotary evaporation at P = 75mbar
and T= 57 °C until the final concentration reached (typically,
8–10min). The cubosome was analyzed through DLS, SAXS, and
Cryo-TEM.

Encapsulation efficiency of drugs in cubosome
The mRNA (60 µg) was dissolved in RNase-free water along with a
primer labeledwith FAM (60μmol), and then dialyzed for overnight to
remove free primers. Thereafter, 750 ul of mRNA solution was mixed
with the lipid phase containing 0.5mol% Texas red to form a cubo-
some. To confirm the loading of mRNA into the cubosomes, fluores-
cencemicroscopywas employed. Loading efficiency was calculated by
separating free-mRNA through an dialysis bag (300 kDa) and then
quantifying free-mRNA using a Ribogreen kit, as follows:

LE %ð Þ= intensity of cubosome solution af ter dialysis
intensity of cubosome solution bef ore dialysis

ð3Þ

Additional analysis was conducted using SAXS and Cryo-TEM.
Doxorubicin (Dox), Immunoglobulin G (IgG) were prepared in

D.W. at concentrations of 0.5mg and 0.51mg, respectively. Then
mixed with lipid phase as the same method. After that, through an
dialysis bag (100 kDa) dialysis was performed overnight to remove
free-drug. Dox and IgG calculated Loading efficiency through changes

Fig. 6 | Uptake and transport behavior in 3D BBB model. a–d Confocal image
showing the BBBpermeability results for each particle. The bar graphs illustrate the
fluorescence intensity at various positions in the 3D BBB model. Endothelial cells
are labeled with Lectin (green), and HBMEC-exosomes are labeled with DiI (red).
HBMEC-hybrid exosomes and HA-hybrid exosomes are labeled with TexasRed
(red). e Confocal images demonstrating the uptake of hybrid exosomes by human
astrocytes labeled with Qtracker 565 (green). Texas Red-labeled hybrid exosomes

(red) colocalize with astrocytes, confirming effective delivery across the BBB. Scale
bars: 20μm. f A scheme showing the BBB uptake and transport behavior of each
particle. g Area of fluorescence intensity below the BBB boundary. Data are pre-
sented as mean values with SD and n = 3–4. Statistical significance: ****p <0.0001.
Statistical significancewas determined using an ordinary one-way ANOVA followed
by Tukey’s multiple comparisons test. f Created in BioRender. Song, J. (2025)
https://BioRender.com/sw5wxrk.

Article https://doi.org/10.1038/s41467-025-59489-5

Nature Communications |         (2025) 16:4799 10

https://BioRender.com/sw5wxrk
www.nature.com/naturecommunications


in fluorescence intensity and absorbance intensity using an ELISA kit,
respectively.

Exosome isolation
Exosome was isolated fromHela, MDA-MB-231, and HBMEC cell media
using the ExoQuick kit based on non-solvent precipitation. For label-
ing, DiI dye was added to the exosome pellet at the same volume and
incubated at 37 °C for 20min. Subsequently, the exosomes were spun
down to remove free dye and washed three times. The exosomes were
then prepared at various concentrations (cubosome:exosome = 1:1,
1:10) based on a size close to 100nm as determined by dynamic light
scattering (DLS).

Kinetics of fusion
To confirm the fusion process through the FRET experiment, 0.5%
NBD-PE and Liss Rod-PE were added respectively to the cubosome.
Cubosomes and exosomes number concentration was determined
through DLS measurements. As shown in Supplementary Fig. 4a, the
increase in fusion rate became saturated above a cubosome-to-
exosome ratio of 1:5 in PBS. Therefore, to clearly observe the differ-
ences in fusion kinetics based on the cubosome-to-exosome ratios, the
number ratios of 1:1 and 1:10 were chosen for this study. Subsequently,
they were mixed at room temperature through pipetting. As the dis-
tance between the NBD-PE and the Liss Rhod-PE increased, the energy

transfer of NBD-PE decreased. Therefore, the intensity of the Liss
Rhod-PE decreased, and the intensity change was measured at 10 s
intervals for 10min. Additionally, SAXS wasmeasured at 60 s intervals
for 10min to observe thefirst peak intensity changeof the cubicphase.
Subsequently, to only consider the structure factor, the background
signal was subtracted by scattering from capillary filled with deionized
water and polynomial background. And the fusion process was con-
firmed through Cryo-TEM.

Fusogenicity of cubosome
The free energy of membrane can be described using the Helfrich
equation (F/A: Free energy per area, C: mean curvature, C0: sponta-
neous curvature, �κ: Gaussian modulus, K: Gaussian curvature
(K =C1C2)):

F=A= k=2ðC � C0Þ2 + �κK ð4Þ

The first term describes the free energy cost of bending a mem-
brane away from C0. Since we only consider the equilibrium, we can
only consider the second termwhich describes the contribution of the
membrane’s Gaussian curvature. Based on this, we can calculate the
total free energy of the individual lipid nanoparticles using Gauss-
Bonnet theorem (g represents topological genus, or number of holes
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in simpler term). The result is follows:

F = �κ
Z

KdA=4π�κð1� gÞ ð5Þ

If we consider the free energy change upon fusion (assume it
generates one hole upon fusion; g = 1 for fused structure), we can
describe free energy change as:

ΔF fusion = F fused � Fcubo � Fexo = � 4πð �κcubo + �κexoÞ ð6Þ

Since �κ is positive and its absolute value is higher than exosome
(where �κexo<0) in most cases, free energy change becomes negative.
This means cubosome spontaneously fuse with exosome, forming a
fused structure.

Drug loading in exosomes
The drug lost while fusion was removed in the same way as free-drug
removal when drug loading on the cubosome. The drug loading effi-
ciency was calculated as follows:

DE %ð Þ= intensity or amount of drug in f usion solution
intensity or amount of drug in cubosome solution

ð7Þ

Cryogenic transmission electron microscopy (Cryo-TEM)
We used Cryo-TEM (FEI Tecnai F20 G2 at 200 kV) to check cubosome
and the process of fusion. 2–3 µl samples were applied to the grid
(Structure Probe Incorporation, PA, USA) with a blotting time of 3 s
(Vitrobot FP5350/60). And the grid was quickly dropped into liquid
ethane. The prepared sample was transferred to a Cryo-TEM instru-
ment while maintaining −170 °C.

Small-angle X-ray scattering (SAXS)
Small-Angle X-ray Scattering (SAXS). Synchrotron SAXS was carried
out on Pohang Accelerator Laboratory Beamline 3 C. The sample-to-
detector distance was 1m with a q-range from 0.03 to 0.16 Å−1. All the
sampleswereprepared in aDW-dispersed state, andmeasured at 25 °C
after equilibrium with exposure time of 10 sec. The synchrotron X-ray
source had an average photon energy of 16.9 keV with an average
beam size of 60 μm×600μm (V ×H). The scattered photons were
recorded by using an Eiger X4Mdetector (Dectris, Switzerland) and 2D
X-ray diffraction images were integrated using the custom software
providedby thebeamline 3 C.mRNA loaded cubosomeswere analyzed
by custom-built lab SAXS. The sample-to-detector distance was 1.55m
and the X-ray source has an average photon energy of 8.0478 keV with
a beam size (FWHM) of 1000μm× 1000μm (H×V). 2D scattering data
were radially averaged via Fit2D software upon acquisition on an Eiger
1M detector (Dectris, Switzerland). The data were plotted after mea-
suring deionized water under the same conditions to remove the
background.

DLS
The sample size, polydispersity index (PDI), andnumber concentration
were determined using a dynamic light scattering (Zetasizer Ultra Red
Label, Malvern, UK). The data presented correspond to the average of
three consecutive measurements.

Fluorescence microscopy
All samples weremeasured at 64X for 1 s. In the experiment of loading
mRNA into cubosomes, the mRNA was stained with a FAM-tagged
primer, and the cubosomes were stained with Texas Red. The mRNA-
loaded cubosomes were prepared by diluting them to 0.5X. In the
experiment confirming the fusion of cubosomes and exosomes, the

cubosomes were stained with NBD-PE, and the exosomes were stained
with DiI. And they were diluted to 0.1X.

Cell culture
Human BrainMicrovascular Endothelial Cells (HBMECs; Cat. No. 1000,
Lot No. 609.01.02.01.02, CellSystems, USA) and Human Astrocytes
(HA; Cat. No. 1800, Lot No. 33655, ScienCell, USA) were cultured in
endothelial cell medium (ECM; Cat. No. 1001, ScienCell, USA), and
astrocyte medium (AM; Cat. No. 1801, ScienCell, USA), respectively,
and used in the experiment at passages 4 and 5. Human Brain Vascular
Pericytes (HBVP; Cat. No. 1200, Lot No. 34237, ScienCell, USA) were
cultured in pericyte medium (PM; Cat. No. 1201, ScienCell, USA), and
used in the experiment at passages 6 and 7. The cells were maintained
in an incubator at 37 °C, with above 95% humidity and 5% CO2, fol-
lowing the manufacturer’s recommended protocol.

Hydrogel preparation for 3D cell culture
The fibrinogen from bovine plasma (Cat. No. F8630, Sigma-Aldrich,
USA) was dissolved in phosphate-buffered saline (PBS; Cat. No.
17–516Q, Lonza, Switzerland) at a concentration of 12mg/ml. Apro-
tinin was also dissolved in PBS, and incubated for 30min. Both
solutions were filtered through a 0.2 μm filter to remove any clots.
The fibrinogen solutionwas thenmixedwith the aprotinin solution in
a volume ratio of 25:4. This mixed hydrogel solution was combined
with the cell suspension at a volume ratio of 1:3, resulting in a final
fibrin gel concentration of 2.5mg/ml. Separately, the thrombin
solution was prepared by dissolving thrombin (Cat. No. T4648,
Sigma-Aldrich, USA) in PBS at a concentration of 50 U/ml. After
incubating for 30min and filtering according to the manufacturer’s
recommendations, this acellular hydrogel solution was then mixed
with the thrombin solution at a volume ratio of 50:1, resulting in
gelation within approximately 5min.

Construction of in vitro BBB model
To construct the in vitro BBB model, both HA and HBVP cells were
prepared as suspensions at a concentration of 2 × 106 cells/mL. These
cells were mixed in a 6:1 ratio, taking into account their respective
growth rates. This cellmixturewas then combinedwith fibrin hydrogel
solution and thrombin, as previously described. The mixture was
injected into the channels of the microfluidic device using an auto-
matic micropipette, which facilitated the introduction of as much
acellular hydrogel as possible before gelation occurred. The device
was then incubated for 5min to allow the hydrogel to harden. Fol-
lowing this, HBMEC cells were prepared at a concentration of 2 × 106

cells per mL−1. A 3μl suspension of HBMEC cells was introduced into
one side channel of the device. The device was tilted 90 degrees to
ensure even attachment of the HBMEC cells to the fibrin hydrogel wall.
After 15min to allow for cell attachment, the other side channel was
filled with culture medium. The co-culture medium was prepared by
adding astrocyte growth supplement (Cat. No. 1852, ScienCell, USA)
and pericyte growth factor (Cat. No. 1252, ScienCell, USA) to the
HBMEC culture medium. The medium was changed daily, and cells
were cultured for a total of 4 days.

Sample preparation for in vitro BBB model
To examine the uptake and transport trends of particles in the in vitro
BBB model, cubosomes and exosomes were labeled with Texas Red
and DiI, respectively. The cubosome solution was diluted 5000-fold in
distilled water(DW), and the average number concentration was
determined through DLS measurements (average concentration:
7.30 × 1012 particles/mL). Exosomes and hybrid exosomes were pre-
pared based on the number concentration of cubosomes. Pure exo-
some sampleswereprepared at the samenumber concentration as the
cubosomes, while hybrid exosomes were prepared at cubosome-to-
exosome number ratios of 1:0.1 and 1:10.
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In experiments to evaluate the BBB transport of drug-loaded
carriers, the carriers themselves were not labeled. Instead, the trans-
port of drugs within the carriers was confirmed using the intrinsic
fluorescence properties of doxorubicin (DOX), fluorescently tagged
IgG (red), andCy5-labeledmRNA (red). Additionally, to observe the co-
localization of the drugs and the carriers, hybrid exosomes andmRNA
were prepared by labeling themwith TexasRed (red) and FAM (green),
respectively, and hybrid exosomes were prepared at cubosome-to-
exosome number ratios of 1:0.1.

Imaging the transport of hybrid drug carriers across BBB
Once the BBB was fully mature, the medium was aspirated from each
reservoir. For each reservoir, 120μL of co-culture medium containing
various drug carriers (i.e cubosome, exosome, or hybrid exosome-
fused cubosome) and fluorescein-labeled Ulex europaeus agglutinin
(FL-1061, Vector Laboratories, USA) was prepared. TheUlex europaeus
agglutinin was diluted at a ratio of 1:1000 according to the manu-
facturer’s instructions andused to label the endothelium. This solution
was then infused into the endothelium channel to measure the trans-
port across the BBB of each drug component. The opposite side of the
channel was filled with 100μL of co-culture medium. After a 6-h
incubation period, both reservoirs were replaced with fresh co-culture
medium, and the samples were ready for imaging. Confocal images
were obtained using an inverted confocal laser scanning microscope
(LSM 800, Carl Zeiss, Germany) equipped with 10× and 20× objective
lenses. The microscope was also equipped with a live-cell imaging
system that maintains living cells in a healthy condition, including
temperature, atmosphere, humidity, osmolarity, and pH. The micro-
scope was operated using Zeiss ZEN software. Image resolution was
approximately 3.2 pixels per μm without binning. For three-
dimensional imaging, sections approximately 100 μm thick were
imaged from the bottom to the top of the endothelium using
sequential z-stacks set 3 μm apart.

Immunocytochemistry
The samples were fixed with 4% (w/v) paraformaldehyde (Biosesang,
Korea) for 30min and then permeabilized with 0.2% Triton X-100
(Sigma-Aldrich, USA) for 15min. For endothelial cell (EC)markers, we
used Alexa Fluor 488-conjugated anti-human cluster of differentia-
tion 31 (CD31; 1:1200; Cat. No. 303110, Biolegend, USA) and DyLight
488-conjugated Ulex europaeus agglutinin I (Lectin; 1:1000; Cat. No.
FL-1061, Vector, UK). Alexa Fluor 594-conjugated anti-human alpha-
smooth muscle actin (α-SMA; 1:200; Cat. No. IC1420T, R&D Systems,
USA) was employed as a pericyte marker, while Alexa Fluor 647-
conjugated glial fibrillary acidic protein (GFAP; 1:200; Cat. No.
560298, BD Bioscience, USA) was used to label astrocytes. For tight
junction protein markers, we used ZO-1 monoclonal antibody con-
jugated with Alexa Fluor 594 (1:200; Cat. No. 339194, Invitrogen,
USA), Claudin-5 monoclonal antibody conjugated with Alexa Fluor
488 (1:200; Cat. No. 352588, Invitrogen, USA), and VE-cadherin con-
jugated with Alexa Fluor 488 (1:200; Cat. No. 53-1441-82, Invitrogen,
USA). All antibodies were used at a dilution of 1:200, and all immu-
nofluorescence markers were diluted in bovine serum albumin (BSA,
Cat. No. A0100-010, GenDEPOT, USA)-containing PBS to minimize
non-specific binding. The samples weremaintained in PBS and stored
at 4 °C until imaging.

To label human astrocytes for long-term tracking, we utilized
the Qtracker™ 565 Cell Labeling Kit (Cat. No. Q25031MP, Invitro-
gen, USA) and followed the manufacturer’s instructions. To pre-
pare an approximately 2 nM labeling solution, 25 µL of Qtracker®
nanocrystals (Component A) and 25 µL of Qtracker® carrier
(Component B) were pre-mixed in a 1.5 mL microcentrifuge tube
and incubated at room temperature for 5 min. After incubation,
approximately 5 mL of fresh complete growth medium was added
to the tube, followed by vortexing for 30 s. The prepared labeling

medium was then added to a 100mm culture dish containing
astrocytes at 70% confluency, and the cells were incubated over-
night for robust labeling.

Image analysis
Post-image processing, including maximum-intensity projection,
orthogonal view, and 3D reconstruction, was performed using the ZEN
software program (Carl Zeiss, Germany). Confocal image analysis was
carried out using the open-access software Fiji (http://fiji.sc).
Z-projection images were generated by applying the maximum inten-
sity projection of acquired z-stack images. Pixel values were extracted
to CSV files from confocal images, and these values were summed
column by column. The resulting values were then averaged every 10
columns. While contrast enhancement was used to highlight the spa-
tial distribution of transported hybrid carriers in representative ima-
ges, the thresholdwas carefully set to prevent oversaturation, ensuring
that intensity variations with distance remain distinguishable. To
ensure consistency in quantification, a fixed threshold range was uni-
formly applied across all images. This approach minimizes bias and
enables reliable comparisons of the spatial distribution of transported
hybrid carriers.

Statistics and reproducibility
For cryogenic transmission electron microscopy (Cryo-TEM) and
Fluorescence Microscopy data, statistical analyses were performed on
pooled data from at least 3 independent experiments.

For imaging the transport of hybrid drug carriers across the BBB,
each experiment was conducted on a single chip containing 28 inde-
pendent samples, enabling high-throughput screening without the
need for repeated confocal imaging of the same sample. The chip was
typically divided into three experimental conditions, with 10, 10, and
8 samples, respectively, ensuring independent biological replicates
across conditions. Imaging was performed accordingly, maintaining
consistency in data collection.

Statistical analyses were conducted using GraphPad Prism soft-
ware. An ordinary one-way ANOVA followed by Tukey’s multiple
comparisons test was used to determine statistical significance. The
p-value thresholds were set as follows: *p <0.05, **p <0.01,
***p <0.001, ****p <0.0001, and ns (not significant). Error bars repre-
sent the standard deviation (SD).

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

Data availability
All data from this study can be found in the main text and Supple-
mentary Information. Additionally, the source data for Figs. 1–7, Sup-
plementary Figs. 1–6, and supplementary Data 1, 2 are provided in the
Source Data File along with the main text. Source data are provided
with this paper.
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