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Overcoming the blood-brain barrier (BBB) remains a signifi-
cant challenge for nucleic acid delivery to the brain. We have
explored a combination of mannitol-modified poly (b-amino
ester) (PBAE) nanoparticles and systemic mannitol injection
for crossing the BBB. We incorporated mannitol in the
PBAE polymer for caveolae targeting and selected monomers
that may help avoid delivery to the liver. We also induced cav-
eolae at the BBB through systemic mannitol injection in order
to create an opportunity for the caveolae-targeting nanopar-
ticles (M30 D90) containing plasmid DNA to cross the BBB.
When a clinically relevant dose was administered intravenously
in this caveolae induction model, M30 D90 demonstrated sig-
nificant transgene expression of a reporter plasmid in the
brain, with selective uptake by neuronal cells and minimal liver
accumulation.We demonstrate that caveolae modulation using
systemic mannitol administration and caveolae targeting using
designed nanoparticles are necessary for efficient delivery to
the brain. This delivery platform offers a simple, scalable,
and controlled delivery solution and holds promise for treating
brain diseases with functional targets.
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INTRODUCTION
More than 1,000 central nervous system (CNS) diseases affect over 1
billion people globally.1 Nucleic acid drugs with rich target selection
present promising therapeutic alternatives for brain disorders that
were previously deemed untreatable.2 Unfortunately, multiple biolog-
ical barriers prevent efficient nucleic acid delivery into the brain. The
blood-brain barrier (BBB), considered the most important one, is a
cellular dynamic barrier that protects the CNS from blood compo-
nents. The barrier properties of the BBB arise from tight junctions
between endothelial cells and a low transcytosis rate, which restricts
the paracellular and intracellular movement of molecules.3

Several strategies have been developed over the years based on a mo-
lecular understanding of the BBB to facilitate the delivery of small and
large molecules, viewing the BBB as an interface for delivery.4,5 Much
research focuses on active targeting approaches, with one or more tar-
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geting ligands attached to the delivery system to facilitate receptor-
mediated transcytosis.6,7 However, this increases the size and
complexity of the delivery system. Moreover, the receptor expression
is dynamic with age and disease, limiting the potential of these stra-
tegies.8–10 Another approach is to modulate the BBB permeability
with transient tight junction opening strategies. Antibodies and pep-
tides against tight junction proteins,11,12 intracarotid administration
of hyperosmotic mannitol,13 and focused ultrasound14 have been uti-
lized to deliver small molecules. Combining these two strategies has
proven most effective for intravenously administered macromolec-
ular cargoes, with studies showing that coupling delivery systems
with focused ultrasound enables efficient transgene expression and
genome editing.15–17

Recent literature suggests that the caveolae-mediated transcytosis
pathway across the BBB represents a relatively unexplored delivery
method for the brain.18–20 This nonspecific pathway has gained sig-
nificant attention lately due to observations indicating a transition
from clathrin-mediated to caveolae-mediated transcytosis in aging
mice.10 Bacteria21 and viruses22 have also been reported to exploit
this pathway to cross the BBB. Given that caveolar transport is kept
very low at the BBB,23 studies demonstrate that this pathway is
agonist inducible with chemical agents such as methamphetamine
or physical stimuli like focused ultrasound.24,25 These studies imply
that heightened caveolar transport for a short duration can open up
significant delivery opportunities. It is important to note that caveolae
modulators increase overall permeability and might not specifically
increase the permeability of the drug or the delivery agent.

To enable the function of nucleic acid cargo, the delivery system must
efficiently overcome the poor pharmacokinetics of the nucleic acid.2

Poly (b-amino ester) (PBAE) systems have shown great potential
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Figure 1. Schematic of the hypothesis suggesting

that combining caveolae induction and delivery

agent selectively targeting caveolae would help

overcome the blood-brain barrier
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for nucleic acid delivery. Their chemical versatility is optimized for
transfection efficiency and organ targeting.26–28 While there are no
reports of these systems crossing the BBB via systemic routes without
additional stimuli like ultrasound,17 there is evidence of safe and effi-
cient delivery when administered locally.29–31 These nanoparticle-
based delivery systems typically use multiple routes to enter the cell
in vitro. One way to define nanoparticle selectivity to caveolae-medi-
ated endocytosis is by employing osmotic stimuli.32 In our previous
work, we developed a simple and efficient strategy to synthesize cav-
eolae-selective nanoparticles with PBAE polymers and sugar alco-
hols.33 We found that mannitol-modified polymeric nanoparticles re-
tained the osmotic properties of mannitol, enhanced transfection
efficiency in neuronal cells, and enabled selective caveolae-mediated
endocytosis. We hypothesized that in an in vivo scenario, such caveo-
lae-selective nanoparticles in the presence of a caveolae induction
model would help nucleic acid delivery across the BBB. Furthermore,
we hypothesized that using appropriate monomers for designing the
PBAE backbone might avoid delivery to the liver and maximize the
chance of reaching the brain.34

Our manuscript demonstrates that mannitol-modified nanoparticles
(M30 D90) carrying plasmid DNA (pDNA) effectively transfect
neuronal cells and enhance transport across brain endothelial cells
via the caveolae-mediated transcytosis pathway. We explored the
use of systemic hyperosmolar mannitol to induce caveolae at the
BBB. Although the direct link between hyperosmolar mannitol
administration and increased caveolar transport has not been conclu-
sively proven, speculations suggest this relationship.35,36 Our findings
show that systemic mannitol can induce caveolae in the brain without
compromising tight junction integrity or causing neuroinflammation.
We show that caveolae abundance is leveraged by M30 D90 enabling
2 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
improved transfection in the brain in vivo.
Notably, transfection in the liver was low with
M30 D90, and uptake was primarily observed
in neurons, highlighting the potential for treat-
ing CNS disorders. In summary, we developed
and implemented a simple, efficient, and safe
polymer-based delivery system for gene deliv-
ery to the brain.

RESULTS
Based on literature evidence, we chose to target
caveolae-mediated transcytosis for delivery to
the brain. We hypothesized that merely
inducing caveolae at the BBB would not be suf-
ficient for effective delivery; the cargo delivery
system must also exhibit selectivity for caveolae
to cross the BBB successfully. To impart selectivity to caveolae-medi-
ated endocytosis, we modified the PBAE polymer with mannitol
(Figure 1).

Synthesis and characterization of mannitol-modified

nanoparticles

PBAE polymers are synthesized by one-pot Michael’s addition of di-
acrylates and amine monomers. The selection of monomers can affect
the efficiency and organ tropism in vivo.37 We chose Bisphenol A
ethoxylate diacrylate (D), reported to escape the liver and have better
in vivo transfection of pDNA (plasmid DNA), over Bisphenol A glyc-
erolate diacrylate (DD), which we have used earlier as the diacrylate
monomer.34 We used 4-(2-aminoethyl) morpholine (S90) and
1-dodecylamine (Sc12) as the two amine monomers for the synthesis
of the D90 polymer. For the synthesis of M30 D90, mannitol diacry-
late was used to replace D acrylate by 30%, keeping the proportion of
the other monomers the same. The exact molar ratios are listed in
Table S1. The final polymers of D90 and M30 D90 were obtained
by end-capping with diethylenetriamine (E63). The polymer compo-
sition and synthesis scheme are depicted in Figure 2A. We confirmed
the mannitol substitution in the polymer with proton NMR. We find
a 31.8% doping of mannitol in the case of M30 D90, which is close to
the theoretical value of 30% used in the reaction (Figures S1 and S2).
Gel permeation chromatography (GPC) estimated the molecular
weight of D90 to be 5082 Da with a PDI of 1.30 and M30 D90 was
5901 Da with a PDI of 1.14 (Table S2). We further measured the nu-
cleic acid binding and osmolarity of the synthesized polymers. M30
D90 exhibited lower nucleic acid binding compared with D90 (Fig-
ure 2B). Additionally, the osmolarity of M30 D90 was higher than
that of D90 by about 130 and 230 mOsm for polymer concentrations
of 2.5% and 5%, respectively (Figure 2C). M30 D90 also showed a



Figure 2. Effects of mannitol modification in D90-Sc12-E63 backbone

(A) Scheme of synthesis of mannitol-modified PBAE. The polymer structure shown is only a representation since the exact sequence is undefined in a statistical copolymer. (B)

Polymer and nucleic acid binding studied with RiboGreen assay (C) Osmolality of polymers. Data are shown as mean ± SD, n = 2. Significance was calculated by Sidak’s

multiple comparisons ****p < 0.0001. Polymeric nanoparticles were formed with a 1:60 (w/w) ratio of pDNA to polymer in an aqueous buffer. Several nanoparticle properties

were measured (D) Hydrodynamic size and (E) Polydispersity Index estimated by dynamic light scattering. (F) Transmission electron micrograph of M30 D90 (Scale: 0.5 mm)

and (G) Zeta potential of polymeric nanoparticles. Data represented as mean ± SD, n = 3.
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concentration-dependent increase in osmolarity while unmodified
D90 did not. Analysis using gel electrophoresis revealed complete
complexation of pDNA with the polymers at ratios of 1:5 (pDNA
to polymer) for D90 and 1:10 for M30 D90 (Figure S3A). This trend
is consistent with the nucleic acid binding data, indicating that D90
binds more efficiently, thus completely encapsulating pDNA with
less polymer than M30 D90. Release studies with heparin- (as anionic
challenge) treated nanoparticles (formed at a 1:60 [w/w] of pDNA to
polymer) demonstrated complete release even at low heparin amount
(1:0.25 w/w polymer to heparin) in the case of M30 D90. Conversely,
while release from D90 nanoparticles initiates at lower amounts of
heparin, complete DNA release cannot be achieved even with high
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 3
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heparin ratios (1:32) (Figure S3B). Polymeric nanoparticles were
formed via self-assembly in aqueous buffer (25-mM sodium acetate,
pH 5.2) by pipette mixing pDNA and the polymer at a 1:60 (w/w) ra-
tio (pDNA:polymer). D90 and M30 D90 polymers formed nanopar-
ticles with pDNA with a hydrodynamic diameter of 60–70 nm (Fig-
ure 2D) and polydispersity index less than 0.3 (Figure 2E). Further
characterization using transmission electron microscopy (TEM)
demonstrated that the morphology was spherical for M30 with
pDNA in a ring structure with a hollow center (Figure 2F). The sur-
face charges of D90 and M30 D90 were about +40 mV (Figure 2G).
Mannitol modification in D90 did not alter the size and charge of
the assembled nanoparticles.

Cellular viability, transfection, and transport of mannitol-

modified nanoparticles

Following nanoparticle characterization, M30 D90 was tested for cav-
eolae selectivity in the mouse brain microvascular endothelial cell line
(bEND.3) as endothelial cell type would be the first entry point to the
brain in an in vivo scenario. Cells were pretreated with different endo-
cytosis inhibitors and incubated with labeled nanoparticles (where the
pDNA is labeled with ATTO488) followed by flow cytometry to
quantify cellular uptake. We observed a significant drop in uptake
of about 30% with nystatin (inhibitor of caveolae-mediated endocy-
tosis); however, there was no notable change in uptake with chlor-
promazine (inhibitor of clathrin-mediated endocytosis) or cytocha-
lasin D (inhibitor of macropinocytosis) for M30 D90 (Figure 3A).
This indicates a significant amount of cellular entry of nanoparticles
is through the caveolar route although there could be other pathways
that we have not explored here. On the other hand, the uptake of D90
nanoparticles did not drop significantly (and in some cases showed an
increase) in the presence of endocytosis inhibitors used in this study,
suggesting nonspecific or unexplored modes of uptake. To further
validate the involvement of the caveolae-mediated endocytosis
pathway, we examined the expression of Caveolin-1 (Cav-1), a pri-
mary marker for caveolae. We noted overexpression of Cav-1 at
both transcriptional and translational levels with the incubation of
M30 D90 (Figures 3B and 3C). To check if selectivity to caveolae-
mediated endocytosis led to better penetration, we measured the
transport of nanoparticles across the endothelial barrier using an
in vitro BBB model (Figure 3D). We found a significant increase in
the transport of M30 D90 across the endothelial cells compared
with D90 (Figure 3E). Our findings collectively demonstrate evidence
Figure 3. Effects of mannitol modification on uptake mechanism, transport, an

(A) Mechanism of endocytosis of nanoparticles (labeled with ATTO488) with pharma

(bEND.3). Flow cytometry analysis revealed a drop in uptake of M30 D90 with nystatin (c

(bEND.3) indicating overexpression of Cav-1 protein in M30 D90 following 30-min incuba

of D90 and M30 D90 treatment (unpaired t test with Welch’s correction). (D) Schematic

were added to the apical chamber, and their penetration was assessed bymeasuring the

incubation. (E) Nanoparticle concentration quantified using a Nanoparticle Tracking Anal

D90 promotes selective caveolae-mediated uptake, upregulates Cav-1 expression, and

in a human neuronal cell line (SHSY5Y) with nanoparticles formed with reporter plasmid

MTT assay. (H) Flow cytometry analysis depicting increased percentage transfection with

of transfection (scale bar: 100 mm). Data are presented as mean ± SD, n = 3, **p < 0.0
of caveolar involvement in the uptake and improved transport of the
M30 D90 nanoparticles (Figure 3F).

Cellular viability and transfection were assessed in the human
neuronal cell line SHSY5Y using reporter plasmid with ubiquitous
CMV promoter (pEGFP-C1). M30 D90 and D90 exhibited excellent
viability comparable to control, as determined by MTT assay (Fig-
ure 3G). Flow cytometry analysis of a low-dose transfection in
SHSY5Y cells (300 ng per 24 wells) revealed 80% fluorescence-posi-
tive cells M30 D90, whereas D90 showed only about 25% fluores-
cence-positive cells (Figures 3H and 3I). Additionally, we observed
the uptake of M30 D90 was predominantly through caveolae even
in the SHSY5Y cell line (Figure S4).

Effect of systemic mannitol administration on caveolae

formation in brain endothelial cells

While M30 D90 increases Cav-1 levels in cultured brain endothelial
cells, we reasoned that the opportunity forM30D90 to induce caveolae
at the BBB in vivo could be limited. In a healthy brain, nonspecific cav-
eolae-mediated endocytosis is kept low.38 Caveolar transport needs to
be induced for nanoparticles to utilize this pathway. Transient upregu-
lation of Cav-1 has been reported to increase the transcytosis rate at
the BBB.39 Previous studies have demonstrated that systemic admin-
istration of hyperosmolar mannitol can increase fluid flux and the
formation of pinocytic vesicles in the brain.35,40 There have been spec-
ulations that these pinocytic vesicles are caveolae.36 Earlier reports
have noted increased transgene expression with rAAV-mediated de-
livery followed by systemic mannitol injection.41,42 Based on this evi-
dence, we administered hyperosmolar mannitol intraperitoneally to
induce caveolae formation at the BBB and observed caveolae puncta
marked by Cav-1 (Figure 4A). We also confirmed caveolae induction
via qRT-PCR, observing a 1.4-fold increase in Cav-1 mRNA levels at
30 min following mannitol administration. Cav-1 mRNA was down-
regulated at later time points, 6- and 24-h post-injection, suggesting a
regulatorymechanism to restore Cav-1 levels and confirming the tran-
sient effect of systemic mannitol (Figure 4B). Caveolae induction
following mannitol injection is not exclusive to the brain, as we also
observed elevated Cav-1 mRNA in the liver and lungs (Figures S5A
and S5B). However, since caveolae formation in the brain is extremely
low without such a perturbation, the increase in Cav-1 expression
within the brain creates a new opportunity for improving the entry
of caveolae-targeting nanoparticles to the brain parenchyma.
d transfection efficiency

cological inhibitors was assessed in mouse brain microvascular endothelial cells

aveolae inhibitor). (B) Immunocytochemistry in brain microvascular endothelial cells

tion with nanoparticles (scale bar, 100 mm). (C) qRT of Cav-1 in bEND.3 after 30 min

of in vitro transwell BBB model. Labeled nanoparticles (ATTO488-labeled plasmid)

nanoparticle concentration inmedia collected from the receptor chamber after 5 h of

yzer (NTA) shows increased penetration of M30 D90 to D90 (unpaired t test). (F) M30

enhances transport across endothelial cells. Cell viability and transfection efficiency

of green fluorescence protein (pEGFP-C1). (G) Percentage cell viability estimated by

M30 D90 compared with D90 (unpaired t test). (I) Fluorescence microscopy images

1, ***p < 0.001.
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Figure 4. Caveolae can be induced with systemic hyperosmolar mannitol

(A) Immunohistochemistry of Caveolin-1 (Cav-1) expression in the mouse brain 30 min post intraperitoneal injection of mannitol indicates caveolae induction. Representative

images depict Cav-1 (red) and nucleus (blue) (scale bar, 25 mm). (B) Cav-1 transcription levels at different time points post mannitol injection depict Cav-1 upregulation at

30 min and downregulation at later time points 6 and 24 h. Significance calculated with t test with Welch’s correction. (C) Tight junction integrity post mannitol treatment

assessed by tight junction marker Occludin-1 (red) and nuclei (blue) (scale bar, 50 mm). (D) Mannitol induces caveolae in the brain without compromising tight junction

integrity. Mannitol injection did not elevate inflammatory markers (E) TNF, (F) IL1-b, and (G) IL-6 in the brain (C-no treatment control). Data represented as mean ± SD, n = 3,

*p < 0.1, ****p < 0.0001.
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To assess the safety of systemic mannitol administration on the
brain, we evaluated tight junction integrity by immunostaining
for Occludin-1. No significant differences were observed between
the control and mannitol-treated groups at the same time point
used for caveolae induction analysis (Figure 4C). Systemically
administered mannitol appears to enhance intracellular transport
6 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
by caveolae without disturbing the paracellular transport, as shown
schematically in Figure 4D. Systemic mannitol injection did not
induce neuroinflammation, as evidenced by the absence of sig-
nificant changes in tumor necrosis factor (TNF), interleukin (IL)-
1b, and IL-6 levels measured at 6- and 24-h post-injection
(Figures 4E–4G). Based on these findings, we proceeded to utilize
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systemic mannitol administration as an agonist for caveolae
induction.

Effect of mannitol-modified polymeric nanoparticles on in vivo

transfection of the brain

Before proceeding in vivo, polyethylene glycol (PEG) was incorpo-
rated into the nanoparticle system to enhance stability and reduce
interaction with blood components during systemic injection. Alkyl
side chains in the polymer backbone allow for the noncovalent incor-
poration of DMG PEG 2000.43 Since the PEG association is non-
covalent, similar to its use in lipid nanoparticles, where it has been
extensively studied, the PEG lipid is expected to eventually dissociate
from the nanoparticles while circulating in the blood but also offer
improved shielding to the nanoparticles compared with unmodified
ones.44 As a result, PEG is unlikely to hinder nanoparticle interactions
with endothelial cells in this format. The percentage of PEG lipid
added was optimized and the volume ratio of buffer and ethanol
was adjusted to prepare nanoparticles that are smaller than 100 nm
as described in the materials and methods section (Figure 5A). D90
and M30 D90 with PEG formed uniform nanoparticles with PDI
less than 0.3 (Figure S6A) and sizes less than 100 nm (Figure 5B).
TEM analysis reveals the spherical morphology of assembled M30
D90 nanoparticles with DNA localizing in a peripheral ring structure
similar to nanoparticles formulated without PEG (Figure 5C). How-
ever, there was a significant decrease of over 20 mV in the surface
charge, consistent with previous reports (Figure 5D).27 PEG modifi-
cation did not alter the in vitro transfection trend observed with nano-
particles (Figure S6B). PEG-modifiedM30D90 was stable for up to 48
h, as indicated by consistent particle size and PDI measurements
taken at regular intervals, demonstrating their stability at room tem-
perature (Figures S6C and S6D).

In vivo transfection efficacy was assessed through ex vivo fluorescence
imaging. Mice were injected with hyperosmotic mannitol intraperito-
neally to induce transient caveolae formation, followed by an intrave-
nous dose of nanoparticles (0.3 mg/kg). After 24 h, organs were har-
vested, and GFP fluorescence was analyzed using an in vivo imaging
system (IVIS) (Figure 5E). Mice treated with M30 D90 nanoparticles
exhibited relatively strong GFP fluorescence in the brain (Figures 5F
and S7A), indicating successful brain transfection. Transfection was
also observed in the liver for both D90 and M30 D90 nanoparticles
(Figure S7B), while no fluorescence was detected in the lungs or
spleen for either formulation (Figures S7C and S7D).

Control experiments with M30 D90 administration and no mannitol
pretreatment revealed reduced brain transfection, with GFP expres-
sion primarily to the liver and no expression in the lung and spleen
(Figure S8). We also noted a decrease in signal in the liver with
M30 D90 without pre-mannitol injection, suggesting systemic
mannitol may enhance overall transfection due to caveolae induction
(Figure 5G). We did not observe transfection at 48 h indicating the
transient nature of expression (Figure S9). Since pre-mannitol injec-
tion did not result in brain transfection with D90, and without pre-
mannitol injection, M30 D90 shows lower transfection in the brain,
both mannitol modification and mannitol injection were essential
for enhancing delivery to the brain. In such a scenario of coupling
the two, approximately 10% of the total signal was from the brain
(Figure 5H).

Uptake, localization, and safety profile ofM30D90 nanoparticles

after in vivo administration

To further confirm the penetration of M30 D90 across the BBB, we
checked the brain uptake of M30 D90 nanoparticles formed with
ATTO647N-labeled pDNA. Nanoparticles were administered intra-
venously following intraperitoneal mannitol injection and after 6 h,
mouse brains were isolated, fixed, and sectioned for fluorescence im-
aging. Images captured from the capillary-rich cortex show nanopar-
ticle puncta confirming delivery across the BBB (Figure S10). To
examine the uptake of M30 D90 across various cell types, we per-
formed colocalization experiments by immunostaining with cell-
type-specific markers for neurons (MAP2), microglia (Iba-1), and as-
trocytes (GFAP). Our findings revealed colocalization of M30 D90
with neurons, as evidenced by overlapping signals with MAP2 stain-
ing (Figure 6A) in the cortex and the hippocampal region (Figure 6B).
We did not observe significant colocalization with microglia (Iba-1)
or astrocytes (GFAP), suggesting a potential preference for uptake
in neurons over other cell types (Figures 6C and 6D).

To investigate the selective uptake of the M30 D90 in neurons, we
conducted uptake experiments in two non-neuronal cell lines: astro-
cytes (C8D1A) and microglia (N9). In astrocytes, the uptake did not
exceed 15% with M30 D90 (Figure S11A). While microglia demon-
strated a significantly higher uptake, with nearly 98%, there was no
drop in the presence of nystatin, suggesting no preference for caveo-
lae-selective endocytosis (Figure S11B). The low uptake and lack of
selectivity to caveolae-mediated endocytosis in other cell types could
be probable reasons for neuron selectivity observed in vivo.

To check the in vivo safety profile, we performed liver enzyme assays
after 2 and 7 days of a single injection of M30 D90 with pre-mannitol
injection. No significant difference was noted in the levels of alanine
transaminase (ALT) and aspartate transaminase (AST) (Figure S12A)
between the control and M30 D90, confirming no hepatotoxicity.
Next, we assessed brain histology 1 day after M30 D90 nanoparticle
exposure. No necrosis or inflammation was observed with H&E-
stained brain sections (Figure S12B).

DISCUSSION
Most strategies for brain delivery focus on increasing nanoparticle
transcytosis with receptor-ligand engagement. Despite success with
the delivery of antibodies and oligonucleotides,45,46 these strategies
could not be adopted effectively for nanoparticle systems carrying
macromolecular cargoes like plasmids. The observation of a physio-
logical shift from clathrin- to caveolae-mediated transcytosis at the
BBB in aged conditions and certain diseased states indicates that cav-
eolae-mediated transcytosis can be an alternative route to overcome
BBB.10,19 Strategies that modulate caveolae-mediated transcytosis
directly or indirectly at the BBB are emerging.24,25,47,48 Since caveolae
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 7
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Figure 5. PEG-incorporated M30 D90 transfects the brain following caveolae induction

(A) Scheme of PEG lipid incorporation in polymeric nanoparticles. (B) Hydrodynamic size of PEG-incorporated nanoparticles. (C) Transmission electron micrographs de-

picting spherical morphology. (D) Surface charge of nanoparticles after incorporation. (E) Nanoparticle administration scheme following pre-injection of hyperosmotic

mannitol for caveolae induction. (F) Representative vivo imaging system (IVIS) image of GFP expression in the brain. Transfection was measured in three conditions: caveolae

induction followed by D90 injection (D90 (+) Mannitol), caveolae induction followed by M30 D90 injection (M30 D90 (+) Mannitol), and just M30 D90 injection (M30 (�)

Mannitol). Relative fluorescence as total emission was calculated by subtracting control fluorescence from treated groups. (G) Fluorescence from the brain and other pe-

ripheral organs—liver, lung, and spleen. (H) GFP expression plotted as the percentage total emission from the brain and liver calculated from ex vivo IVIS fluorescence images

of M30 D90 with caveolae induction. Data reported as mean +SD with n = 3 biological replicates.
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are actively suppressed in the brain by lipid transporter major facili-
tator superfamily domain containing 2a (Mfsd2a),23 transient upre-
gulation of caveolae-mediated transcytosis at the BBB has enabled
the transport of small and large cargoes to the brain. In our current
work, we emphasize the need for nanoparticle selectivity toward cav-
eolae-mediated endocytosis to exploit the permeability advantage
created by caveolae enhancers.

Our initial experiments centered on developing nanoparticles that
target caveolae-mediated endocytosis for cellular entry. To achieve
8 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
caveolae selectivity for the delivery agent, sugar alcohols have
been reported that enable an osmotic environment on the cell mem-
brane and drive caveolae endocytosis by rapidly phosphorylating
Cav-1.32 For the delivery system, we selected PBAE due to its
modular structure, ease of chemical modification, and established
effectiveness in nucleic acid delivery. They are actively pursued
for nucleic acid delivery and have shown immense potential in pre-
clinical models with mRNA vaccines, and cancer therapies.26,49 Cav-
eolae selectivity in PBAE was introduced by substituting mannitol as
one of the monomers making it a part of the polymer in the



Figure 6. M30 D90 uptake is selective to neurons in the brain in vivo

The biodistribution of M30 D90 in vivo was analyzed by intravenous administration of ATT0647N-labeled pDNA following caveolae induction (n = 3). Immunohistochemistry

with neuron marker MAP-2 (green) indicates colocalization of M30 D90 nanoparticles (red), (A) in the cortex, and (B) in the hippocampus. Nanoparticle colocalization was not

observed with (C) microglia (Iba-1, green), or (D) astrocytes (GFAP, green). Z-stacked images depict cell markers (green), nanoparticles (red), and nuclei (blue). Scale bar,

20 mm.
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synthesis step. Recent studies have highlighted the potential for lig-
and-free organ selectivity, demonstrating that even minor structural
modifications, whether through complete or partial substitutions,
can profoundly influence the tropism of delivery systems.34,50,51

Such a system is highly advantageous due to its simplicity, scalabil-
ity, and cost-effectiveness. To redirect nanoparticles predominantly
accumulating in the liver to other organs, we swapped the diacrylate
from bisphenol A glycerolate (DD) used in our earlier work to bi-
sphenol A ethoxylate diacrylate (D).34 We observed that mannitol
modification in the D90-Sc12-E63 backbone (M30 D90) retained
the osmotic property of mannitol and nucleic acid binding ability
to form nanoparticles below 100 nm M30 D90 shows selectivity
to caveolae-mediated endocytosis as confirmed with pharmacolog-
ical inhibitors and increased Cav-1 levels in brain microvascular
endothelial cells. The caveolae selectivity also translated to better
caveolae-mediated transcytosis across the endothelium assayed by
the transwell system predicting better delivery. The transfection ef-
ficiency in neuronal cell line (SHSY5Y) of M30 D90 is 3-fold higher
than D90, which could be explained by the complete release of
pDNA as observed with heparin. Efficient complexation accompa-
nied by efficient release has been a good predictor of transfection
efficiency.52 In addition, selectivity to caveolae-mediated endocy-
tosis is an enabler of transfection efficiency because caveolae have
a non-degradative fate in the cell.53
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 9
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Our second set of experiments aimed to create a transient caveolae-
abundant state at the BBB to facilitate the entry of caveolae-selective
nanoparticles. To achieve this, we investigated the potential of sys-
temic mannitol as an agonist for caveolae induction. Depending on
the administration route, mannitol can transiently enhance paracellu-
lar or intracellular transport. When administered via intracarotid in-
jection, mannitol has been shown to temporarily disrupt the BBB by
opening tight junctions in the brain.36 In contrast, systemic mannitol
administration has been associated with increased fluid flux in the
brain, a process believed to be mediated by caveolae.40 Our findings
demonstrate that systemic hyperosmolar mannitol increases caveolae
levels, confirmed by immunostaining and transcriptional upregula-
tion of Cav-1. At later time points (6 and 24 h), Cav-1 expression is
downregulated, indicating the transient nature of this effect. Systemic
mannitol injection preserves paracellular permeability, as evidenced
by intact tight junctions marked by Occludin-1 expression. However,
it subtly alters vascular architecture, with vasodilation observed as an
increase in vessel diameter in immunostaining images. Moreover,
mannitol administration is safe, showing no indications of neuroin-
flammation. Thus, systemic mannitol injection serves as a safe and
effective model for global caveolae induction in the brain. However,
caveolae induction through systemic mannitol is not brain-specific;
it also elevates Cav-1 mRNA levels in peripheral organs, including
the lungs and liver. While this lack of brain exclusivity could be a lim-
itation, systemic mannitol offers the advantage of broad CNS distri-
bution, which may be beneficial depending on the therapeutic
requirements.

In our subsequent experiments, we combined caveolae induction with
caveolae-selective nanoparticles to achieve efficient brain delivery.
PEG-incorporated M30 D90 crossed the BBB to transfect the brain
following caveolae induction with hyperosmolar mannitol at a clini-
cally relevant dose. Without caveolae induction, caveolae-selective
nanoparticles (M30 D90) exhibited lower brain transfection.
Conversely, even with caveolae induction, non-caveolae-selective
nanoparticles (D90) failed to achieve brain transfection. To validate
the caveolae induction and targeting strategy, we also tested M30
DD90 (mannitol-modified on the DD90-Sc-12 backbone), as re-
ported previously. Our results showed that M30 DD90 achieved brain
transfection with caveolae induction. However, the transfection levels
in the brain and the brain-to-liver ratio were lower compared with
those observed with M30 D90 (data not shown). These results
strongly indicate that the mannitol modification needs to be coupled
with appropriate monomer composition and combined with pre-
mannitol injection to achieve efficient transfection in the brain. We
observed that M30 D90 was distributed throughout the brain, with
predominant uptake in neurons, highlighting its potential for tar-
geted, cell-type-specific applications. The uptake in astrocytes was
low and in the case of microglia, selectivity to caveolae-mediated
endocytosis was not observed. Microglial uptake discrepancies
between in vitro and in vivo models may stem from the culture envi-
ronment, which can induce stress and activate microglia, potentially
increasing uptake in vitro.54,55 The specificity to the neurons could
therefore be because of the strong caveolae-mediated uptake. Further
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exploration into themonomer compositionmight enable us to under-
stand cell-type specificity better.

A key limitation of our caveolae induction model with systemic
mannitol is the relative lack of specificity, as it also affects other or-
gans. In brain-targeted therapies, precise delivery is often crucial.56

Selective caveolae induction in the brain might be challenging with
systemically administered agonists although the level of induction
would certainly be improved in the presence of such a systemic
administration of an osmotic agent like mannitol. In the future,
low-dose focused ultrasound (FUS) can be coupled to our nanopar-
ticles as a promising approach to achieve region-specific caveolae in-
duction within the brain. Targeted FUS could enable localized access
of the caveolae-targeting nanoparticles to specific brain areas allowing
for greater precision in delivering therapeutics. To add another layer
of specificity, payload optimization with neuron-specific promoters
like Syn-1 can be utilized.57

In summary, this study highlights the role of caveolae-mediated
transcytosis as a strategy in the development of delivery agents for
the brain. We strategically designed a nanoparticle system based on
PBAE polymer modified with mannitol to target the caveolae-medi-
ated endocytosis pathway for crossing the BBB.We also used systemic
mannitol injection to enhance caveolae formation at the BBB and
facilitate the entry of these nanoparticles. We establish that this com-
bination can significantly enhance delivery to the brain. This work
provides the foundation for exploring systems based on caveolae-
mediated transcytosis for nucleic acid delivery to the brain.
MATERIALS AND METHODS
Bisphenol A ethoxylate diacrylate (413550), 4-(2-aminoethyl) mor-
pholine (S90; CAS 2038-031), 1-Dodecylamine (Sc12; CAS 124-22-
1), Diethylenetriamine (E63; CAS 111400), Mannitol (CAS 69658),
Pyridine (CAS 110861), Chlorpromazine Hydrochloride (C0982),
Nystatin (N9150), Cytochalasin D (C8273), ATTO488 amine
(74417), ATTO647N amine (95349), SPB (succinimidyl-[4-(psora-
len-8-yloxy)] butyrate) (803545), DMSO-D6, Dimethylformamide
(CAS 68-12-2), Diethyl ether (CAS 60-29-7), Thiazolyl Blue Tetrazo-
lium Bromide (M5655), DMG PEG 2000 (880151P-1G), Spectra-Por
Float-A-Lyser G2 (Z726710-12EA), ALT activity assay (MAK052),
AST activity assay (MAK055) were purchased from Sigma-Aldrich.
Acryloyl chloride (CAS 2123990) was purchased from Alfa Aesar.
The pEGFP-C1 plasmid (4.7 kb) was amplified in Escherichia coli
DH-5a and pDNA isolated with GenEluteTM (Sigma-Aldrich).
The primary antibody against Caveolin-1 (ab2910), GFAP
(ab7260), MAP-2 (ab32454), and Iba-1 (ab178846) was purchased
from Abcam. Occludin (3E11.11) was procured from DSHB. Second-
ary antibodies Alexa Fluor 594 goat anti-rabbit (A11012), Alexa Fluor
488 goat anti-rabbit (A11008), Alexa Fluor 568 goat anti-rat
(A11077), and Prolong Gold AntiFade with DAPI (P3693) were pro-
cured from Thermo Fisher Scientific. Costar 6.5-mm transwell
permeable support with 3-mm pore polyester membrane (3472) was
procured from Corning.
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Mannitol-modified polymer synthesis and characterization

The polymers were synthesized as previously reported.33 Briefly, dia-
crylate - Bisphenol A ethoxylate diacrylate (D), hydrophilic amine -
4-(2-aminoethyl) morpholine (S90), and hydrophobic amine -
(1-Dodecylamine) (Sc-12) were reacted for 24 h in DMF to synthesize
the base polymer of D90. For mannitol modification, we first synthe-
sized the mannitol diacrylate monomer by reacting 2 mol of acryloyl
chloride to 1 g of mannitol in 20 mL of DMF and 10 mL of pyridine
for 24 h at 4�C.Mannitol diacrylate was precipitated and purified with
diethyl ether and dried. Mannitol diacrylate was substituted at a 30%
molar ratio to Bisphenol A ethoxylate diacrylate to form M30 D90.
Both the polymers were capped with Diethylenetriamine (E63) in
THF for 2 h to get the final polymers. Polymers were purified with di-
ethyl ether and vacuum-dried. Polymers were characterized with 400
MHz Bruker (400 MHz for 1H-NMR) to confirm mannitol incorpo-
ration in the backbone. The molecular weight of the polymers was
evaluated with GPC (Malvern Omnisec instrument having an RI de-
tector and Shodex KD-806 M). The polymers were dissolved in anhy-
drous DMSO and stored at �20�C until further use.

Nucleic acid binding assay

Polymers were evaluated for nucleic acid binding with RiboGreen.
D90 and M30 D90 polymers were serially diluted from 100 mg/mL
concentration in 25 mM sodium acetate buffer. The pDNA
(pEGFP-C1) solution was prepared at a 1 mg/mL stock concentration
with RiboGreen dye in 25mM sodium acetate buffer. Twenty-five mi-
croliters of the polymer solution was mixed with 75 mL of nucleic
acid/RiboGreen solution in 96 well-black bottom plates. The samples
were incubated for 20 min at 37�C and fluorescent reading was taken
in Tecan multi-plate reader excited at 490 nm the fluorescence emis-
sion intensity was measured at 530 nm. The quenching percentage
was calculated using the formula: (fluorescence of free DNA � fluo-
rescence of polymer-bound DNA)/fluorescence of free DNA) � 100.
Half maximal inhibitory concentration (IC50) value was obtained by
plotting the fluorescence quenching as a function of polymer concen-
tration and fitting a sigmoid curve to the data. Lower IC50 values
indicate higher binding and vice versa.

Osmolarity measurement

The osmolarity of the polymers wasmeasured at 2.5% and 5% of poly-
mer concentration in 100 mM sodium acetate buffer at pH 5.2.
Reading was measured using a cryoscopic osmometer (OSMOMAT
3000 Microprocessor).

Nanoparticle formation and characterization

Nanoparticles were formed by pipette mixing pDNA and polymer at
1:60 (w/w) in 25 mM sodium acetate (pH 5.2). Nanoparticles were
diluted in MilliQ for size and 10 mM NaCl for zeta measurement at
a concentration of 0.002 mg/mL. Measurements were taken with Zeta-
sizer Nano ZS (Malvern Instruments, UK).

Gel electrophoresis

Complexation and release studies were done using agarose gel electro-
phoresis. Agarose gels were cast with 1% agarose dissolved in Tris-
Acetate-EDTA buffer. Twenty-five nanograms of pDNA was loaded
per well. To pDNA, different w/w ratios of polymer were added
(1:0.5, 1:1, 1:5, 1:10, 1:201:30, 1:40, 1:60). For release studies, the
pDNA to polymer ratio was fixed to a 1:60 (w/w) ratio and the hep-
arin weights were set in gradients 1:0.25, 1:0.5, 1:1, 1:2,1:4, 1:8, 1:16,
and 1:36 to the polymers. Orange loading dye was added to the sam-
ple before loading the sample to the gel, electrophoresis was run at
100 V for 10 min, and the gel was visualized using gel doc.

Transmission electron microscopy

TEMimagingwas conducted to gain insight into the structure and local-
ization of DNA within the nanoparticle. Assembled nanoparticles were
placed onto 200-mesh copper grids. Subsequently, the copper gridswere
washed using ultrapure water to eliminate buffer salts. Afterward, the
gridswere rinsedwith1%uranyl acetate in ultrapurewater and air-dried
overnight. The samples were then analyzed using the TECNAI G2 20
Twin electron microscope, capturing 10–15 fields for each sample.

Cell culture

SHSY5Y cell line (human neuroblastoma) was provided by Dr. Beena
Pillai at CSIR-IGIB. N9 (mouse microglia) and C8D1A (mouse astro-
cytes) were kindly provided by Dr. Anirban Basu at NBRC. bEND.3
cell line (mouse brain microvascular endothelium) was procured
from AddexBio. N9 was cultured in RPMI media supplemented
with 10% fetal bovine serum (FBS). SHSY5Y, C8D1A, bEND.3, and
N2a cells were cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% FBS. Media and FBS were procured from Gibco
and standard cell culture conditions were followed.

Plasmid labeling

Plasmid DNA was labeled with ATTO488 and ATTO647N as re-
ported earlier.58 One hundred microliters (1 mg/mL) of pDNA was
incubated with 12.5 mL (1 mg/mL) of NHS psoralen in a round-bottom
96-well plate for crosslinking under a 365-nm UV lamp for 25 min.
Following the crosslinking reaction, ATTO488 or ATTO647N amine
was added and incubated for 1 h at room temperature. The labeled
plasmid was purified by ethanol precipitation. pDNA was resus-
pended in nuclease-free water and stored at �20�C for further use.

Mechanism of endocytosis

The mechanism of endocytosis was assayed in bEND.3, SHSY5Y, N9,
and C8D1A cell lines. Cells were seeded at a density of 75,000 cells per
24-well plate. Confluent wells were treated with endocytosis inhibi-
tors at the following concentrations: Chlorpromazine (10 mg/mL),
Cytochalasin D (500 nM), and Nystatin (50 mg/mL). Following 1 h
of incubation with the inhibitors, nanoparticles of D90, and M30
D90 prepared with ATTO488 labeled pDNA were added at a dose
of 300 ng per 24-well plate, and the cells were processed for flow cy-
tometry after 2 h. Data were collected on a BD Accuri C6 flow cytom-
eter and analyzed using BD Accuri C6 software.

Immunocytochemistry in bEND.3

bEND.3 cells were seeded onto coverslips in a six-well plate, at a den-
sity of 100,000 cells per well, allowing them to adhere overnight. Cells
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were incubated with nanoparticles formed with 2 mg pDNA per well
for 30 min and were subsequently fixed using 4% paraformaldehyde
for 15 min at room temperature. Following fixation, cells were per-
meabilized using a permeabilization buffer (0.1% Triton X-100 in
PBS) for 5 min. After that, the cells were immersed in a blocking
buffer (5% BSA in PBS with 0.1% Tween 20) for 1 h at room temper-
ature. The primary antibody (anti-Caveolin-1 antibody), at 1:500
dilution buffer, was added to the blocking buffer and left overnight
at 4�C in a humid chamber. Coverslips were washed with wash buffer
(0.1% Tween 20 in PBS) and secondary antibody (goat anti-rabbit
secondary antibody Alexa Fluor 594), diluted 1:800 in the blocking
buffer, was added to the coverslip, and incubated for 1 h. After
washing the coverslips three times with wash buffer, the coverslips
were mounted with Prolong antifade with DAPI (Life Technologies).
The images were taken with the Life Technologies Floid Cell Imaging
Station.
qRT-PCR

Following 30 min of nanoparticle treatment, total messenger RNA
was isolated from bEND.3 cells/tissue lysate using trizol method
with TRI Reagent. Following reverse transcription with the iScript
cDNA synthesis kit (Bio-Rad), the transcripts were quantified using
KAPA SYBR FAST according to the manufacturer’s instructions in
the PCR instrument (Bio-Rad). Fold changes in expression were
calculated using the DDCT method. The GAPDH gene was used to
normalize results. The primer sequences were taken from the previ-
ous report and are listed in Table S3.20
Penetration assay

bEnd.3 cells were seeded on the upper surface of the membrane in
polyester transwell inserts (3 mm pore size, and 6.5 mm diameter)
at a density of 25,000 cells per well. Media were changed every other
day. Cells were cultured for 5–7 days until a confluent monolayer was
formed. Nanoparticles formed with ATTO488-labeled plasmid (at a
dose of 500 ng) were added to the upper chamber in flurobrite media
containing FBS. The penetration of nanoparticles across the cells was
assessed by measuring the nanoparticle concentration from the basal
well media after 5 h of incubation. Nanoparticle concentration was
determined by Nanoparticle Tracking Analyzer (NTA) (NanoSight
NS300), samples were loaded on the top plate and analyzed through
a long pass filter with a wavelength cutoff of 500 nm to identify the
nanoparticles. For each sample, 5 � 60-s videos were recorded at
25�C and the concentrations were obtained using NanoSight
software.
Transfection and cytotoxicity

SHSY5Y cells were seeded at 50,000 cells per well in 24-well plates.
Nanoparticles formed with GFP reporter plasmid were treated to
the cells in complete media for 24 h, with 300 ng pDNA per
24-well plate. After 24 h, cytotoxicity was estimated by MTT assay,
and transfection efficiency was measured through flow cytometry.
Fluorescence images of transfection were taken using the Life Tech-
nologies Floid Cell Imaging Station.
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Nanoparticle assembly for in vivo delivery

PEG lipid was introduced in the nanoparticle system to enable sys-
temic stability in serum for in vivo delivery. Nanoparticles were
formulated with a 1:60 w/w ratio. PEG lipid (10% by weight of poly-
mer) and polymer in absolute ethanol were mixed with pDNA in
sodium acetate buffer (pH 5.2). The pDNA and polymer-PEG lipid
solution was mixed by pipetting at a 3:1 volume ratio and incubated
for 10 min at room temperature for nanoparticle formation. The
nanoparticles were dialyzed for 2 h with a 20 kDa Float-A-Lyser G2
dialysis device against PBS at 4�C.

Animal studies

The Institutional Animal Ethics Committee approved all animal pro-
cedures. All experiments were performed on 6- to 8-week-old BALB/
C female mice.

Caveolae induction

For caveolae induction, 20%mannitol solution prepared in saline was
injected intraperitoneally (0.8Mmannitol). To check the effect of sys-
temic mannitol in caveolar transport, the mouse brain was collected
after 30 min and 6 and 24 h. Brain tissue after 30 min of mannitol
treatment was fixed in 4% (w/v) PFA overnight at 4�C before preser-
vation in 30% (w/v) sucrose in PBS. The brain was embedded in OCT
compound (Leica) and sectioned at a thickness of 15 mm on a
freezing–sliding microtome. Sections were blocked with 5% horse
serum and 1% bovine serum albumin followed by the addition of pri-
mary antibodies (Caveolin-1 and Occludin-1) for overnight incuba-
tion at 4�C. After washing steps, secondary antibodies were added
according to the manufacturer’s dilution. The tissue samples were
sealed with a coverslip with antifade mountant containing DAPI. Im-
ages were acquired using Leica SP8 confocal microscope. The length
of caveolae induction was monitored by Cav-1 mRNA levels esti-
mated by qRT-PCR at 30 min and 6 and 24 h. Caveolae induction
in other peripheral organs (liver and lungs) were quantified with
qRT-PCR at 30 min post mannitol injection.

In vivo cytokine measurements

To ensure the safety of intraperitonially administered mannitol, cyto-
kine levels were quantified in serum and brain tissue lysates following
mannitol treatment using BD Biosciences ELISA kits. Mice treated
with hyperosmolar mannitol to induce caveolae formation were
euthanized at 6- and 24 h post-treatment. Serum and brain lysate
samples were assessed for proinflammatory cytokines TNF
(555268), IL-1b (559603), and IL-6 (555240) according to the manu-
facturer’s instructions. Serum cytokine levels could not be detected
with these kits. Hence, only the cytokine levels measured from brain
samples are discussed in the results.

In vivo transfection

In vivo transfection was checked with GFP reporter plasmid (pEGFP-
C1) with and without caveolae induction with pre-mannitol injection.
For nanoparticles administered with caveolae induction, hyperosmo-
lar mannitol was injected intraperitoneally. After 5 min of mannitol
injection, PEG-incorporated nanoparticles encapsulating reporter
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plasmid were injected via the lateral tail vein at a 0.3 mg/kg dose. After
24/48 h, animals were euthanized via thiopental injection, and
selected organs were extracted for imaging with IVIS (Spectral Instru-
ments Imaging System Lago X). For transfection without caveolae in-
duction, only M30 D90 was administered intravenously and organ
fluorescence was measured with IVIS after 24/48 h.
In vivo uptake

M30 D90 uptake in the brain was checked with nanoparticles formed
with ATTO647N-labeled plasmid. Following caveolae induction with
hyperosmolar mannitol, labeled M30 D90 nanoparticles were admin-
istered intravenously at a dose of 0.3 mg/kg. After 6 h, the brain was
isolated, fixed, and sectioned for immunostaining. Sections were
blocked with 5% horse serum before incubation at 4�C with primary
antibodies MAP2 (neuronal marker), GFAP (astrocyte marker), or
Iba-1 (microglial marker) (dilutions were as per manufacturer’s pro-
tocol). Sections were washed, stained with Alexa Fluor-conjugated
secondary antibodies, and mounted with antifade and coverslip
before imaging on a Leica SP8 confocal microscope.
In vivo safety

For in vivo safety profiling, blood was collected 2 and 7 days after
nanoparticle administration. Blood was centrifuged at 13,000 rpm
for 10 min to retrieve serum. Liver enzyme assays AST and ALT ac-
tivity were measured according to manufacturers’ protocol (Sigma-
Aldrich, St. Louis, MO). Brain sections were stained for H&E and
imaged on Nikon digital sight DS-U3 under 4� magnification.
Statistics

Statistical analyses were performed using GraphPad Prism software
(GraphPad Software, Inc).
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