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RNA-based therapies offer unique advantages for treating brain tumors. However, tumor penetrance and uptake
are hampered by RNA therapeutic size, charge, and need to be “packaged” in large carriers to improve bio-
availability. Here, we have examined delivery of siRNA, packaged in 50-nm cationic lipid-polymer hybrid nanopar-
ticles (LPHs:siRNA), combined with microbubble-enhanced focused ultrasound (MB-FUS) in pediatric and adult
preclinical brain tumor models. Using single-cell image analysis, we show that MB-FUS in combination with LPHs:
siRNA leads to more than 10-fold improvement in siRNA delivery into brain tumor microenvironments of the
two models. MB-FUS delivery of Smoothened (SMO) targeting siRNAs reduces SMO protein production and markedly
increases tumor cell death in the SMO-activated medulloblastoma model. Moreover, our analysis reveals that
MB-FUS and nanoparticle properties can be optimized to maximize delivery in the brain tumor microenvironment,
thereby serving as a platform for developing next-generation tunable delivery systems for RNA-based therapy in

brain tumors.

INTRODUCTION
RNA-based therapeutics using RNA interference, including small
interfering and short hairpin RNAs (siRNA/shRNA), adenosine de-
aminase acting on RNA (ADAR), and CRISPR RNAs (1, 2), can be
designed to selectively target core tumor signaling pathways (3).
While minimally invasive systemic delivery of RNA to intracranial
malignancies offers several advantages over conventional invasive
approaches (e.g., Ommaya reservoir) (4), effective delivery remains
a major challenge. This is due, in part, to degradation of unmodified
nucleic acids in biological fluids, poor brain accumulation, and poor
cancer cell uptake or escape from the endosomal lipid bilayer barrier
(3,5, 6). Although incorporation of an RNA into a nanoparticle can
prolong circulation time and facilitate cellular uptake (2, 7), its ac-
cumulation in the brain tumor microenvironment (TME) remains
particularly poor (8, 9) due to the low nanoparticle permeability
across the blood-brain/blood-tumor barriers (BBB/BTB) (10) and
limited interstitial transport (11). The requirement to concurrently
surpass these rate-limiting factors, which consistently hinder clini-
cally effective nanomedicine delivery against primary brain tumors
(12-15), underscores the need for safe and more robust RNA-based
drug delivery strategies.

Low-intensity focused ultrasound (FUS) combined with ultra-
sound (vascular) contrast agents called “microbubbles” (MBs) pro-
vides a physical method to transiently modulate the brain TME and
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improve the delivery of anticancer agents in the brain (16, 17).
Recent clinical trials have demonstrated the safety of MB-FUS and
provided evidence of its efficacy using small chemotherapeutic
agents (18-21). While the improved drug delivery in brain TME is
primarily attributed to transient changes in the BBB/BTB permea-
bility (16, 22), recent investigations have alluded to the ability of
MB-FUS to also increase the interstitial fluid flow in the brain TME
(23). These observations both explained and underscored its poten-
tial to improve the delivery of therapeutic nanoparticles in brain tumors
(24-31), including DNA (luciferase plasmid)-loaded nanoparticles
(32). While all studies to date have used 50- to 100-nm polydisperse,
anionic (-25- to —5-mV surface charge) nanoparticles, it is still un-
clear how to best combine these technologies. Moreover, there is a
lack of evidence for selective and effective delivery of the nanopar-
ticle and its load, including RNA, in the cellular compartment of
brain tumors, which is required for demonstrating successful delivery
(33, 34). As a result, the relationship among the changes in BBB/
BTB permeability, nanoparticle properties and uptake, and tumor
cell death (i.e., effective nucleic acid-based therapeutic delivery) in
the brain TME is yet to be established.

We hypothesize that the combined abilities of cationic nanoparticles
to prolong RNA circulation and augment cell uptake with those of
MB-FUS to alleviate vascular and interstitial barriers to transport
can lead to a robust strategy for the systemic delivery of RNA-based
therapeutics in brain tumors. Here, we test this hypothesis by fabri-
cating and assessing the MB-FUS delivery of a fluorescently labeled
lipid-polymer hybrid (LPH) nanoparticle loaded with a test siRNA
(RohB-LPH loaded with Cy5-siRNA, LPH:Cy5-siRNA) and a thera-
peutic Smoothened (SMO) targeting siRNA (LPH:SMO-siRNA) in
preclinical models of glioma and medulloblastoma, the most com-
mon malignant brain tumors in adults and children, respectively.
The SMO-siRNA targets the SMO-activated sonic hedgehog (SHH)
subgroup of medulloblastoma (35). Subsequently, we investigate
the abilities of the proposed therapeutic strategy to concurrently
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surpass the rate-limiting factors to the effective delivery of siRNA
by directly assessing the LPH and SMO-siRNA delivery and activa-
tion of apoptotic pathways in the brain TME using single-cell image
analysis. Last, by combining quantitative imaging and mathematical
modeling, we evaluate and quantify every step of the proposed
strategy and establish design rules for the delivery of RNA thera-
peutics against brain tumors.

RESULTS
MB-FUS mediates enhanced penetration of LPH:siRNA
nanoparticles in the brain ofimmunocompetent mice
In this study, the basic design specifications for fabricating the siRNA
nanoparticles for targeting the brain TME have been shaped by the
median size of the brain extracellular space (pore size: 30 to 60 nm)
(36) along with evidence suggesting that positively charged nano-
formulations (>+5 mV) display high transvascular flux and cell up-
take (2, 7, 37). With this in mind, we fabricated cationic (surface
charge > +10 mV) LPH nanoparticles (38) with a median size of
40 nm. This nanoparticle technology is scalable, produces nanoparticles
with narrow size distributions, and can be used to deliver a wide
range of therapeutic compounds (39). We fabricated the LPH
nanoparticles with rhodamine B (RhoB-LPH), using a swirling
microvortex reactor, and loaded them with nontargeting Cy5-siRNA
(5:1, w/w). After the Cy5-siRNA loading, the median particle size
increases from 40 to 50 nm, and surface charge decreases from +26
to +11 mV (Fig. 1, A and B, and fig. S1, A and B). These changes in
size and charge kept the LPH:siRNA complex within our design
specifications (>+5 mV and <60 nm) while retaining narrow size
distribution. Incubation of the double-labeled LPH:siRNA with
murine GL261 glioma cancer cells showed significant LPH:siRNA
complex uptake with cell viability higher than 95% (Fig. 1, C to E).
Following the fabrication of the LPH nanoparticles, we assessed
their accumulation in the brain of healthy mice with and without
the application of MB-FUS. To account for immune-related reac-
tions and nanoparticle clearance, in the present study, our in vivo
experiments were performed using the C57BL/6] immunocompe-
tent mice (40). Our experimental protocol, using a custom-built
magnetic resonance-guided FUS (MRgFUS) system, is summarized
in Fig. 1F. For these investigations, we used (i) a 0.5-MHz transducer
with standard exposure settings (10-ms bursts, every 1 s for 1 min, at
475-kPa peak negative pressure in water), (ii) Optison (GE Healthcare)
MBs with a dosage of 100 ul/kg, and (iii) RhoB-LPH nanoparticles
(5 mg/kg). The in vivo dosage of nanoparticle was decided on the
basis of the dosages used in previous studies that showed that this
nanoparticle dose led to minimal side effects (41-43). Fluorescence
imaging of the excised brain 10 min after sonication indicated a 12-
fold increase in the extravasation of LPH in the FUS-treated region
as compared to the non-FUS region (P < 0.0001) (Fig. 1, G and H).
Notably, contrast-enhanced MR imaging (MRI) was able to both
confirm the areas targeted by MB-FUS and track the LPH extrava-
sation (Fig. 1F, inset), potentially providing a noninvasive way to
predict LPH delivery and distribution. By measuring the intensity
of cationic LPH in blood from immunocompetent mice (C57BL/6]
mice), we estimated the elimination half-life (#,/2) to be 30 min (fig.
S1C). These preliminary findings suggest that the circulation time
of nucleic acid has been doubled after loading to cationic LPH (44).
Last, histological analysis of the brain slices of immunocompetent
mice showed that the delivery of cationic LPH in the FUS-targeted
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brain areas did not result in significant hematoxylin and eosin
(H&E)-evident adverse effects (Fig. 1I). Together, these data
demonstrated that MB-FUS can be used to substantially improve
(>10-fold) the delivery of cationic nanoparticles in the FUS-targeted
brain areas of immunocompetent mice without significant adverse
effects.

MB-FUS promotes cationic LPH:Cy5-siRNA extravasation,
penetration, and uptake in GL261 orthotopic brain tumors
Following the successful and robust delivery of the LPH nanoparticle
in healthy brain using MB-FUS, we assessed the delivery of the non-
targeting Cy5-siRNA-loaded LPH complex in brain tumors. Here,
we used the established orthotopic GL261 glioma syngeneic murine
model, where GL261 glioma cells are injected intracranially in
C57BL/6] mice (the location of the tumor is shown in fig. S2). Fourteen
days after tumor implantation, we sonicated four nonoverlapping
areas to cover the entire tumor using our MRgFUS system and the
same exposure settings and protocol with the one used in healthy
mice (Fig. 2A). Fluorescence microscopy indicated a fivefold in-
crease in the LPH accumulation in FUS-treated tumors as com-
pared to control (P = 0.032) (Fig. 2, B to D). It also showed higher
variability in the observed accumulation as compared to healthy
brains, which is consistent with the heterogeneous properties of the
brain TME.

In a separate cohort, we administered LPH:siRNA nanoparticles
and sacrificed the mice 8 hours after administration (instead of
10 min) (Fig. 3A). This time point was dictated by our in vitro in-
vestigations that showed robust LPH:siRNA uptake by the GL261
glioma cells (Fig. 1, C and D). Fluorescence microscopy indicated a
13-fold increase in the LPH accumulation in the FUS-targeted
tumor as compared to the non-FUS-treated tumor (P = 0.044)
(Fig. 3, B and C). Crucially, there was a 10-fold increase in siRNA up-
take after MB-FUS compared to control (P=0.0364) (Fig. 3,Eand G,
and fig. $3), demonstrating that LPH and siRNA delivery track each
other very well (i.e., reliable siRNA loading). Moreover, the ob-
served improvement in delivery was also accompanied by a fivefold
increase in siRNA penetration as compared to control LPH:siRNA
only (P = 0.0045) (Fig. 3, B and D). Up to 60% of the LPH:siRNA
nanoparticles were taken up by cancer cells (F-Luc-positive cells)
among all cell types [4’,6-diamidino-2-phenylindole (DAPI)-positive
cells] (Fig. 3, F and G), demonstrating good uptake by the GL261-
Luc2 glioma cancer cells. Together, the above experimental data
demonstrate the combined abilities of 50-nm cationic LPH:siRNA
nanoparticles and MB-FUS to attain a marked improvement (i.e.,
10-fold) in the delivery of siRNA in brain TME.

MB-FUS promotes LPH:SMO-siRNA delivery, markedly
reduces tumor SMO protein expression, and induces
effective and specific apoptosis in SHH-activated
medulloblastoma

To assess the robustness and effectiveness of the proposed thera-
peutic strategy in brain TME, we loaded a therapeutic SMO-siRNA
to 40-nm cationic RhoB-LPH. This siRNA has already been validated
in vitro (45). This siRNA was now used to inhibit the SMO-activated
SHH signaling pathway in an established transgenic mouse model
representative of the SHH-activated subgroup of medulloblastoma
[Neurod2:SmoAl-green fluorescent protein (GFP) mice, express-
ing a constitutively activated form of Smo and a GFP reporter in the
cerebellar granule neuron precursor cells; the location of the tumor
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Fig. 1. In vitro and in vivo characterization of transcellular and transvascular (BBB) penetration of cationic lipid-polymer hybrid nanoparticles loaded with
siRNA. (A) Size distribution and morphology of the cationic LPH and LPH:Cy5-siRNA nanoparticles. (B) Surface charge of the cationic (Cat) LPH and LPH:Cy5-siRNA.
P values were determined by unpaired t test. (C) Quantification of the LPH and Cy5-siRNA uptake by GL261 glioma cells using fluorescence microscopy. P values were
determined by one-way analysis of variance (ANOVA). (D) In vitro cellular uptake kinetics of the cationic LPH:Cy5-siRNA into GL261 glioma cells. (E) Live and dead cell
staining at 2 and 8 hours after LPH:Cy5-siRNA exposure. (F) In vivo experimental protocol for the delivery of cationic LPH in the brain of healthy, immunocompetent mice.
Inset: Representative contrast-enhanced T1-weighted MR image after MB-FUS. i.v., intravenous. (G) Representative fluorescent microscopy data of LPH extravasation in
the brain of healthy mouse at 10 min after LPH administration for non-FUS region (top) and FUS-treated region (bottom). (H) Quantification of the LPH extravasation in
non-FUS-treated region and FUS-treated region 10 min after treatment (12-fold; P < 0.0001, unpaired t test). (I) Representative H&E staining images at 10 min after LPH
administration. Plots show means + SEM (N = 3). ****P <0.0001.
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Fig. 2. Improved cationic LPH extravasation in the GL261 glioma mouse tumors using MB-FUS. (A) In vivo experimental protocol for the delivery of cationic LPH in
GL261 glioma mouse tumor model. LPH distribution is analyzed at 10 min after LPH administration. (B) Representative contrast-enhanced T1-weighted MR images before
and after MB-FUS treatment. (C) Quantification of the LPH extravasation in non-FUS-treated and FUS-treated tumor at 10 min after treatment (5.4-fold, P =0.032).
(D) Representative fluorescent microscopy data of LPH extravasation in tumor at 10 min after LPH administration. Plots show means + SEM (N = 3). P values were deter-

mined by unpaired t tests. *P < 0.05.

is shown in fig. S6], which has an intact BBB (46). To ensure that the
SMO-siRNA remained fully functional, we did not label it with
fluorescence molecule; hence, we assessed its ex vivo distribution
using the fluorescence in situ hybridization (FISH) assay. This assay
can detect and localize single RNA molecules at subcellular resolu-
tion (47, 48), thereby allowing to confirm the presence of SMO-siRNA
in the brain TME. For the experiments with these animals, we used
a custom-built portable ultrasound-guided FUS (USgFUS) system
(Fig. 4A and fig. S4A) and used the experimental protocol shown in
Fig. 4D. This system allows submillimeter precision targeting along
with real-time monitoring of MB dynamics via passive detection of
the MB acoustic emissions during the sonication. Our measure-
ments indicate strong harmonic emissions (up to 22 dB) with less
than 1% (20 of 2040) broadband emissions during sonications, sug-
gesting that our exposure settings were within the safety levels of
MB-FUS (Fig. 4, B and C, and fig. 54, B to E). Immediately after
sonication, we administered the LPH:SMO-siRNA and sacrificed
the mice 30 hours after administration. This time point is a conser-
vative estimation on the time required for SMO knockdown and the
indication of cell apoptosis (49). Like the LPH:Cy5-siRNA delivery
in glioma tumors, we found a 10-fold increase in the LPH accumulation
in the FUS-targeted tumor as compared to the non-FUS-treated
tumor (P = 0.0472; Fig. 4, E and F, and fig. S7). To confirm that the
observed RhoB-LPH delivery led to SMO-siRNA delivery in the
medulloblastoma cells, we performed FISH. As evidenced in Fig. 4G,
the FISH assay confirmed the colocalization of the RohB-LPH and
unlabeled siRNA in the medulloblastoma cells (GFP-positive cells).
Together, these data demonstrate the robustness of the proposed
strategy and confirm the successful delivery of the SMO-siRNA in
the medulloblastoma cancer cells.

Next, we assessed whether the delivered therapeutic siRNA can
induce SMO knockdown and promote cell apoptosis in the medullo-
blastoma brain tumors (Fig. 5A). Immunohistochemistry revealed
reduced expression of constitutively activated SMO protein that
drives the SHH signaling pathway and tumorigenesis in this model
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of SHH medulloblastoma, indicating effective SMO knockdown
(Fig. 5, B and C). Using immunofluorescence staining, we detected
a 16-fold increase in tumor cell apoptosis in the MB-FUS-treated
tumor as compared to non-FUS-treated tumors (P = 0.0013; Fig. 5,
D and E). Crucially, apoptotic cells [terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end labeling
(TUNEL) positive] colocalized with RhoB-LPH nanoparticles, dem-
onstrating that the SMO-siRNA delivery led to cancer cell death
(Fig. 5D). To confirm that the observed apoptosis was not related to
RhoB-LPH toxicity, we analyzed the GL261 glioblastoma tumors
where we delivered the nontargeting Cy5-siRNA and found compa-
rable levels of cell apoptosis between FUS-treated tumor and non-
FUS-treated tumor at 8 hours after LPH:Cy5-siRNA nanoparticle
administration (Fig. 5, F and G). For these analyses, we validated
the TUNEL method for the detection of apoptosis by performing
cleaved caspase-3 (CC3) staining, as it provides a more specific in-
dication of apoptosis as compared to TUNEL staining, which may
reflect other means of DNA damage. Collectively, our data support
the hypothesis that combining MB-FUS with cationic LPH:siRNA
can overcome the barriers to the delivery of siRNA therapeutics to
primary brain tumors and effectively target an oncogene that is
driving a primary brain tumor.

Forty-nanometer cationic nanoparticles combined with
MB-FUS attain afine balance between transvascular, interstitial,
and transcellular transport in the brain TME

We postulated that quantitative image analysis and physiologically
based pharmacokinetic (PBPK) modeling could be used to extrapo-
late findings to refine the design of the LPH and better understand
its transport dynamics in the TME when combined with MB-FUS
(e.g., BBB permeability, interstitial transport, and cell uptake),
which would otherwise require extensive biological experiments.
We used a well-established PBPK model that captured the diffusive
and convective transport of nanoparticles from the blood vessel,
across the BBB, in the interstitial space, and into the cells (37, 50).
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Fig. 3. Improved cationic LPH:siRNA extravasation, penetration, and cellular uptake in the GL261 glioma mouse tumors using MB-FUS. (A) In vivo experimental
protocol for LPH:siRNA delivery in a GL261 glioma mice tumor model. LPH:siRNA distribution is analyzed at 8 hours after nanoparticle administration. (B) Representative
fluorescent microscopy data of LPH:siRNA extravasation and penetration in tumor at 8 hours after LPH:siRNA administration. (C) Quantification of the LPH extravasation
in tumor with and without FUS at 8 hours after treatment (13.7-fold, P = 0.044). (D) Quantification of the siRNA penetration in tumor with and without FUS at 8 hours after
treatment (5.4-fold, P = 0.0045). (E) Quantification of siRNA delivery to cancer cells with and without FUS at 8 hours after treatment (9.5-fold, P = 0.0364). (F) Quantification
of the ratio of LPH (blue) and Cy5-siRNA (red) delivery to cancer cells to total cell uptake at 8 hours after FUS treatment. (G) Representative fluorescent microscopy data
of LPH:Cy5-siRNA cellular uptake in tumor at 8 hours after LPH:siRNA administration. Green arrows show the LPH:siRNA uptake by cancer cells, and white arrows show the
LPH:siRNA uptake by brain cells. Plots show means + SEM (N = 3). P values were determined by unpaired t tests. *P <0.05 and **P <0.01

To reduce the extrapolation error, we tuned the model to the specific
experimental conditions using parameter identification procedures
that we developed based on experiment-specific objective function
(Fig. 6A). The substantial overlap between model output and refer-
ence solution (Fig. 6A) indicated convergence between the model
and the experimental data (RhoB-LPH in GL261 glioma tumors)
and potentially reduced extrapolation error. The identified model
parameters showed significant differences between the vessel effec-
tive diffusion coefficient, D, (20-fold increase, P = 0.04), and the
interstitial hydraulic conductivity, K; (40-fold increase, P = 0.006),
for the FUS and non-FUS group (Fig. 6B). These data, which cor-
roborate our previous investigations using small anticancer agents
(23), provide a quantitative assessment on the abilities of MB-FUS
to promote acute changes in the LPH transport dynamics in the
GL261 glioma TME without any major adverse effects.

To assess the relative importance of parameters that define the
transport dynamics in the TME and identify the optimum LPH
physical properties for maximum nucleic acid delivery to cancer
cells, we performed a parametric sensitivity analysis. Specifically, we
locally adjusted (one at a time) the identified modeling parameters

Guo etal., Sci. Adv. 2021; 7 : eabf7390 30 April 2021

(+25%) and subsequently recorded the resulting impact on LPH
uptake by tumors at 1 hour after injection (LPH clearance time). To
take into account the influence of tumor vascular heterogeneity on
interstitial drug transport, we expanded the tumor cord geometry
(i.e., a cylindrical geometry of a vessel surrounded by tumor; Fig. 6A)
to vascular network geometry (Fig. 6C). Following this additional
refinement, the model revealed a considerably higher LPH trans-
vascular transport, extravasation, and penetration after MB-FUS as
compared with the non-FUS group (Fig. 6C). This was consistent
with experimental observations (Figs. 2 and 3). The LPH-only group
confirms that the BBB/BTB is the most important rate-limiting factor
in nanomedicine delivery in brain tumors (i.e., the highest normalized
value in Fig. 6D). The FUS-LPH group shows that MB-FUS significantly
reduces the relative importance of the BBB permeability (described
by parameter Dy in Fig. 6D) and interstitial flow (described by pa-
rameter K; in Fig. 6D), providing mechanistic understanding on the
observed improved delivery of LPH in brain TME. It also indicates
that the rate of endocytosis (described by parameter V in Fig. 6D)
becomes a rate-limiting factor in the LPH delivery after MB-FUS,
presumably due to higher LPH availability in the brain TME.
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toma tumor (right, bottom). (B) Harmonic emission from the MB-mediated BTB disruption using FUS. (C) Quantification of the acoustic emissions. (D) In vivo experimental
protocol for the delivery of cationic LPH:SMO-siRNA in a medulloblastoma mouse tumor model. (E) Representative fluorescent microscopy data of LPH accumulation in
tumor for non-FUS-treated group (left) and FUS-treated group (right). (F) Quantification of the LPH accumulation in tumor with and without FUS at 30 hours after treat-
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P values were determined by unpaired t tests. n.s., no statistical significance; *P < 0.05; ****P <0.0001.

Notably, evaluation of the impact of nanoparticle size on the
transport dynamics indicated that, under MB-FUS, 40-nm parti-
cles could lead to much higher uptake as compared to 10- or 80-nm
particles (Fig. 6E). The optimum nanoparticle size to deliver nu-
cleic acid therapeutics without disrupting the BBB in brain tumors
is around 20 nm, which is consistent with the physical barriers to
their transport imposed by the BBB (10), whereas with MB-FUS
the optimum size is around 40 nm. These data also emphasize the
relative importance of convective transport, which is critical for

Guo etal., Sci. Adv. 2021; 7 : eabf7390 30 April 2021

larger nanoparticles, and it is significantly improved by MB-FUS.
Likewise, positively charged particles lead to a notable increase in
the transvascular flux as compared to negatively charged ones
(Fig. 6F). In summary, the proposed quantitative framework that
is based on single-cell image analysis and mathematical modeling
allowed us to quantify the FUS-mediated changes in the LPH
transport dynamics in the TME and establish design rules (i.e.,
LPH size and charge) for robust siRNA delivery in brain tumors
with MB-FUS.
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Fig. 5. MB-FUS, in combination with cationic LPH:SMO-siRNA, induces cell apoptosis in SHH-activated subgroup of medulloblastoma. (A) Schematic illustration
of LPH:siRNA-induced cell apoptosis. Schematic graph is created with BioRender.com. (B) Representative microscopy data of SMO protein immunostaining non-
FUS-treated group (left) and FUS-treated group (right) demonstrating substantial SMO protein knockdown. SMO protein is shown in brown, and nucleus staining is shown
in purple. (C) Quantification of SMO protein level in medulloblastoma tumor (fivefold, P=0.0483). (D) Representative fluorescent microscopy data of SMO-siRNA-induced
cell apoptosis in tumor at 30 hours after LPH:SMO-siRNA administration for non-FUS-treated group (top) and FUS-treated group (bottom) using TUNEL assay. (E) Quan-
tification of tumor cell apoptosis (TUNEL-positive signal) that is LPH positive with and without FUS at 30 hours after treatment (16.6-fold, P=0.0013). (F) Representative
fluorescent microscopy data of SMO-siRNA-induced cell apoptosis in tumor at 30 hours after LPH:SMO-siRNA administration for non-FUS-treated group (top) and
FUS-treated group (bottom) using CC3 assay. (G) Quantification of tumor cell apoptosis (CC3-positive signal) that is LPH positive 8 hours after nontherapeutic LPH:Cy5-siRNA
delivery administration (n.s.) and 30 hours after LPH:SMO-siRNA delivery administration with and without FUS (34-fold, P=0.0017). Plots show means + SEM (N = 3). P values
were determined by unpaired t tests. n.s., P> 0.05; *P < 0.05; **P < 0.01.
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Fig. 6. Integrated quantitative microscopy and PBPK modeling guides the integration of LPH nanoparticles and MB-FUS technologies. (A) Parameter identifica-
tion procedures to recover LPH pharmacokinetics from the experimentally determined RhoB-LPH penetration (line profile perpendicular to vessel wall, left) in the GL261
glioma tumor model using 2D tumor cord geometry. The model output and the reference solutions agreed (right). (B) Normalized parameter fit for non-FUS-treated and
FUS-treated groups using 2D tumor cord PBPK model. (C) Structurally heterogeneous modeling of LPH transport in TME. (D) Sensitivity analysis of the model parameters.
(E) Cellular uptake of LPH with different sizes for non-FUS and FUS. (F) Transvascular flux with different surface charge LPH for non-FUS and FUS. 'Difference between
different LPH sizes for non-FUS and FUS (one-way ANOVA). *Difference between non-FUS and FUS for each LPH size or surface charge (unpaired t tests). Extracellular LPH
concentration (C.) and intracellular LPH concentration (C) normalized to maximum LPH concentration inside the vessel (C,). D,, vessel diffusion coefficient; D;, interstitium
diffusion coefficient; K, vessel hydraulic conductivity; K;, interstitium hydraulic conductivity; V, rate of endocytosis. The plots show means + SEM (N = 3). In (B) and (C), the
Pvalues were determined by unpaired t tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, '/P < 0.01, 7P <0.001, 7**P < 0.0001.

DISCUSSION evidence of successful transfection in the brain TME using luciferase
The goal of this investigation is to identify strategies to overcome plasmid DNA loaded to anionic nanoparticles (32). Moreover, the
the transport barriers to the effective delivery of siRNA therapeutics ~ demonstrated high LPH:siRNA uptake by cancer cells into two sep-
in the brain TME. Although both viral and nonviral gene vectors  arate preclinical models of malignant glioma and medulloblastoma,
can be used as a delivery vehicle for nucleic acids, viral vectors are  in combination with the high penetration across the BBB and BT3B,
limited by toxicity, immunogenicity, low loading capacity, and high  underscores the potential of the proposed therapeutic strategy to tar-
production costs (51). Thus, in this study, we focused on siRNA  get the tumor core and infiltrating margin, which currently remains
nanoparticle formulations. As we alluded to, one of the key aspects  inaccessible to therapy (15).

of our study is the concurrent assessment of the nanoparticle pene- In addition, our combined experimental and modeling investi-
tration and payload (siRNA) delivery in the brain TME at subcellular ~ gations revealed that balancing the improved transvascular and in-
resolution using fluorescence microscopy (Cy5-siRNA) and FISH terstitial transport attained by MB-FUS with the high penetration
(SMO-siRNA). The latter allowed us to directly show, in an immu-  and cancer cell uptake by 40-nm weakly cationic nanoparticles is
nocompetent animal, that MB-FUS siRNA delivery can reduce the critical for robust delivery and uptake in the brain TME. These
oncogene driving the tumor and lead to a marked increase in cancer ~ findings, which depart significantly from current approaches that
cell death and thus establish a causative relationship among changes  are based on 50- to 100-nm polydisperse, anionic nanoparticles
in BBB/BTB permeability, nanoparticle/siRNA penetration and  (<-5mV), provide a paradigm shift in drug delivery in brain tumors,
uptake, and tumor cell death. This is a major advancement as compared ~ where physical methods and nanotechnology are tuned together to
to previous investigations that have so far provided macroscopic  systematically identify optimal FUS drug combinations and develop
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rational strategies for the effective delivery of nucleic acids in brain
tumors. While additional experimental data using nanoparticles of
different size and surface charge will further consolidate the ob-
served trends, our findings (Fig. 5) provide a plausible explanation
for the lower drug delivery observed in past investigations using
larger nanoparticles (50 to 100 nm), as compared to the present data
(>10-fold versus 3.7-fold median increase in delivery after MB-FUS
compared to non-FUS; table S1). These findings can potentially be
improved, including cell specificity, by surface functionalization.
Increasing the sample size of each experimental group (table S2)
will allow to assess further the reproducibility of our findings and
better assess how tumor heterogeneity affects the proposed thera-
peutic strategy. Although past biodistribution and toxicity investi-
gations of lipid nanoparticles with similar dosage to the one that we
used in this study reported negligible toxicity (41-43), future stud-
ies in evaluating treatment outcomes (tumor growth and survival)
in patient-derived tumors with and without known driver muta-
tions, combined with extended toxicologic analysis under different
LPH:siRNA doses, are warranted. Testing additional FUS exposures
(e.g., lower harmonic emissions), ideally under closed-loop control
(52-55), combined with a more detailed assessment of the BBB phe-
notype (i.e., structure and function) and brain/tumor tissue (56, 57)
will allow to further define and refine the MB-FUS treatment window
for safe and effective siRNA delivery in the brain TME.

Collectively, our findings demonstrate the potential of our work
to lead to the development of rational strategies for the effective de-
livery of nucleic acids in brain tumors and provide a unified frame-
work for prospective, quantitative, and mechanistic investigation of
siRNA delivery in brain TME. The principles established here can
also be extended to target more than one part of a signaling pathway
such that its knockdown affects survival/growth (58, 59), overcome
problems with drug resistance (60), and create unique opportuni-
ties for delivering shRNA, antisense RNA, or CRISPR-Cas9 (2, 61)
and enhancing immunotherapy.

MATERIALS AND METHODS

LPH:siRNA fabrication and characterization

Cationic LPH (40 nm diameter) was prepared using a slightly mod-
ified swirling microvortex reactor (38). Briefly, a solution containing
poly(p,L-lactic-co-glycolic) acid (PLGA) (0.3 mg/ml) in acetonitrile
and another solution containing 1,2-dipalmitoyl-sun-glycero-3-
phosphocholine (DPPC) (0.018 mg/ml), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (0.015 mg/ml)
(Liss Rhod PE), N1-[2-((1S)-1-[(3-aminopropyl)amino]-4-[di(3-amino-
propyl)amino]butylcarboxamido)ethyl]-3,4-di[oleyloxy]-benzamide
(MVL-5) (0.02 mg/ml), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(DSPE-PEG) (0.02 mg/ml) in 4% ethanol were introduced into the
swirling microvortex reactor at a Reynolds number of 250. All these
parameters were adjusted to yield 40-nm-sized particles. The pre-
pared particles were filtered and centrifuged at 2900 rpm for 15 min
three times to remove any impurities.

The technique used for loading siRNA onto LPH is similar,
although the precursors used are not the same as the siRNA is a
charged molecule. The polymer core used is PLGA, while the lipid
precursors used are DPPC, Liss Rhod PE, DSPE-PEG, and MVLS5.
The cationic LPHs were mixed with the siRNA at a ratio of 5:1 (w/w)
under vigorous vortexing, which allowed optimal siRNA loading
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onto the LPHs. Two different siRNAs used in this study were
purchased from Horizon Discovery (Dharmacon, Lafayette, CO):
Cy5-siRNA (siSTABLE nontargeting; catalog no.: D-001700-01) and
SMARTpool (a mixture of four siRNAs; catalog no.: L-041026-00-0020)
ON-TARGETplus SMO-targeting siRNA. siRNA sequences are
provided in the Supplementary Materials.

The hydrodynamic volumes and surface charge of the cationic
LPH and LPH:siRNA was obtained with Zetasizer Nano (Malvern
Instrument, Malvern, UK). The morphology of samples was taken
from a transmission electron microscope (Hitachi 7700, Hitachi,
Japan) at 120 kV coupled with a Digital Micrograph camera and
software suite from Gatan. The samples were negatively stained
with 2% uranyl acetate solution for 30 s.

Culture of GL261 cells

GL261-luc2 glioma cells (Caliper Life Sciences) were cultured in
Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin at 37°C and 5% COs.

Quantification of cellular uptake kinetics of nanoparticle
into GL261 glioma cells

GL261 cells were seeded at a density of 20,000 cells/ml in a glass
bottom dish (MatTek, catalog no. P35GCOL-1.5-14-C) over a period
of 24 hours, which resulted in 60% confluency. At that point, the
cells were incubated with cationic LPH:Cy5-siRNA at a concentra-
tion of 0.02 mg/ml and the intracellular fluorescent signal of the
nanoparticles was measured at five different time points (2, 4, 6, 8,
and 10 hours) using fluorescent microscopy. At the end of each
time point, cell viability was determined by counting total versus
dead cells using a cell viability kit according to the manufacturer’s
instructions (ReadyProbes Cell Viability Imaging Kit, Blue/Green,
Thermo Fisher Scientific, catalog no. R37609). The quantification
of the fluorescence intensity of LPH and Cy5-siRNA at different
time points was determined using Image].

GL261 glioma cell inoculation

All animal procedures were performed according to the guidelines
of the Public Health Policy on the Humane Care and Use of Labo-
ratory Animals and approved by the Institutional Animal Care and
Use Committee of Georgia Institute of Technology. GL261 cells
(10° cells), genetically modified to express firefly luciferase, were
stereotactically implanted into the brain at 1-mm anterior and
1 mm to the right of the bregma of 6- to 8-week-old female C57BL/6]
mice (The Jackson Laboratory) (15 mice). After cell implantation,
tumor growth was monitored using T2-weighted MRI (PharmaS-
can 7T, Bruker), and when tumors reached a size of ~20 to 40 mm°,
BBB disruption was performed using a custom-built MRgFUS. To
minimize differences in the (baseline) BBB permeability across dif-
ferent experimental arms, related to differences in tumor sizes,
before each experiment, the tumors were measured with MRI and
spread equally between control and FUS-treated groups.

Medulloblastoma tumor model

We used the SmoA1 transgenic mouse model of human SHH-type
medulloblastoma (008831, The Jackson Laboratory). SmoAl-Math1-
GFP mice were generated by crossing SmoA1 mice with Math1-driven
GFP reporter mice. The mice were maintained in Emory University ani-
mal facilities, approved by the American Association for Accreditation
of Laboratory Animal Care. When the mice reached 10 to 12 weeks old,
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we confirmed the growth of the tumor using MRI and enrolled the
mice in the study.

MRgFUS system and sonication of GL261 tumor

The MRgFUS system is composed of an air-backed spherically
curved transducer (frequency: 0.5 MHz, F-number: 0.70, focal dis-
tance: 25 mm) that is attached to a water-filled three-dimensionally
(3D) printed cone with an exit window made of thin Mylar mem-
brane. The system is mounted with a surface coil on a manual 3D
positioning system that, under MRI guidance, allows to sonicate
different brain targets with millimeter targeting precision. At the
sonication experiments, the following exposure settings were used:
10-ms bursts, every 1 s for 1 min, with concurrent intravenous
administration of clinical-grade MBs (100 pl/kg; Optison). A 475-kPa
peak negative pressure (based on free-field measurements—water)
was used throughout the present study. To cover the entire tumor
and its periphery, we performed four nonoverlapping sonications
(X-Y directions). Before the sonications, the tumor location was
identified using T2-weighted MRI of the entire brain. Immediately
after the sonication, the animals were injected with gadolinium
contrast agent (Magnevist, 0.4 ml/kg) and T1-weighted contrast-
enhanced MRIs were acquired to confirm BBB disruption at the
tumor and surrounding healthy tissue. After BBB disruption was
confirmed, the nanoparticles were intravenously administered, and the
animals were euthanized at 10-min (for LPH) or 8-hour (LPH:siRNA)
nanoparticle injection. Last, the brain was harvested for further
processing.

USgFUS system and sonication of medulloblastoma tumor
To perform the BBB disruption in medulloblastoma tumors, we
used a custom-built portable USgFUS system with high targeting
accuracy and real-time monitoring of MB dynamics via passive cavi-
tation detection (PCD). First, the USgFUS system creates a 2D con-
tour of the mouse head by raster scanning a single-element imaging
transducer (3.5 MHz) mounted on a 3D positioning system. This
image is then used to estimate the locations of the eyes, which is
then compared with an MRI image to locate the tumor. The system
then allows to perform sonication at four nonoverlapping areas to
cover the entire tumor with a coaxial therapeutic FUS transducer
(0.5 MHz). During sonication, the imaging transducer is switched
to passive mode to capture MB’s response, whose frequency spec-
trum is then normalized to the mean of spectrum recorded before
MB arrival to remove unnecessary emissions other than the MB
response (fig. S4). Harmonic, ultraharmonic, and broadband levels
were obtained by taking the mean of +5 frequency bins from each
harmonic frequency—3fp, 2.5, and 6.72f;, respectively. PCD during
BBB disruption experiments allowed us to capture the onset of har-
monic emissions and ensure safe and effective disruption.

Brain tissue processing

In the group of animals that were euthanized at 10 min after nano-
particle administration, the brains were harvested without transcardial
perfusion. The animals that were euthanized at 8 hours (glioma
tumor-bearing mice) and 30 hours (medulloblastoma tumor-bearing
mice) after nanoparticle administration were transcardially per-
fused with 20 ml of saline before harvesting the brains. The brains
were fixed with 4% paraformaldehyde overnight at 4°C followed by
30% sucrose solution (4°C) until it sunk to the bottom of the con-
tainer. The brains were placed in O.C.T. (optimal cutting temperature)
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compound and rapidly frozen to —80°C. Subsequently, 30-um
sections were cut using a cryostat (Leica 3050 S Cryostat).

Immunofluorescence staining and microscopy

Tissues were first prepared for staining by fixing in 4% paraformal-
dehyde at room temperature for 10 min. After washing with phosphate-
buffered saline (PBS), the sections were first blocked for 1 hour at
room temperature (2% bovine serum albumin and 5% goat serum
in PBS) and then incubated with primary antibody diluted in 1%
bovine serum albumin (1:100) for 12 hours at 4°C. Rabbit anti-
mouse CD31 (ab28364, Abcam Inc.) was used for vessel staining,
and rabbit anti-firefly luciferase (ab21176, Abcam Inc.) was used for
the staining of the GL261 cells. Next, the sections were incubated
with goat anti-rabbit Alexa Fluor 488 secondary antibody diluted in
1% bovine serum albumin (1:250; A31556, Invitrogen) for 1 hour at
room temperature. To stain the cell nucleus, samples were incubated
with DAPI diluted in PBS (1:1000; 62248, Invitrogen) for 10 min
after washing. Last, the sections were rinsed with PBS to remove
excess antibody, mounted with mounting medium (Prolong Glass
Antifade Mountant, lot no. 2018752, Invitrogen), and covered with
coverslips. Samples were cured with a mounting medium for 24 hours
in the dark at room temperature before imaging. At the same time,
H&E staining was also performed to confirm the location of the
tumor (fig. S2).

The sections were imaged with a 20x objective using a laser
scanning confocal microscope system (LSM 700, Zeiss). The exci-
tation wavelengths used for cell nucleus, vessel/cancer cell, cationic
LPH, and siRNA are 405, 488, 555, and 639 nm, respectively. The
quantification of the fluorescence images was performed using
Image]. The penetration of LPH and siRNA was quantified by inte-
grating the fluorescence signal using thin layers (2 um) perpendicular
to the vessels using a custom-built MATLAB code.

FISH assay

Four DNA oligo probes with Cy5 fluorophore were used to detect
SMO-siRNA. One DNA oligo probe with Cy3 fluorophore was used
to detect nontargeting siRNA. The probes were dissolved in Tris-
EDTA (TE) buffer at pH 8.0 to make 100 pM stock solution.

The fixed tissue samples were permeabilized in 70% ethanol
at —20°C for 24 hours. After permeabilization, the samples were first
scanned using Nikon Ti2 microscope with 20x objective lenses, and
small areas were scanned with 60x objective lenses. The samples
were then washed with 2x SSC and then incubated in wash buffer
(30% formamide) at room temperature for 5 min. After the wash
buffer was aspirated, the samples were then incubated in 1 ml of
hybridization solution (hybridization buffer: 30% formamide and
10% dextran sulfate; dilute probe stock solution in hybridization
buffer to prepare hybridization solution; 1 ul of each probe stock for
SMO-siRNA and 2 pl of probe stock for nontargeting siRNA) in
humidification chamber at room temperature for 24 hours. Then,
the samples were incubated in wash buffer for 5 min. To stain the
nucleus, the samples were incubated in DAPI dilution in 2x SSC
(1:500) for 5 min. The samples were then washed with 2x SSC three
times to remove excess probes. Last, the samples were mounted in
mounting buffer (tris-HCI, 8% glucose, 1:100 catalase, Pyox mixed
at a ratio of 7:1:1:1) and imaged using Nikon Ti2 microscope. The
excitation wavelength of DAPI, GFP-positive cells, LPH, and FISH
probe for SMO-siRNA was 395, 470, 555, and 640 nm, respectively.
The excitation wavelength of the nontargeting siRNA probe was

100f 13

T20Z ‘TT Ae\ uo /610 Bewasuslos saoueApe//:diy woiy papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

555 nm. More detailed information is provided in the Supplemen-
tary Materials.

Cell apoptosis detection

To access the ex vivo cell death, we used frozen brain tissue and then
stained for the cell death marker CC3 (9661, Cell Signaling Tech-
nology) and TUNEL assay (C10619, Invitrogen) following the protocols
provided by the manufacturers. The fraction of CC3- and TUNEL-
positive cells that are also LPH positive in the tumor (normalized to
DAPI staining) is quantified using custom-built MATLAB code.

Immunohistochemical staining

Tissues were first prepared for staining by fixing in 4% paraformalde-
hyde at room temperature for 10 min and then washed with PBS. Af-
ter neutralization of the endogenous peroxidase with 3% H,O, for
10 min, the sections were incubated with protein blocking buffer for
10 min before undergoing incubation with the primary antibody.
Anti-SMO (E-5: sc-166685, Santa Cruz Biotechnology Inc., Dallas, TX)
staining was developed using DAB (3,3’-Diaminobenzidine) (Vector
Laboratories, Burlingame, CA) followed by hematoxylin counter-
staining (MilliporeSigma, St. Louis, MO). H&E staining was also per-
formed to access the location of the tumor (fig. S6). The SMO protein
intensity inside the brain tumor was quantified using Image].

Mathematical modeling of nanoparticle transport

in brain TME

To quantify the transport parameters before and after FUS treat-
ment, we used a PBPK model using 2D tumor cord geometry (Fig. 6A).
This model consists of a luminal area, vascular wall, and interstitial
space, as shown before (23). Briefly, the model fully couples the dif-
fusive and convective transport of the nanoparticles through the
bloodstream and across the endothelium into the interstitial space
along with their uptake by tumor cells. The blood inside the vessel
is simulated as a laminar flow with the Stokes equation. The fluid
flow through the vascular wall and interstitial space, which are con-
sidered as a porous medium, is modeled using the Brinkman equation.
The transport of nanoparticles is modeled as a convection-diffusion
problem in the luminal subdomain and a reaction-convection-
diffusion problem in the interstitial subdomains. We define the extra-
cellular concentration of any agent as a continuous scalar field relative
to a peak concentration in the bloodstream inside the vessel. Blood
and interstitial fluid are assumed to be homogeneous, Newtonian, and
incompressible fluids with constant viscosity.

Experimentally measured LPH concentration is used as a boundary
concentration at the luminal inlet (Fig. 2D), and outflow with Neumann
boundary conditions is applied to the rest of the boundaries of the
computational domain. The parameters of the mathematical model,
including vessel and interstitial diffusion coefficient (Dy and D),
vessel and interstitial hydraulic conductivity (Ky and K;), and cellu-
lar transmembrane transport (V), were fitted using a numerical op-
timization procedure based on initial reference values taken from
the literature (table S3) and experiment-specific objective function.

Because of the unavailability of experimentally measured LPH
pharmacokinetics, we devised a procedure to recover LPH pharma-
cokinetics in the interstitium based on the experimentally deter-
mined LPH penetration data (Fig. 6A). For each experiment, we
determined the relative extracellular LPH concentration at 15 pm
from the vessel and 10 min after LPH administration based on the
experimental data of LPH delivery in the GL261 glioma model
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(Fig. 6A). The objective function for each experiment is generated
on the basis of the average of LPH penetration at three randomly
chosen locations inside tumor. We assumed that the dynamics are
governed by the analytic solution of a 1D advection-diffusion prob-
lem with only one transport parameter, D, that describes the overall
rate of LPH transport as follows: C(x, t) = C0< —erfl ( ot ) ) where
Cy is the experimentally measured LPH concentration in the blood-
stream. D is determined using the LPH concentration at 15 um
from the vessel and 10 min after administration (Fig. 6A). Overall,
six models were fitted comprising three repetitions of each class of
experiment: non-FUS versus FUS.

To study the influence of the spatial structural heterogeneity of
the brain TME on the interstitial drug transport, we used a synthetic
tumor-like vascular network geometry. Briefly, the transvascular
fluid transport is modeled using Starling’s law, assuming no osmot-
ic pressure difference (50), while the flow inside interstitial space is
modeled with Darcy’s law. The anticancer agent transport in the
luminal subdomain is modeled as a convection-diffusion problem
and a reaction-convection-diffusion problem in the interstitial sub-
domain, as described for the 2D tumor cord model. To study the
effect of size and surface charge on LPH cancer cell uptake and
transvascular flux, we adjusted hindrance to both diffusive and con-
vective transport across the vessel wall (Supplementary Materials).
Last, we incorporated the size-dependent rate of endocytosis based
on the experimental data from the literature (62-64).

Using this model and the identified parameters using the pro-
cedures described above, we performed a sensitivity analysis to
determine the rate-limiting factors in the nanoparticle transport
and cellular uptake with and without FUS (three per group). This is
performed by numerically approximating the derivative of the
intracellular agent concentration C with respect to any transport
parameter Pj i.e., a B € To be able to compare the sensitivities to dif-
ferent parameters we used the following normalized measure of
sensitivity § = m::( O3p where oj is the SD of P; across the four rep-
etitions of each experiment class and max(C) is the peak intracellu-
lar concentration measured. S should be interpreted as the relative
change in C for a given change of P; that is equally likely for all j. To
study the effect of particle size and surface charge on the intracellu-
lar uptake and transvascular flux, we varied the hindrance factor. A
more rigorous description of the PBPK model and the method used
is provided in the Supplementary Materials. All the simulations
were performed using the commercial finite element software,
COMSOL (version 5.3a, Burlington, MA, USA), where necessary
equations were added using the Mathematics module.

Statistical analysis

Results are expressed as means + SEM. All statistical analyses were
performed using GraphPad Prism. P < 0.05 was considered statisti-
cally significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/18/eabf7390/DC1

View/request a protocol for this paper from Bio-protocol.
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