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Ultrasound frequency-controlled
microbubble dynamics in brain vessels
regulate the enrichment of inflammatory
pathways in the blood-brain barrier

Yutong Guo1,2, Hohyun Lee1, Chulyong Kim1, Christian Park 3,
Akane Yamamichi4, Pavlina Chuntova4, Marco Gallus4, Miguel O. Bernabeu 5,6,
Hideho Okada 4,7, Hanjoong Jo3,8 & Costas Arvanitis 1,3

Microbubble-enhanced ultrasound provides a noninvasive physical method to
locally overcome major obstacles to the accumulation of blood-borne ther-
apeutics in the brain, posed by the blood-brain barrier (BBB). However, due to
the highly nonlinear and coupled behavior of microbubble dynamics in brain
vessels, the impact of microbubble resonant effects on BBB signaling and
function remains undefined. Here, combined theoretical and prospective
experimental investigations reveal that microbubble resonant effects in brain
capillaries can control the enrichment of inflammatory pathways that are
sensitive to wall shear stress and promote differential expression of a range of
transcripts in the BBB, supporting the notion that microbubble dynamics
exerted mechanical stress can be used to establish molecular, in addition to
spatial, therapeutic windows to target brain diseases. Consistent with these
findings, a robust increase in cytotoxic T-cell accumulation inbrain tumorswas
observed, demonstrating the functional relevance and potential clinical sig-
nificance of the observed immuno-mechano-biological responses.

A major obstacle towards attaining sufficient accumulation of blood-
borne therapeutics in the brain is posed by the blood-brain barrier
(BBB) – a specialized neurovascular unit evolved to keep the brain
“safe” by closely monitoring and regulating the transport of macro-
molecules and cells1–5. Circulatingmicrobubbles (MB) uponultrasound
(US) exposure (sonication) can exert mechanical stress (i.e., by
expanding during peak negative and contracting during peak positive
pressure) in brain vessels to trigger a range of responses, including
local increase in the BBB permeability6–8 and activation of inflamma-
tory signaling and phenotypes9–11. These transient phenotypic changes

have led to the development of highly potent targeted drug delivery
strategies for a wide range of brain diseases, including cancer and
Alzheimer’s12–15. Increasing evidence suggests that the above responses
could act synergistically, too. In brain tumors, for example, they can
enrich both the accumulation of immune adjuvants and the immune
landscape in the brain tumor microenvironment to target more
effectively aggressive brain tumors, such as glioblastomas16–19. How-
ever, emerging clinical evidence suggests that it may also lead to the
accumulation of CD4+ lymphocytes in the brain tumor
microenvironment20, which have been associated with unfavorable
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prognosis in glioblastoma21, and may thus dampen any potential
therapeutic benefits. Likewise, research in Alzheimer’s mouse models
has alluded to the possibility of MB-enhanced US, alone or in combi-
nation with therapeutic agents, to augment microglia’s ability to clear
toxic proteins and improve cognitive function22–25. However, it is also
recognized that microglial activation can fuel disease progression by
promoting neuronal dysfunction and damage26,27. Therefore, identi-
fying strategies to control and, ideally, selectively activate these
responses is important for defining and optimizing therapeutic win-
dows to improve treatment efficacy, while minimizing side effects15,28.

Toward this goal, extended research over the past years has
shown that the strength ofMB acoustic emissions (i.e., Harmonics and
Ultra-Harmonics), which provide a good proxy to the strength of the
MB oscillations and exerted mechanical stress in the brain vessels29,
correlates well with changes in BBB permeability14. As a result, the MB
emissions have formed the basis for developing closed-loop methods
to fine-tune the US excitation amplitude and promote desirable
changes in the BBBphenotype14. Despite the ability of suchmethods to
mitigatemajor safety concerns15, increasing evidence suggests that the
US amplitude lacks the ability to differentially impact the observed
biological responses28,30,31. This inevitably leads to a very narrow
treatment window and therapeutic index between efficacy and
neurotoxicity14,32. By contrast, due toMB resonance effects, tuning the
US excitation frequency can lead to a range of behaviors that can
critically shape the exerted stress and (micro)streaming patterns in the
surrounding fluid33 and potentially the observed responses and treat-
ment window. However, due to the complexity of the MB dynamics in
brain vessels, the strongdependence of their resonancecharacteristics
to theMB size and shell composition34, and the lack of in vivomethods
to directly assess the MB-vessel interactions35, the impact of US fre-
quency on MB-induced mechanical stress and observed biological
responses has not been uniquely determined36–42. Consequently, the
principles to design MBs and US excitation pulses to harness MB
resonant effects and fine-tune the exerted mechanical stress to elicit
desirable changes in the BBB signaling and function remain poorly
defined14,43.

We hypothesize that MB resonant effects in brain capillaries can
transiently modulate the BBB signaling and function and allow the
establishment of molecular, in addition to spatial, therapeutic win-
dows to improve the accumulation of blood-borne therapeutics in the
brain. To test our hypothesis and refine our understanding of the
impact ofMB resonant effects on the exertedmechanical stress on the
brain vessels and the ability to promote distinct transcriptional and
functional changes in the BBB, we combined high-fidelity mathema-
tical modeling of MB dynamics in vessels with prospective experi-
mental investigations in mice. For the latter, we assessed the changes
in the BBB phenotype for different US excitation parameters (fre-
quency and pressure) and MB properties (size and shell) at different
time points (8 and 24 h) using dynamic contrast-enhanced MRI, RNA
sequencing, and immunofluorescence. Finally, based on the observed
BBB phenotypic changes, we assessed the potential of US frequency
and, by extension, of MB resonant effects to selectively alter the traf-
ficking of epidermal growth factor receptor variant III (EGFRvIII) chi-
meric antigen receptor (CAR) T cells in orthotopic EGFRvIII murine
glioma tumors.

Results
Microbubbles with a more elastic shell are more potent in
increasing the blood-brain barrier permeability
Studying the highly non-linear MB dynamics in brain vessels to
determine how they impact the BBB signaling and function is pro-
foundly challenging, as current imaging methods cannot resolve the
microscale oscillations in time and space behind the optically opaque
tissues35. Hence, to mitigate challenges associated with resolving the
MB dynamics in brain capillaries and gain mechanistic insights on the

interaction betweenMB, US, and the forces exerted on the vessel wall,
it is critical to develop and validate mathematical modeling of MB
dynamics in brain vessels. To better capture the fluid dynamics and its
interaction with the vessel wall we considered the vessel and sur-
rounding brain as porous material. Furthermore, we aimed to pro-
spectively assess the biological significance of model predictions in
animal experiments, which is currentlymissing from currentmodeling
work44–50. First, to understand the relative importance of the para-
meters involved in the MB-vessel system, we conducted a parametric
sensitivity analysis and found that the properties of the MB shell sig-
nificantly affect the dynamics of MB inside vessels (Fig. 1A, B). In our
simulations, we employed vessels ranging from 5–20 µm in size as past
investigations have shown more pronounced biological responses to
MBoscillations in this size range51,52. Then, to further study the effect of
MB shell properties on their dynamics and the resulting bioeffect, we
modeled two commercially available and well-characterized MBs,
Optison (GE Healthcare) and Definity (Lantheus Medical Imaging)53.
Optison MB has a thicker and stiffer shell made of human serum
albumin, while the shell of DefinityMB ismade of a lipid, which ismore
elastic (Fig. 1C and Supplementary Table 1). While the MB dynamics in
our model are based on the Marmottant model, which has been vali-
dated using lipid shell MB that is characterized by a buckled and an
elastic region54, it has been shown that albumin-shelled MB follows a
similar behavior55. Hence, the same MB modeling assumptions can be
used for both agents, especially for low amplitude oscillations56. Under
these conditions, the model indicated that the MB with a more elastic
shell has stronger relative oscillation amplitude, ΔR/R0, (3% and 16%
changes of their resting size for albumin and lipid shelled MB,
respectively) under the same acoustic pressure (Fig. 1D, E), suggesting
that MBs with different shell properties can exert different stress and,
by extension, impact the BBB signaling and function differently.

To test our model predictions, which expands current thinking
that suggests the MB total gas volume is sufficient to predict the MB
bioeffects38, we conducted experiments onhealthymousebrains using
equal doses of size-selected lipid and albumin-shelled MB (Fig. 1F, G)
(i.e., similar gas volume) and a calibrated US-guided Focused Ultra-
sound (USgFUS) system (Supplementary Fig. 1A)16. We performed
microbubble-enhanced focused ultrasound (MB-FUS) treatment in the
right and left hemispheres of the same mouse with concurrent
administration of lipid or albumin-shelled MBs (2 µm, 5 × 108MBs/ml),
respectively, using 175 kPa peak negative focal pressure (PNP) with
1.5MHz FUS transducer (see Methods for detailed parameters and
pressure measurements). Since albumin-shelled MB have a shorter
circulation half-life compared to lipid-shelled MB (Supplementary
Fig. 1B), we administered both MBs using infusion to ensure the MB
concentration was constant throughout the sonication period. During
the sonication, wemonitored theMB acoustic emissions using passive
acoustic monitoring. The acoustic emissions confirmed that the
kinetics of the two MBs were comparable and revealed that the har-
monic emissions from the lipid-shelledMBwere stronger compared to
those from albumin-shelledMB (1.7-fold in dB, p < 0.0001) (Fig. 1H). As
weobservedminimalbroadbandemissions for these twoMB (less than
1-2 pulses per sonication),we concluded that our findings are primarily
associatedwith stableMBoscillation. Together, these findings support
the model predictions and indicate that MBs with a more elastic shell
have more vigorous oscillation inside brain vessels, as evidenced by
the stronger acoustic emissions.

Next, to assess the impact ofMBwith different shell properties on
BBB permeability, we employed dynamic contrast-enhanced MR ima-
ging (DCE-MRI) andmeasured the changes inKtrans shortly after theMB-
FUS treatment. These measurements (i.e., Ktrans values) indicate chan-
ges in vascular permeability assuming the same level of perfusion
across animals. The Ktrans values were significantly higher in the lipid-
shelled MB group (12-fold, p =0.005) but not in the albumin-shelled
MB group as compared to the non-FUS treated region, demonstrating
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that the more elastic MB has a higher impact on BBB permeability
(Fig. 1I). We confirmed these findings by assessing the expression of
Claudin-5, a tight junction protein which is involved in restricting
paracellular transport across the BBB57, and found that its expression
was significantly down-regulated in the brain region sonicated with
lipid-shelled MB compared to the region sonicated with albumin-
shelled MB (4-fold, p =0.01) (Fig. 1J).

Furthermore, we assessed the effect of MB size on BBB perme-
ability and found that using the 2 µm lipid-shelled MB led to stronger
oscillations (11% and 16% changes of their resting size for 1 µmand 2 µm
MB, respectively, Supplementary Fig. 3A), stronger harmonic emis-
sions (7.3-fold, p <0.0001, Supplementary Fig. 3B–D), and higher Ktrans

values (2-fold, p = 0.017, Supplementary Fig. 3E, F), compared to 1 µm
lipid-shelled MB using the same acoustic settings (1.5MHz, 175 kPa
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PNP) (Supplementary methods 3). These findings are in agreement
with past observations that have demonstrated the role of MB size on
the observed changes in BBB phenotype58. Taken together, the align-
ment of ourmathematical predictions with experimental data not only
underscores the capability of the mathematical model to capture the
interactions between MB and brain vessels but also indicates that MB
dynamics in brain vessels are significantly influenced by the MB
properties; with largerMBwithmore elastic shell beingmorepotent at
eliciting physical and molecular changes in the BBB.

Ultrasound frequency can be tuned to elicit differential gene
expression in the BBB
Having established that 2 µm lipid-shelled MB leads to strong MB
oscillation and robust changes in BBB permeability, we selected this
MB type and size to further assess the impact of US frequency on BBB
signaling and function. As before, our analysis started with mathema-
tical modeling followed by experimental investigations designed to
assess the biological significance of the model predictions regarding
the MB dynamics within the brain vessels. First, we conducted sensi-
tivity analysis by varying the excitation frequency over clinically rele-
vant frequencies (from 0.5 to 5MHz; Fig. 2A). The model clearly
demonstrated the presence of MB resonant effects inside vessels
( ≈ 1MHz; Fig. 2B). Interestingly, at frequencies adjacent to the MB
resonance frequency inside the vessel (0.5MHz and 1.5MHz), where
the relative MB oscillation amplitude is comparable (Fig. 2B), the wall
shear stress (WSS) is 2-fold higher during MB expansion and 1.3-fold
higher during MB contraction for the higher frequency (1.5MHz) as
compared to the lower frequency (0.5MHz) (Fig. 2D, H). Mechan-
istically, this occurs because frequencies just above resonance lead to
higher fluid vorticity and, therefore, higher WSS (Fig. 2C, H). Also
because the baseline WSS in capillaries can be negligible compared to
WSS generated by the MB, the observed changes are primarily related
to MB exerted stress and not due to distortion of normal blood flow59.
At frequencies much higher than resonance, this effect is offset by the
much smaller MB displacements (ΔR/R). To better understand these
findings, we performed an extended parametric sensitivity analysis to
assess the influence of key parameters on the WSS induced by MB
oscillation (Fig. 2E and Supplementary Fig. 4). Our sensitivity analysis
reveals that both the MB shell viscosity and fluid viscosity can sub-
stantially affect theWSS and reduce its level by up to 1.4 kPa, aligning it
with physiological levels, without altering its frequency-dependent
trend (Fig. 2E and Supplementary Fig. 4). To explore if our observa-
tions from singlemicrobubble oscillation inside a vessel are applicable
to multiple microbubbles, we also modeled the oscillation of two
microbubbles inside vessels of size 5-20 µm. While our current imple-
mentation is limited to relatively weakbubble-bubble interactions (i.e.,
it excludesmicrobubble coalescence), it demonstrates thatdespite the
differences in themicrostreaming pattern in the surrounding fluid (the
oscillation amplitude of each MB decreases, whereas the overall WSS
increases; Fig. 2F, G), for microbubble distances down to 3 µm, the

frequency-dependent trend of microbubble oscillation and WSS is
consistentwith thefindings from the singlemicrobubble (Fig. 2H, I and
Supplementary Fig. 4E–G). Crucially, these observations lead to the
following testable hypothesis: 1.5MHz excitation frequency can acti-
vate the BBB signaling and functional changes that are responsive to
WSS more effectively than 0.5MHz.

Testing the above hypothesis is not trivial, as there are several
technical and biological challenges, including (i) attaining the same
intracranial focal pressure at both frequencies, (ii) ensuring the pres-
sures are below the threshold for inertial cavitation, (iii) getting narrow
MB distribution (i.e., wide MB distribution contributes to a broader
range of behaviors within an MB population that in turn overshadows
resonant effects), and (iv) accounting for biological variability and
vascular heterogeneity. Due to these challenges, the impact of US
frequency on MB-induced mechanical stress and observed biological
responses has yet to bedetermined. To overcome these challenges,we
employed a calibrated USgFUS with a fundamental frequency at
0.5MHz that can also be operated at 1.5MHz, while accounting for
insertion loss by the skull (experimental measurements) and standing
wave formation (mathematical modeling) (Supplementary Fig. 5). To
determine the pressures that are safe for both frequencies, we exam-
ined pressures ranging from 125 kPa to 175 kPa (peak negative focal
pressure) using monodispersed 2 µm lipid MBs. We found that 175 kPa
resulted in a higher occurrence of broadband signals compared to
lower pressures (no broadband signal detected for 125 kPa), yet it did
not cause any hemorrhage and damage as shown in hematoxylin and
eosin (H&E) staining (Fig. 3A, B, E and Supplementary Fig. 6D). With
these considerations inmind, we analyzed the Ktrans value following the
sonication and found a similar level at both frequencies (Fig. 3C, D and
Supplementary Fig. 6A–C), suggesting that the MB oscillation ampli-
tude ΔR/R is critical for opening the BBB.

To further investigate the impact of US frequency and MB
dynamics on broader transcriptome changes in brain vessels, we per-
formed bulk RNA sequencing (RNAseq) analysis of endothelial cells
(EC) enriched by isolating PECAM-1 positive cells from all cell popu-
lations of the brain in healthy mice at 8- and 24-hours post-sonication.
While several studies have shown changes in the BBB transcriptome in
mixed brain cells in response to US11,28,30,31,60, we focused on testing
transcriptome changes occurring specifically in ECs, due to their
unique sensitivity to mechanical stresses61 and the strong MB-induced
mechanical stress exerted on the ECs, as indicated by our model
(Fig. 2). For theMB-FUS experiments, we selected pressures of 150kPa
and 175 kPa for both 0.5MHz and 1.5MHz frequencies. The 150kPa
setting was chosen to minimize the likelihood of microbubble col-
lapse, while the 175 kPa, although may lead to slightly increased
broadband emission, remains relatively safe based on theH&E staining
(Fig. 3A, B, E). The RNAseq analysis showed a significant upregulation
of 181 genes in the 1.5MHz frequency group compared to the 0.5MHz
group when treated at 150kPa, and this number increased to 348
genes at 175 kPa pressure, at the 8-hour time point after the MB-FUS

Fig. 1 | MBs with more elastic shell are more potent at eliciting BBB physical
and molecular changes. A Mathematical modeling of microbubble dynamics
inside a vessel. Schematic created with BioRender.com. B Sensitivity analysis of
model parameters to the microbubble oscillation amplitude inside vessels of size
5–20μm (n = 4). Bound of the box plot shows minima and maxima. C Two micro-
bubbles,Optison andDefinity, withdifferent sizes and shellmaterials, were studied.
Schematic created with BioRender.com. D MB oscillation inside a 15 µm vessel
(1.5MHz, 175 kPa - peak negative). E Relative MB oscillation amplitude, R/R0, for
lipid and albumin-shelled microbubbles inside a 15 µm vessel (1.5MHz, 175 kPa -
peak negative). F Representative microscope images of microbubbles that were
isolated using buoyancy force before each experiment. MB was characterized
before every experiment. Schematic created with BioRender.com. G Size dis-
tribution of selected monodispersed lipid and albumin-shelled MBs. H Acoustic

emission from theMBoscillations. P-valuesweredeterminedby two-wayanalysis of
variance (ANOVA) and adjusted using Bonferroni correction. Plots show means ±
SD (n = 644). Measurements were taken from individual sonication.
I Representative Ktrans color map (left) and quantification (right) of Ktrans value
for lipid and albumin-shelled microbubbles. Measurements were taken from dis-
tinct samples. Plots showmeans ± SD (n = 4). P-values were determined by one-way
analysis of variance (ANOVA) and adjusted using Bonferroni correction. (Back-
ground vs Lipid MB, p =0.005). J Representative fluorescent microscopy data and
quantification of Claudin-5 expression at 1 h after MB-FUS. Measurements were
taken from distinct samples. Plots show means ± SD (n = 4). P-values were deter-
mined by one-way analysis of variance (ANOVA) and adjusted using Bonferroni
correction. (Background vs Lipid MB, p =0.007; Albumin MB vs Lipid MB,
p =0.0103) n.s. no significance P >0.05, *P ≤0.05, **P ≤0.01, ****P ≤0.0001.
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treatment, indicating that the responses scale with pressure, in addi-
tion to frequency. As expected, the expression levels between two
different frequency groups returned to similar levels 24 h after soni-
cation, indicating that the changes at the transcriptomic level induced

byMBoscillation are transient (Fig. 4A, B, andSupplementaryFig. 7). In
addition, the expression of genes associated with cell apoptosis did
not show significant changes compared to the non-FUS-treated brains
across all treatment groups, both 8 h and 24 h post-sonication, further

Fig. 2 |Mathematicalmodelingofmicrobubbledynamics inside vessels and the
mechanical forces exerted on the vessel wall. Schematic created with BioR-
ender.com. A Schematic illustration of microbubble oscillation that is excited with
different ultrasound frequencies inside brain vessel. B Relative oscillation ampli-
tude of lipid MB inside vessels of size 5–20μm. Plots show means ± SEM (n = 4).
C Normalized fluid vorticity inside vessels caused by microbubble oscillation
excited at different frequencies inside vessels of size 5–20μm. Plots show
means ± SEM (n = 4). D Vessel wall shear stress exerted by microbubble oscillation
inside vessels of size 5–20μm during the expansion and contraction phase. Plots

show means ± SEM (n = 4). E Sensitivity analysis of model parameters to the WSS
inside vessels of size 5–20μm. Plots show means ± SD (n = 4). F Microbubble
dynamics of a single and two 2μm Definity microbubble dynamics excited at
1.5MHz inside a 10μmvessel.GVessel wall shear stress (WSS) exerted on the vessel
wall by a single and two 2μm Definity microbubble excited at 1.5MHz inside a
10μm vessel. H Microbubble dynamics of a single 2μm Definity microbubble
dynamics excited at 0.5MHz and 1.5MHz inside a 10μm vessel. I Microbubble
dynamics of two 2μm Definity microbubble dynamics excited at 0.5MHz and
1.5MHz inside a 10μm vessel.

Article https://doi.org/10.1038/s41467-024-52329-y

Nature Communications |         (2024) 15:8021 5

www.nature.com/naturecommunications


confirming that the treatment using the selected parameters does not
promote cell death and can broadly consider as safe (Supplemen-
tary Fig. 7).

To understand the biological processes associated with the
observed changes in transcripts, we performed unbiased gene ontol-
ogy (GO) analysis. The GO analysis of RNA sequencing data revealed
that the transcriptome changes in brain ECs caused by MB oscillation
were associated with numerous significantly enriched pathways rela-
ted tomechanical stimulus, cytokine signalingpathways, inflammatory
responses, and leukocyte migration, for both 0.5MHz and 1.5MHz
group (Fig. 4C). Interestingly, the GO analysis results indicated
enrichment in pathways related to regulation of ion channelswhich are
known to be involved in modulating calcium signaling in response to
mechanical forces for MB-FUS treated groups (Fig. 4C). Remarkably,
the 1.5MHz group showed higher enrichment levels than the 0.5MHz
group, especially at 175 kPa pressure (Fig. 4C). We then further inves-
tigated the genes associated with the significantly enriched pathways.
Firstly, we observed changes in the expression of mechanosensitive
genes (Fig. 4E and Supplementary Fig. 8), indicating the presence of
disturbed flow. Moreover, we observed a significant upregulation of
transcripts related to inflammatory response and leukocyte migration
in the 1.5MHz group compared to the 0.5MHz group at 8 h post MB-

FUS. While we observed increased gene expression at the lower pres-
sure (150kPa vs 175 kPa) at 8 h after MB-FUS, as compared to the
control, most of them were not statistically significant (Fig. 4E, Sup-
plementary Fig. 12). In addition, the GO analysis shows that the gene
expressions that are significantly higher at lower pressure are not
associated with the pathways related tomechanical stimulus, cytokine
signaling pathways, inflammatory responses, and leukocytemigration.
More specifically, 8 h following FUS treatment at 175 kPa, transcripts
for the chemokines Cxcl1, Cxcl2, Ccl2, Ccl7, Ccl12, Ccr1, and Ccr2 were
significantly upregulated in the 1.5MHz group compared to the
0.5MHz group (Fig. 4D, E and Supplementary Tables 2, 3). Notably, we
found several chemokines, including Ccl3 and Ccl9, that were not
upregulated in the 0.5MHz group compared to the non-FUS control
group but were significantly upregulated in the 1.5MHz group at
175 kPa (Fig. 4D, E, and Supplementary Table 2, 3). Moreover, proin-
flammatory cytokines, including tumor necrosis factor (Tnf) and Il6,
were not upregulated in the 0.5MHz group as compared to the non-
FUS control group but were significantly enhanced in the 1.5MHz
group at 8 h (Fig. 4D, E and Supplementary Tables 2, 3). A similar trend
can be found for 150kPa.

Notably, we observed a significant upregulation of E-selectin
(Sele), P-selectin (Selp), and Intercellular adhesionmolecule 1 (Icam1)

Fig. 3 | Impact of US frequency on the BBB permeability in the brains of
healthy mice. A Broadband emission (> 3 dB) probability during MB-FUS sonica-
tion using 150kPa and 175 kPa pressure. B Spectrogram during sonication using
150kPa and 175 kPa pressure. Harmonic levels increased significantly following
microbubble arrival to the brain after a bolus injection at t = 10 s. Minimal broad-
band emission was observed. Color bar normalized acoustic emission.
C Representative Ktrans color map for 0.5MHz and 1.5MHz frequency using
175 kPa. D Quantification of Ktrans for 0.5MHz and 1.5MHz frequency.

Measurements were taken from each sonicated location. Plots show means ± SD
(n = 4 for the 125 kPa group, n = 15 for the 125 kPa group, and n = 7 for the 175 kPa
group). P-values were determined by one-way analysis of variance (ANOVA) and
were adjusted using Bonferroni correction. n.s. no significance P >0.05, *P ≤0.05,
**P ≤0.01, ***P ≤0.001, **** P ≤0.0001. E Representative H&E staining images of the
brain treated with 150 kPa and 175 kPa pressure. H&E staining was performed on
three distinct samples for each experimental condition to confirm consistent
results.
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in the 1.5MHz group compared to the 0.5MHz group at 8 h (Fig. 4 D,
E and Supplementary Tables 2, 3). These adhesion molecules are
sensitive to shear stress and play a crucial role in regulating
leukocyte-endothelial interactions and extravasation during inflam-
matory responses62–64. To validate these findings from transcriptome
analysis and confirm protein expression, we performed immuno-
fluorescent staining. Our analysis revealed a 2.2-fold increase in

ICAM-1 expression in the 1.5MHz group compared to the 0.5MHz
group at 150 kPa, and a 2.4-fold increase at 175 kPa (Fig. 5A, B). In
addition, our findings revealed a significant upregulation of IBA-1 in
the 1.5MHz group compared to the 0.5MHz group at 8 h post-
treatment (at 150 kPapeak negative pressure). The increase in IBA-1, a
marker for microglial activation, indicates enhanced immune
response, providing additional evidence for the more pronounced
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inflammatory activity observed in the higher frequency group
(Fig. 5C, D).

In aggregate, our mathematical modeling and experimental
investigations revealed a previously unknown role of US frequency in
promoting differential gene expression in BBB ECs and supported our
hypothesis that MB resonant effects can be employed to elicit distinct
transcriptional and functional changes in the BBB. Interestingly and
contrary to current evidence, these responses do not correlate with
changes in the BBB permeability, as assessed by DCE-MRI (i.e., Ktrans

values), indicating that it is possible to attenuate the inflammatory
responses while opening the BBB.

US frequency can modulate CAR-T cell trafficking in SB28
Glioma tumors
In light of the above findings and the potential of MB resonant effects
in brain vessels to regulate the expression of molecules that play a
critical role in mediating T cell trafficking across the BBB63–65, we

hypothesized that US frequency-tuned MB dynamics can impact the
trafficking of cytotoxic T cells in brain tumors (Fig. 6A). To test our
hypothesis, we focused on glioblastoma (GBM), as it is a lethal tumor
with no effective treatments66, and it is the focus of both FUS
interventions15,67 and emerging immunotherapeutic approaches based
on CAR-T cells68. We employed the orthotopic SB28-EGFRvIII glioma
model, as epidermal growth factor receptor variant III (EGFRvIII) is a
human GBM-specific antigen69. Furthermore, the SB28 glioma cell line
is poorly immunogenic and grows in syngeneic C57BL/6 mice70. To
assess the impactofUS frequencyonCAR-Tcell trafficking in the SB28-
EGFRvIII glioma model (Fig. 6A), we employed a fully murinized ver-
sion of the anti-EGFRvIII CAR-T cells71. To minimize differences in the
BBB permeability and other tumor microenvironmental factors across
different animals that can be influenced by tumor size, mice were
distributed equally between groups based on tumor size, as indicated
byMRI (Fig. 6B). Following systemic administration of the CAR-T cells,
we administrated 2 µm lipid MB and sonicated 4-5 nonoverlapping

Fig. 4 | RNA sequencing of endothelial cells (ECs) in mouse brain tissue.
A Schematic illustration of the timelines for different bioeffects of MB-FUS. Sche-
matic created with BioRender.com.B Volcano plots showgene expression changes
in ECs exposed to 1.5MHz and 0.5MHz at 8 and 24h after MB-FUS with different
ultrasound pressures. Note the fold change shows the changes in the expression of
all analyzed transcripts when microbubbles are excited at 1.5MHz as compared to
0.5MHz. P-valueswere determinedby two-tailed unpaired t tests.CUnbiasedgene-
set enrichment analyses of genes that are significantly upregulated after MB-FUS
with 1.5MHz and 0.5MHz frequencies compared to non-FUS treated control at
150 kPa and 175 kPa. D Log2 fold change of the expression of selected transcripts
afterMB-FUS treatment compared to non-FUS treated group at 8 h post-treatment,

with 150 kPa and 175 kPa ultrasound pressure. The selected transcripts are related
to inflammatory cytokines, chemokines, and vascular cell adhesion molecules.
Measurements were taken from distinct samples. Plots show means ± SD (n = 6).
P-values were determined by two-tailed unpaired t tests. † Show statistically
significant difference between theMB-FUS treatment group (0.5MHz and 1.5MHz)
and the non-FUS treated group at 8 h post-treatment. * Show statistically significant
difference between 0.5MHz and 1.5MHz at 8 h post-treatment. n.s. no significance,
P >0.05, † P ≤0.05*, P ≤0.05. E Heatmap of the z score of genes sensitive to
mechanical forces associated with leukocyte migration, and inflammatory
responses.

Fig. 5 | Protein expression analysis in mouse brain tissue. A Representative
fluorescentmicroscopy data of ICAM-1 expression at 8 h afterMB-FUS treated with
150 kPa. Red, ICAM-1; green, CD31. B Quantification of ICAM-1 expression treated
with 150 kPa (upper) and 175 kPa (lower) pressure (n = 4 for 150kPa group, n = 6 for
175 kPa group) (p =0.011 for 150 kPa group, p =0.006 for 175 kPa group).

C Representative fluorescent microscopy data of IBA-1 expression at 8 h after MB-
FUS treated with 150 kPa. Green, IBA-1; blue, DAPI. D Quantification of IBA-1
expression treated with 150 kPa pressure (n = 4, p =0.049). Measurements were
taken from distinct samples. Plots show means ± SD. P-values were determined by
two-tailed paired t tests. *P ≤0.05, **P ≤0.01.
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Fig. 6 | Enhanced infiltration of epidermal growth factor receptor variant III
(EGFRvIII) CAR-T cells in SB28 Glioma tumor model after sonication with
1.5MHz frequency. A Schematic illustration of CAR-T cells infiltration to brain
tumorwithMB-FUS using different ultrasound frequencies. Schematic createdwith
BioRender.com. BGroup assignment before treatment based on the quantification
of tumor size for 150 kPa (left) and 175 kPa (right) pressure (n = 5). C Broadband
emission (> 3 dB) probability during MB-FUS sonication using 175 kPa.
D Spectrogram during sonication using 175 kPa pressure. Harmonic levels
increased significantly following microbubble arrival to the brain, after a bolus
injection at t = 10 s. Color bar normalized acoustic emission. E Representative T1-
weighted MR images for healthy targets and targets in the tumor region.
F Quantification of Ktrans value in tumor for 0.5MHz and 1.5MHz frequency
treatedwith 175 kPa (n = 5).GQuantificationof the percentage of CART cells inCD3
positive cells in SB28 glioma tumor when treated with 150 kPa (left, n = 5) and

175 kPa (right, n = 4 for non-FUS and 0.5MHz group, n = 5 for 1.5MHz group). (non-
FUS vs 1.5MHz (150kPa), p =0.006). H Quantification of the percentage of CAR
T cells in all live cells in SB28 glioma tumor when treated with 150 kPa (left, n = 5)
and 175 kPa (right, n = 4 for non-FUS and 0.5MHz group, n = 5 for 1.5MHz group)
(150 kPa: non-FUS vs 0.5MHz, p =0.009; non-FUS vs 1.5MHz, p =0.002; 175 kPa:
non-FUS vs 1.5MHz, p =0.049). I Representative flow cytometry diagrams for
receptors on SB28 tumor-infiltrating CAR T cells, PSGL-1 (left) and LFA-1 (right)
when treatedwith 150 kPa. JQuantificationof the percentage of the infiltratedCAR-
T cells expressing PSGL-1 (left) and LFA-1 (right) when treated with 150 kPa. Mea-
surements were taken from distinct samples. Plots show means ± SD (n = 5).
P-values were determined by one-way analysis of variance (ANOVA) and were
adjusted using Bonferroni correction. n.s. no significance P >0.05,
*P ≤0.05, **P ≤0.01.
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regions to cover the whole tumor with 0.5MHz and 1.5MHz frequency
at 150kPa and 175 kPa peak negative pressures for each frequency. The
acoustic emission signal indicated strong harmonic emissions, while
broadband emissions of less than 3 dB were present in less than 0.5%
and 1% of the sonications for 150 kPa and 175 kPa, respectively
(Fig. 6C, D). Following the sonication, we assessed the BBB perme-
ability using DCE-MRI, which showed no difference among the 3
groups, non-FUS control, 0.5MHz, and 1.5MHz groups, indicating that
the sonications did not increase further the tumor-induced dysregu-
lated BBB permeability, as evidenced by DCE-MRI (Fig. 6E, F and
Supplementary Fig. 13). Subsequently, we assessed the infiltration of
EGFRvIII CAR-T cells to the SB28-EGFRvIII tumor microenvironment
48 h after sonication using flow cytometry analysis. Using a range of
metrics (Fig. 6G, H), the CAR T cell infiltration at the high-frequency
group is significantly higher than that of the control group at both
pressures. For the low-frequency group, the differences in CAR T cell
trafficking as compared to control are significant for somemetrics and
not for others. While we were unable to identify significant differences
between the low and high-frequency groups, as evidenced by our data,
high frequency leads to more robust responses (Fig. 6G, H). Crucially,
our data also revealed that over 86% of the tumor-infiltrating CAR-
T cells express PSGL-1 and LFA-1 receptors that interact with P-selectin
and ICAM-1 cell adhesion molecules and play a key role in the process
of leukocyte extravasation63,72–74 (Fig. 6I, J). Together, these findings
demonstrate that tuning the US frequency can improve CAR-T cell
trafficking, potentially through upregulation of cell adhesion mole-
cules in the glioma tumormicroenvironment. They are also consistent
with current evidence that indicates CAR-T cells have limited accu-
mulation in brain tumors despite having leaky BBB75 and further sup-
port the functional relevance and potential clinical significance of the
observed immuno-mechano-biological changes.

Discussion
In this work, we demonstrated that US frequency can be tuned to elicit
distinct immuno-mechano-biological effects on BBB signaling and
function. Our findings that critically expanded past observations that
hinted at the possibility of promoting differential gene expression
under specific MB properties76 also support the notion that MB reso-
nant effects can play a key role in the observed changes in BBB sig-
naling and function. Perhaps the most salient finding of our
investigations is that the BBB permeability and the expression of key
inflammatorymarkers are notmonotonically linked. This is contrary to
current understanding28. This discovery provides a better definition of
the treatmentwindowof current targeteddrugdelivery strategies, as it
will allow to maximize therapeutic outcomes, while balancing safety
concerns associated with acute inflammation28. The latter is particu-
larly important whenmultiple treatments (i.e., sonications) are needed
due to dose (i.e., drug) limiting considerations12,13. For this purpose,
MBswithmore elastic shells that are excited at frequencies below their
resonance are preferred as they can prevent excessive inflammatory
responses without lowering the BBB permeability, which is critical for
improved drug delivery. This approach may also be beneficial for
diagnostic interventions, such as US-enhanced liquid biopsy77,78, where
attaining high BBB permeability while suppressing inflammation will
improve the safety profile of this diagnostic intervention. It is also
important to note that while we did not observe any differences in the
BBB permeability between the two frequencies, it is possible they may
have impacted the BBB permeability in a way that the relatively small
molecular weight (558.7 Da) MRI contrast agent we employed was not
able to capture. Further investigations to assess the amplitude and
duration of the BBB permeability at different excitation frequencies
and for different molecules are warranted.

Interestingly, the transcriptional analysis of ECs revealed that
certain genes are more responsive to MB-FUS at the lower pressure of
150 kPa compared to 175 kPa, thoughnot all differences are statistically

significant (Fig. 4D, E and Supplementary Fig. 12). This trend in tran-
script changes agreed with the acoustic emission data, which showed
higher harmonics level at 150 kPa compared to 175 kPa at 1.5MHz
(Fig. 3 and Supplementary Figs. 15–17), albeit not significant. A possible
explanation for this observation is that higher pressures may result in
higher acoustic radiation force that may push themicrobubbles closer
to the vessel wall79, which may dampen their oscillation and diminish
their impact on the vessel wall. Moreover, at 175 kPa, we observed an
increased ultra-harmonics and broadband signal, which is an indica-
tion that MB oscillation is at the inertial cavitation threshold, sug-
gesting that at this level, the MBs might lose their sustained and
symmetrical oscillation and exert lower stress on the wall80. To gain
more insights into this phenomenon, ourmodeling can be extended to
incorporate these phenomena (radiation force and asymmetric MB
oscillation). While for our modeling we employed microbubble para-
meters from the literature56,81–84, it is possible that batch-to-batch and
even vial to vial variability can lead to different microbubble proper-
ties. However, the agreement between the predictions of our mathe-
matical model and in vivo experimental results indicates that this
variability was not substantial. To increase precision, future studies
should characterize the mechanical properties of the microbubbles
(beyond their size) prior to each experiment.

To explore if our findings from single microbubble oscillation
are still valid when multiple microbubbles are present inside the
vessel, we modeled two microbubbles inside the vessel. While our
current implementation does not account for bubble-bubble inter-
action (e.g., microbubble coalescence), it demonstrates that for
microbubble distances down to 3 µm, the frequency-dependent
trend ofmicrobubble oscillation andWSS remain consistent with the
findings for the single microbubble, despite the differences in the
microstreaming pattern in the surrounding fluid. Experiments
examining the flow field around multiple oscillating microbubbles
indicate that groups of three and four microbubbles in symmetrical
arrangements exhibit similar flow behavior to the two-bubble cases,
suggesting that the findings from our two-bubble model can also be
applied to multi-bubble scenarios33. Finally, improving the current
high frame rate optical methods to provide direct visualization of the
MB dynamics inside brain vessels can be used to further refine our
understanding of the impact of MB-mediated mechanical stress on
neurovascular mechanobiology.

Based on the transcriptional analysis suggesting that MB reso-
nant effects in brain vessels can regulate inflammatory responses, we
hypothesized that US frequency-tuned MB dynamics could impact
the trafficking of cytotoxic T cells in brain tumors. Our findings
indicate that the high-frequency sonication (i.e., above resonance)
leads to a robust improvement in CAR T cell trafficking (Fig. 6). We
also observed that over 86% of the tumor-infiltrating CAR-T cells
express PSGL-1 and LFA-1 receptors, which interact with P-selectin
and ICAM-1 (Fig. 6). This is critical as the upregulation of P-selectin on
endothelial cells that can be triggered by inflammation facilitates T
cell rolling through the interaction between PSGL-1 on T cells72,73.
Moreover, following this rolling process, ICAM-1 acts as an anchor for
integrins such as LFA-1, firmly arresting T cells to the endothelium,
which is a prerequisite for initiating paracellular diapedesis
(extravasation)63,74. These cell adhesion molecules were highly
upregulated, as evidenced by the RNAseq data and immunostaining
of the protein expression (ICAM-1) (Figs. 4D, 5A, B). While we cannot
exclude the involvement of other pathways, future studies involving
the knockdown of ICAM-1 can further consolidate our findings and
provide additional mechanistic insights on the potential of US fre-
quency and microbubble resonant effects to facilitate therapy (e.g.,
improve CAR-T cell trafficking in brain tumors).

Together, these findings not only corroborate recent investiga-
tions that alluded to the abilities of MB-FUS to increase CAR-T cell
delivery in brain tumors17,19 but also provide critical insights on the role
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of US frequency and MB resonant effects in augmenting cytotoxic
immune cell trafficking in brain tumor microenvironment. Note that
this is a significant challenge in brain cancer immunotherapy, where
the BBB is considered a rate-limiting factor to the systemic delivery of
cytotoxic T cells, such as CAR-T cells75. While the BBB can be bypassed
by direct infusion of CAR-T cells in brain tumors, these approaches
offer only short-term benefits, since they cannot affect distant tumor
cell infiltrations, as evidenced by tumor relapse85,86. Beyond facilitating
immune cell trafficking, the ability to tune the BBB signaling may also
support the development and refinement of nanotherapeutic strate-
gies that rely on the upregulation of specific BBB signaling pathways,
such as p-selectin, for delivering their cargo in the brain87,88.

While the above extensions will provide additional insights on
the MB dynamics and interactions with the BBB, our investigations
provide critical foundational knowledge towards understanding the
impact of US frequency and MB properties on brain vasculature and
reveal their abilities to elicit differential gene expression in the BBB,
thereby creating new opportunities for safer and more effective
diagnostic and therapeutic interventions across a range of brain
diseases, including Alzheimer’s12,13. Finally, the conceptual contribu-
tions of our research may also motivate therapeutic and diagnostic
interventions outside of the brain, where the insights gained about
the interaction of MB dynamics with vessels are both relevant and
unexplored.

Methods
In vivo experiments
All animal procedures were performed according to the guidelines of
the Public Health Policy on the Humane Care of Laboratory Animals
and approved by the Institutional Animal Care and Use Committee of
Georgia Institute of Technology. 8–0 weeks old female C57BL/6 J mice
(Jackson Laboratory) were used in this study.

Mathematical modeling of microbubble dynamics
Tounderstand the transportdynamicsof the ultrasound-microbubble-
brain system, we developed a mathematical model that captures the
acoustically drivenMBdynamics inside a vessel and its interactionwith
surrounding fluid along with the fluid transport across the vessel wall
and in the interstitial space. The MB dynamics, when it interacts with
the ultrasound field in the unbounded fluid, acts as a resonant system
and can bemodeled as amass-spring systemwhere the gas core canbe
considered a spring, fluid is the mass, and ultrasound wave is the
driving force. The microbubble oscillation can be described reason-
ably well by a modified Rayleigh-Plesset (RP) equation that accounts
for the effect ofMBshell, which is amajor sourceof dampingof bubble
dynamics89, as follows:
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R is the MB radius, ρ is the density of the surrounding fluid, P0 is
the ambient pressure, κ is the polytropic gas constant, µ is the fluid
viscosity, κs is the shell surface viscosity. The acoustic pressure,
Pac tð Þ=A sinωt, is considered a continuous sinusoidal wave, where A is
the amplitude of acoustic pressure, and ω is the angular frequency of
the acoustic wave. The acoustic pressure was assumed to be uniform
around the bubble as the wavelength of the ultrasound wave is much
larger than the MB size. This equation is modified further to capture
the non-linear effect of bubble oscillation by separating the shell
motion into three regimes (buckled, elastic, and ruptured region) as
suggested byMarmottant et al.54. Thismodification is described by the
change of surface tension, σ, during bubble expansion and at shell

break-up as follows:
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where and χ is the shell elastic modulus, Rbuckling is the MB radius at
which the shell buckles and is assumed to be theMBresting radius, and
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rupture54.

To study the interaction of MB with the vessel wall and sur-
rounding fluid, the MB model was incorporated into a finite element
model. The model consists of a luminal area, vascular wall, and inter-
stitial space. TheMBwasplaced in the center of the vessel with a radius
of 5–10μm and a thickness of 1μm. For the interaction between MB
and surroundingfluid,MBdynamics is coupledwith thefluiddynamics
inside the vessel,whichwasmodeledby assigning a pressureboundary
condition, Pb, at the MB-fluid interface, shown in Eq. (3)50,90. The fluid
dynamics inside the vessel are modeled using the Navier-Stokes
equation assuming incompressible and Newtonian fluid.
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To confirm the finite element modeling of MB dynamics was
implemented correctly, the MB dynamics of in an unbounded fluid
field is compared with RP solution solved by ODE solver (Supple-
mentary Fig. 1A, B).

Then, the microbubble dynamics in a confined vessel were con-
sidered. The vessel wall and interstitial space were considered as
porous material and the fluid flow was modeled with Brinkman
equation91. Zero pressure boundary conditions are applied to the
boundaries of the computational domain, which is 100 times larger
than the size of MB both in height and width. To study the forces
exerted by microbubble oscillation on the vessel wall, we calculated
the shear stress (τrz) on the vessel wall as follows:

τrz =μ
du
dz

+
dw
dr

� �
ð4Þ

where r and z are radial and axial components of cylindrical coordi-
nate, µ is the fluid viscosity, and u and w are fluid velocity components
in the r and z direction, respectively.

The whole domain was discretized using triangular elements with
refined mesh at the MB boundary and the vascular wall (average mesh
edge length 0.005μm along the MB surface and 0.2μm along the
vascular wall). The arbitrary Lagrangian-Eulerian method (ALE) was
used for themeshmovement at theMBboundary and luminal domain.
To study the MB dynamics under real experimental conditions, we
used the focal pressure that was used in our experiment (150 kPa and
175 kPa) at the MB surface in our model92. The parameters used in this
mathematical model are summarized in Supplementary Table 1. The
simulations were performed using the commercial finite element
software, COMSOL (version 5.5, Burlington, MA, USA), where neces-
sary equations were added using the Mathematics module.

Using thismodel, to assess the relative importance of parameters,
including MB shell viscosity, MB shell elasticity, fluid viscosity, and
vessel wall porosity, on theWSS, weperformed aparametric sensitivity
analysis. Specifically, we varied (one at a time) the modeling para-
meters (Pj) and calculate the resulting impact on theWSS by using the
equation Sensitivity=avgðPjÞ ΔWSS

ΔPj
.
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Toexplore if thefindingwegot fromsingleMBoscillation can also
applied to the case that multiple MB are present inside the vessel, we
expanded our mathematical model to simulate the oscillation of two
MBs inside the vessels with 5μmapart between their center. The same
pressure boundary condition, Pb, was applied at both MB-fluid
interfaces.

Ultrasound guided focused ultrasound system
Toperformthe sonications andmonitor the treatment in healthymice,
a custom-built portable USgFUS system was employed (Supplemen-
tary Fig. 2A). The system has high targeting accuracy (500μm) and is
capable of real-time monitoring of microbubble dynamics via passive
cavitation detection (PCD). Firstly, the USgFUS system created a 2D
contour of the mouse head, by raster scanning a single-element ima-
ging transducer (3.5MHz)mounted on a 3D-positioning system, which
wasused to determine the target locationswith a referenceof the eyes.
The system was then allowed to perform sonication with a coaxial
therapeutic FUS transducer operated at either the fundamental or
third harmonic (0.5/1.5MHz). The geometric focal distance, which was
also confirmed by free field calibration, was 25mm from the transdu-
cer surface. For BBB opening experiments, we followed the methods
we have previously established and published16, where the transducer
was precisely aligned using a pulse/echo scheme to guide transducer
focus 3mm below the skull. This also ensured acoustic coupling. Our
ultrasound-guided FUS system (USgFUS) is submerged in the water
tank, and the water tank is coupled with the animal head by fully
covering the head with degassed ultrasound imaging gel (Aquasonic).
The PCD is a 6mmdiameter planar single-element imaging transducer
that is co-axially aligned with our FUS transducer. During sonication,
the imaging transducer was switched to passivemode to capture MB’s
response (i.e., PCD) after high-pass filtering at 0.6MHz/2MHz cutoff
frequencies with 20dB gain, whose frequency spectrum was then
normalized to the mean of spectrum recorded before MB arrival to
remove unnecessary emissions other than MB response. Micro-
bubbles, during stable or inertial volumetric oscillations, radiate
diverging spherical pressure waves (acoustic emissions). Stable oscil-
lations radiate harmonic, ultra-, and sub-harmonic emissions of the
excitation frequency. MB collapse (i.e., inertial cavitation) is accom-
panied by broadband emissions. Hence the analysis of the recorded
acoustic emissions through PCD during the sonication can be used to
characterize the type of MB oscillations. Specifically, these data allow
first to confirm that the observed effects are not related toMB collapse
and second to indirectly assess the strength of the oscillations (i.e.,
stronger oscillations will lead to stronger emissions). Harmonic, ultra-
harmonic, and broadband levels were obtained by taking the mean of
± 5 frequency bins from each harmonic frequency – 6f0, 6.5f0, and
7.22f0 for 0.5MHz and 3f0, 2.5f0, and 2.22f0 for 1.5MHz, respectively,
which were selected considering the center frequency of
PCD (3.5MHz).

Calibration of the focused ultrasound transducer
The focused ultrasound transducer’s (fundamental and third-
harmonic 0.5MHz and 1.5MHz, respectively; Sonic Concepts) pres-
sure was calibrated both in free-field and transcranial conditions. For
accurate comparison between the trans-skull pressure between 0.5
and 1.5MHz, transcranial focal pressure was used throughout the
study. Free field pressures for each frequency were obtained by vol-
tage sweep after aligning 2mm needle hydrophone (Precision Acous-
tics; NH2000 - SN 3515, Preamplifier - SN HP33385) to the focus of
transducer. In addition, for each frequency, the transcranial focal
pressure was obtained similar to the free field (by locating the focus
using a hydrophone and 3D positioning system), but after placing a
mouse skull in between the transducer and hydrophone. The vertical
positionof the skull was carefully adjustedusing pulse/echo so that the
geometric focus of the transducer was at ~ 4mm inside the skull

structure; the lateral position of the skull was also adjusted to a similar
location used in our health in vivo studies and tumor injection sites. At
each frequency and condition, 30 cycle pulse was used, and the max-
imum peak-to-peak pressures were used to obtain the calibration
curve (Supplementary Fig. 4A). Here, to account for double-reflection,
we used the maximum pressure just before the reflected wave’s con-
structive interference started to occur. The attenuation and absorp-
tion fromobstacles other than the skull were assumed similar towater.
The resulting calibration was further validated through simulation to
confirm the absence of standing waves and to assess how our experi-
mental calibration would be affected when applied in vivo (Supple-
mentary Fig. 4).

COMSOL simulation of transcranial focused ultrasound
To test whether our results from the transcranial pressure calibration
were significantly changed in vivo conditions, we first simulated the
pressure field through a skull fraction (obtained from a CT image) to
mimicour transcranial pressure calibrationmethod (i.e., the alignment
geometry). Then, we selected transducer surface pressures that
resulted in the same focal pressure for each frequency (0.5 and
1.5MHz) through the skull fraction. Using these surface pressures, we
simulated the pressure field through a full skull with brain and air
cavity (mouth and airway) incorporated (Supplementary Fig. 4 B), at
the same location. Using mouse skull and medium properties from
past publications93–95, we found approximately 5% (for 0.5MHz) and
20% (for 1.5MHz) more attenuated pressure after applying a full skull
with air cavity at the bottom, compared to skull fraction-only
simulation.

Microbubble preparation and characterization
The MBs used in this study were the clinical grade commercial MBs,
Definity, and Optison, which have polydisperse size distribution. To
independently access the effect of MB parameters on the vessel, we
isolated the MBs into different sizes using buoyancy force. Definity
MBs were separated into two different sizes, 0.86μm±0.1μm and
1.9μm±0.05μm in diameter, respectively. For Optison, MBs with a
diameter of 1.92μm±0.12μm were selected. To make sure the MB
sizes and number of MBs selected were consistent using this method,
the selected MBwere characterized by Multisizer 4e (Beckman Colter,
CA, USA), Zetasizer Nano (Malvern Instrument, Malvern, UK) and
confirmed using optical microscopy (60x magnification).

Focused ultrasound treatment procedure
For the MB-FUS experiments, the following exposure settings were
employed: 10msec bursts, pulse repetition frequency of 2Hz, for a
total treatment time of 2min with concurrent intravenous (i.v.) tail
vein administration of MB (Optison/Definity, 1 × 107 MB/sonication).
MBswere administrated using infusion for the experiments comparing
Optison and Definity MBs to make sure the MB concentration was
constant throughout the sonication and to account for the different
clearance times of these twoMBs. Bolus administrationwas used for all
other experiments. Ifmultiple sonications wereperformed in the brain
of the same mouse, we waited at least 5min before starting the next
sonication to ensure that the injectedMBwas completely cleared from
the body (Supplementary Fig. 2 B). Immediately after the sonication,
the animals were injected with a gadolinium contrast agent, and
changes in BBB permeability were assessed using Dynamic Contrast-
Enhanced Magnetic Resonance Imaging (DCE-MRI). Finally, the brains
were harvested for further processing after performing transcardial
perfusion with sterile ice-cold PBS.

Magnetic resonance imaging
To access the vessel permeability in the brain (assuming that tissue
prefusionwas the same across samples), the volume transfer constant,
Ktrans, which provides a measure that combined effects of vascular
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permeability, blood flow, and capillary surface area, was measured by
performing DCE-MRI (IR, echo time, 2.5ms; rep time, 30ms; FOV,
20 × 20mm2; flip angle, [2°, 5°, 10°, 15°, 20°, 30°]). More specifically,
the DCE-MRI was acquired with concurrent bolus administration of
8μl gadoliniumcontrast agent (279.3mg/ml, ProHance). The collected
DCE-MRIs datasets were analyzed, and Ktrans values were calculated in
Horos using theDCE tool plugin (Kyung Sung, Los Angeles, California).
To cover the whole MB-FUS treated region, three coronal slices with
1mmthicknesswere imaged, and themaximumKtrans value of the three
imaged slices was used to compare across the experimental groups
(Figs. 1H, 2E, F, 3I, 5E, F). Themean andmedian of the Ktrans values were
also calculated in Supplementary Figs. 5, 12. The arterial input function
(AIF) was obtained based on the method developed by Fritz-Hansen
et al.96, as provided in the DCE tool plugin.

Bulk RNA sequencing of brain endothelial cells
Immediately after euthanasia with transcardial perfusion with sterile
ice-cold PBS (8 h and 24 h after treatment), the mouse brains were
harvested. The front quadrants (FUS-treated region) were collected
and then dissociated usingNeural TissueDissociation Kits (P) (Miltenyi
Biotech, Cat#A130-092-628), followed by cell debris removal using
Debris removal solution (Miltenyi Biotech, Cat#130-109-398). Next, to
isolate endothelial cells from all cell populations, we labeled Pecam-1
positive cellwith amagnetic bead (Miltenyi Biotech, Cat# 130-097-418)
and passed the cell through a magnetic separator. Finally, RNA
extraction was performed using the RNeasy Mini Kit (Qiagen).

The quality of the extracted RNA, an average RIN number of
8.5 ± 0.98 was determined using an Agilent Bioanalyzer 2100. mRNA
was then isolated using the NEBNext Poly(A) mRNA isolation module
and libraries were prepared using the NEBNext Ultra II directional RNA
library preparation kit. The libraries were then sequenced on an Illu-
mina NextSeq 500 and an Illumina NovaSeq 6000 at a target depth of
~ 30 million PE100bp reads per sample.

Bulk RNA sequencing analysis
Weused theRsubreadRpackage to generate a genome index using the
mm10 version of themouse genome for read alignment. The fastq files
containing the reads from sequencing were then aligned to the gen-
eratedmouse genome index, andBAMfileswere generated asoutputs.
Reads that were mapped were quantified for each gene, followed by
conversion into a DGEList object with the edgeR R package. Further-
more, we annotated the genes using the org.Mm.eg.db R package. For
quality control, only the genes with a count-per-million (CPM) value
greater than0.4 in at least 2 out of 58 sample libraries were kept, which
filtered out the genes with a low read count. The normalization
factor was calculated for each sample, and 3 matrices were generated
for post-processing from the DGEList object: count matrix with
read counts for each gene for each sample, gene matrix with gene
names, and normalization matrix with normalization factors for
each sample.

The gene names were converted from Entrez Gene ID to Gene
Symbol with the gene matrix, while the count matrix was normalized
with the normalization matrix. Counts of the replicates from the same
experimental groups were averaged, and fold changes were computed
using the average values of two different groups. P-values were cal-
culated for comparison of these two groups using the T.TEST function
in Excel with assumptions of a two-tailed distribution and two samples
of unequal variance. Log base 2 of fold change (log2FC) and -log base
10 of the p-value (log10pval) were com0.58 (FC= +/− 1.5) and
-log10pval = 1.3 (p-value = 0.05) were set as thresholds for significant
changes of genes. To identify the enriched biological processes, we
performed Gene Ontology enrichment analysis97,98 using PANTHER on
the selected 200 genes in each MB-FUS treated group that were sig-
nificantly upregulated/downregulated andhad the highest fold change
as compared to the non-FUS control group. In addition, we generated

heatmaps of the z score of lists of genes that are associated with
mechanical forces stimuli, leukocyte migration, and inflammatory
responses based on the Gene Ontology enrichment analysis.

Immunofluorescence staining and microscopy
For protein expression analysis, after the animals were euthanized at
the time point based on their treatment protocols (1 h or 6 h after MB-
FUS), the brains were harvested and were fixed with 4% PFA overnight
at 4 °C followed by 30% sucrose solution (4 °C) until it sunk to the
bottom of the container. The brains were placed in an O.C.T. com-
pound and rapidly froze to − 80 °C. Subsequently, 20 µmsectionswere
cut using a cryostat (Leica 3050 S Cryostat).

To assess the biological effect induced by MB-FUS, immuno-
fluorescence staining was performed on the brain tissue. Tissues were
prepared for staining by fixing in 4% paraformaldehyde at room tem-
perature for 10min (For sections requiring staining of intracellular
markers (e.g., Iba-1), theywerepermeabilizedwith 0.1% Triton X-100 in
PBS for 5min, subsequently). After washedwith PBS, the sections were
blocked for 1 h at room temperature (2% Bovine Serum Albumin, 5%
goat serum in PBS). It was then incubated with primary antibody
diluted in 1% Bovine Serum Albumin (1:100) for 12 h at 4 °C. CD31
antibody (Invitrogen 14-0311-85) was used to stain endothelial cells.
Claudin-5 Monoclonal Antibody (35-2500, Invitrogen) was used for
tight junctionprotein staining, andCD54 ICAM-1MonoclonalAntibody
(14-0542, Invitrogen) was used for the staining of the inflammatory
marker. In addition, the anti-Iba1 antibody (ab178846, Abcam) was
used for the staining of Iba1. Next, the sections were incubated with a
secondary antibody diluted in 1% Bovine SerumAlbumin (1:250) for 1 h
at room temperature. To stain the cell nucleus, samples were incu-
bated with DAPI diluted in PBS (1:1000, 62248, Invitrogen) for 10min
after washing. Finally, the sections were rinsed with PBS to remove
excess antibodies, mounted with mounting medium (Prolong Glass
Antifade Mountant, Lot# 2018752, Invitrogen), and covered with cov-
erslips. Samples were cured with a mounting medium for 24 h in the
dark at room temperature before imaging.

The sections were imaged with a 20x objective using a fluores-
cence microscope (Eclipse Ti2, Nikon). The excitation wavelengths
used for the cell nucleus, ICAM-1/Claudin-5, were 405 nm and 639 nm,
respectively. The quantification of the fluorescence images was per-
formed using ImageJ. To quantify ICAM expression, we used the
CD31 staining as a mask and quantified the ICAM intensity only for the
areas thatwere colocalizedwith CD31positive staining. Similar to IBA-1
quantification, we counted the IBA-1 positive cells intensity only if they
were colocalized with DAPI staining.

Immunohistochemistry staining
Hematoxylin-eosin staining was performed to examine tissue damage
and safety. 20 µm thick frozen sections (Leica 3050 S Cryostat) were
dehydrated beforehand and stained using a Leica Autostainer
(ST5010). The sections were imaged with a 20x objective using a
brightfield microscope (Eclipse Ti2, Nikon).

SB28 glioma cells and tumor inoculation
The murine glioma cell line SB28, which was retrovirally transduced
with human EGFRvIII, was provided by Dr. Hideho Okada’s lab at the
University ofCalifornia San Francisco. A detailed description of the cell
line is available in a previous study71. SB28 glioma cells were cultured in
complete RPMI [cRPMI: RPMI 1640 media with 10% FBS, 1% Penicillin-
Streptomycin (Gibco, 15070063), 1% HEPES (Gibco, 15630080), 1%
Glutamax (Gibco, 35050061), 1% non-essential amino acids (Gibco,
11140076), 1% sodium pyruvate (Gibco, 11360070), 0.5mM
2-Mercaptoethanol (Gibco, 21985023)] media containing 10 µg/µl
puromycin.

SB28 glioma cells (2 × 104 cells) were stereotactically implanted
into thebrain at 1mmanterior, 1mmto the right, and3mmdeepof the
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bregma of 6- to 8-week-old female C57BL/6 J mice (The Jackson
Laboratory). After cell implantation, tumor growth was monitored
using T2-weighted MRI (echo time = 35ms, repetition time= 2.5 s,
rapid acquisition with refocusing echos factor = 8, slice thickness = 1
mm), andMB-FUS treatments were performedwhen tumors reached a
size of∼ 20–40mm3 after 9–11 days of tumor inoculation. Tominimize
differences related to tumor size, before each experiment, the tumors
in all animals were measured with MRI and spread equally between
treatment groups. The animals were considered as their endpoint if
they exhibited severely impaired activity, significant weight loss,
tumor dimensions exceeding 20mm, or if treatment-related severe
adverse events occurred that caused pain or distress and that could
not be ameliorated. None of the tumors met the endpoint criteria
throughout the study.

EGFRvIII CAR-T cells delivery in the glioma tumor model with
MB-FUS
The EGFRvIII-specific CAR-T cells were also provided by Dr. Hideho
Okada’s lab at the University of California San Francisco. These CAR-T
cells were derived from the EGFRvIII-CAR transgenic mouse strain and
prepared as we reported in a previous study71.

Mice received lymphodepletion 18–20h prior to systemic adop-
tive cell therapy with a combination of cyclophosphamide (4mg/
mouse) and fludarabine (1mg/mouse) administered through intra-
peritoneal injection (i.p.). More specifically, cyclophosphamide (Bax-
ter, NDC 10019-955-01) was resuspended in sterile saline at 40mg/ml
immediately prior to use, and 4mgpermousewas administered by i.p.
injection. Fludarabine phosphate (Sagent, NDC 25021-242-02, 25mg/
ml) was stored at 4 °C, and 1mg per mouse was administered by i.p.
injection.

For the trafficking experiments, mice bearing SB28-EGFRvIII+

gliomas received systemic adoptive cell therapy in combination with
MB-FUS treatment. A single intravenous (i.v.) tail vein infusion of
EGFRvIII CAR-T cells (2.5 × 106 cells) was performed 30min before the
application of MB-FUS.

Isolation of tumor-infiltrating leukocytes and flow cytometry
To assess CAR-T cell infiltration into the tumor, we performed flow
cytometry. Forty-eight hours after treatment, mice were euthanized
and then immediately received intracardiac perfusion of 10mL sterile
PBS. The whole brain was dissected, and the entire tumor mass was
separated from the brain. Tumors were immediately minced with
sterile scalpels. Tumor fragments were washed with PBS and enzy-
matically digested with a cocktail of collagenase IV (Worthington,
3.2mg/mL) and deoxyribonuclease I (Worthington, 1mg/mL) diluted
in sterile PBS at 37 C° for 45min. After digestion, cells were filtered
through a 70 μm cell strainer, washed with sterile PBS, and resus-
pended in a 70% Percoll (Cytiva) solution. The suspensions were
overlaid with 30% Percoll and HBSS and then centrifuged for 30min at
650 g. Enriched tumor-infiltrating leukocyte (TIL) populations were
recovered at the 70% to 30% Percoll interface.

Single-cell suspensions (0.5-1 × 106 cells) of tumor-infiltrating
leukocytes (TILs) were pre-incubated with mouse FcR blocking solu-
tion containing anti-mouse CD16/32 antibody (BioLegend, 156604).
After 10min, a cocktail of fluorophore-conjugated antibodies resus-
pended in 50 µl of FC buffer (1X PBS, 0.5% FBS, 2mMEDTA) was added
directly to each tube, and samples were incubated at 4 °C for 20min in
the dark. Samples were washed with excess buffer and resuspended in
FCbuffer for analysis. CD45.1was used as adetectionmarker forCAR-T
cells (Biolegend 110743). CD3 CD45.2 cells were stained using the
antibodyBiolegend 100228 andBiolegend 109828, respectively. CART
cell receptor LFA-1 and CD162 were stained using the antibodies Bio-
legend 141005 and Biolegend 148310, respectively. Zombie Aqua
(Biolegend 423102) was used for live/dead cells staining. Samples were
analyzed using a Cytek Aurora (Cytek) flow cytometer.

Statistical analysis
All statistical analyses were performed using GraphPad Prism. P-values
P <0.05 were considered statistically significant. (n.s. no significance,
* P ≤0.05, **P ≤0.01, ****P ≤0.0001). In the case of multiple compar-
isons, the p-values were adjusted using Bonferroni correction.

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

Data availability
All data supporting the findings of this study are available within
the article and its supplementary files. Bulk RNA sequencing
analysis is available at syn61969052 [https://www.synapse.org/
Synapse:syn61969052/wiki/629267]. Any additional requests for
information can be directed to and will be fulfilled by, the cor-
responding authors. Source data are provided in this
paper. Source data are provided in this paper.
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