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Evaluation of blood-tumor barrier
permeability and doxorubicin
delivery in rat brain tumor models
using additional focused ultrasound
stimulation

Hyo Jin Choi'*, Mun Han%>, Byeongjin Jung'?, Hyungkyu Huh?, Eun-hee Lee?,
Jong-ryul Choi' & Juyoung Park3***

Focused ultrasound (FUS) has emerged as a promising technique for temporarily disrupting the blood-
brain barrier (BBB) and blood-tumor barrier (BTB) to enhance the delivery of therapeutic agents.
Despite its potential, optimizing FUS to maximize drug delivery while minimizing adverse effects
remains a significant challenge. In this study, we evaluated a novel FUS protocol that incorporates
additional FUS stimulation without microbubbles (MBs) (“*FUS protocol”) prior to conventional BBB
disruption with MBs (*"BBBD protocol”) in a rat brain tumor model (n=35). This approach aimed to
validate its effectiveness in enhancing BBB/BTB disruption and facilitating doxorubicin delivery. T1-
weighted contrast-enhanced and dynamic contrast-enhanced (DCE) MRl demonstrated significant
increases in signal intensity and permeability (K,,,, ) in the tumor region under the “FUS + BBBD
protocol”, with 2.65-fold and 2.08-fold increases, respectively, compared to the non-sonicated
contralateral region. These values were also elevated compared to the conventional *BBBD protocol”
by 1.45-fold and 1.25-fold, respectively. Furthermore, doxorubicin delivery in the targeted region
increased by 1.91-fold under the “FUS + BBBD protocol”, compared to a 1.44-fold increase using the
conventional "BBBD protocol”. This novel FUS approach offers a promising, cost-effective strategy for
enhancing drug delivery to brain tumors. While further studies are required to assess its applicability
with different chemotherapeutics and tumor types, it holds significant potential for improving brain
tumor treatment in both preclinical and clinical settings.

Keywords Focused ultrasound, Blood-tumor barrier, Mechanical stress, Doxorubicin, Dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI)

The blood-brain barrier (BBB) is an obstacle to the effective treatment of brain tumors because it limits
drug delivery and penetration!. Vigorous angiogenesis in tumors forms a heterogeneous vasculature with
a compromised BBB, the so-called blood-tumor barrier (BTB)>. Due to its permeability, the BTB allows for
the extravasation of small and large molecules*”. However, the BTB permeability is highly heterogeneous
depending on the type, stage, and lesion of the brain tumor. Hence, the controlled delivery of adequate amounts
of therapeutic agents for tumor treatment remains unclear”?.

Radiation therapy combined with chemotherapy is currently used as the international standard of care for brain
tumor treatment. Alternative methods, such as mannitol and bradykinin, have been attempted to increase the
amount of therapeutic agent delivery for effective tumor treatment®. However, limitations such as unpredictable
BBB disruption can pose a potential risk to normal brain tissue!. Various experimental approaches, including
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the use of viral vectors'!, polymeric nanoparticles'?, and exosomes'?, have also been investigated to improve
drug delivery across the BBB and BTB (hereafter referred to as BBB/BTB)!*. Unfortunately, these methods are
not yet used in clinical practice owing to some limitations such as difficulties in manufacturing, high production
cost, safety!>!® and therapeutic efficacy due to low accumulation'’.

Focused ultrasound (FUS) combined with intravenously injected microbubbles (MBs) has recently emerged
as a promising non-invasive approach for disrupting the BBB/BTB. Preclinical studies using glioma models in
animals have demonstrated its potential to enhance the delivery of therapeutic agents, including trastuzumab'8,
doxorubicin'®, temozolomide?’, methotrexate?!, and carboplatin??, to targeted brain tumor regions. These studies
have shown tumor suppression and improved survival rates in rat and mouse brain tumor models. Additionally,
several clinical studies have confirmed the safety and feasibility of focused ultrasound BBB disruption (FUS-
BBBD) using various devices, multiple treatment sessions, and various chemotherapies in patients with newly
diagnosed GBM, recurrent GBM, and high-grade gliomas®®. Despite the progress made in preclinical and clinical
trials, further optimization of FUS parameters, including exposure settings and MB doses, is needed to minimize
the risk of hemorrhage and other adverse effects while maximizing therapeutic outcomes?*-26.

We previously reported that an additional FUS stimulation (“FUS protocol”) step without MB injection prior
to the conventional BBBD (“BBBD protocol”) enhances BBB permeability and doxorubicin (DOX) delivery to
the brain of healthy rats without damaging nearby tissues or vessels?”. However, the robustness of this new FUS
protocol (“FUS + BBBD protocol”) has not been validated in the tumor microenvironment. As a follow-up study,
we tested the efficacy and efficiency of the FUS+BBBD protocol in the tumor rat model.

Methods

Animals and husbandry

All experiments were approved by the Animal Experiment Ethics Committee of Daegu-Gyeongbuk Medical
Innovation Foundation (IACUC No. DGMIF-20122901-00). All procedures were conducted in accordance
with the relevant guidelines. The study was also conducted in compliance with the ARRIVE (Animal Research:
reporting of in vivo experiments) guidelines (https://arriveguidelines.org/arrive-guidelines). All efforts were
made to minimize the number of animals used and their pain.

Male Sprague-Dawley rats (5 weeks old, weighing 100-150 g for tumor drug delivery study, n=63) were
purchased from Orient Bio Inc. (Sungnam, Republic of Korea). All rats were used after 7 days of acclimatization in
the vivarium of the Laboratory Animal Center (LAC) of the Daegu-Gyeongbuk Medical Innovation Foundation
(DGMIF). Rats were fed a normal diet with water during acclimatization. The temperature (20-25 °C) and
humidity (40-45%) were controlled, and a 12:12 h light/dark cycle was maintained in polycarbonate cages. The
rats used in this study were randomly divided into five groups based on the sonication protocol (Table 1).

Reagents

Doxorubicin hydrochloride (DOX) (Boryung Pharmaceutical, Seoul, Republic of Korea) was used to confirm
drugdelivery in the tumor environment. Evans blue (Sigma-Aldrich St. Louis, MO, USA) was used to demonstrate
the BBB opening region. Zoletil (Virbac Laboratories, Carros, France) and Rompun (Bayer, Leverkusen,
Germany) were used for animal anesthesia. Microbubbles (MBs) Definity” were purchased (Lantheus Medical
Imaging, North Billerica, MA, USA) for BBB opening along with FUS, and gadoterate meglumine (Gd-DOTA)
was purchased (Dotarem’; Guerbet, Roissy CDG, France) to identify the BBB opening region using MRL

9L gliosarcoma cell culture
9L gliosarcoma cell lines (ATCC" CRL-2200) were cultured at 37 °C and 5% CO, in Dulbecco Modified Eagle
Medium (DMEM; 11995-073, Gibco, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum

Experimental purpose Sonication protocol | Animal number
Ctrl 4

BBB permeablization (T1 and DCE-MRI) LOF :
1.0FB 4
Ctrl 12
10F 5

. B 8

Drug delivery 0SB s
1.0FB 8
2.0FB 6
10F

Histopathology B 3
1.0FB

Table 1. Summary of the sonication protocol groups. 1.0 F: 1.0 MPa w/o MB; B: 0.72 MPa w/ MB; 0.5FB:
0.5 MPa w/o MB +0.72 MPa w/ MB; 1.0FB: 1.0 MPa w/o MB +0.72 MPa w/ MB; 2.0FB: 2.0 MPa w/o
MB +0.72 MPa w/ MB.
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(FBS; 16000-044, Gibco, Gaithersburg, MD, USA) and 1% penicillin-streptomycin (PS; 15140-122, Gibco,
Gaithersburg, MD, USA), as previously described??82°. At approximately 90% cell confluence, the medium was
removed and the cells were detached using 0.25% trypsin-EDTA (25200-056, Gibco, Gaithersburg, MD, USA).
To prepare the tumor cells for implantation, they were centrifuged at 1,000 rpm for 2 min, suspended in DMEM
at a final concentration of 5x 10° cells/5 pL, and kept cool until implantation. Before tumor implantation, the
9L gliosarcoma stock was thawed and used for the experiment after the acclimatization period. All brain tumor
implantations were carried out with 9L gliosarcoma at passage number 5-7.

Brain tumor implantation procedure

The rats were anesthetized with an intramuscular injected anesthetic mixture [Zoletil (25 mg/kg): Rompun
(4.6 mg/kg): saline=>5:2:3] prior to tumor implantation. The rat was fixed to the stereotaxic frame (Harvard
Apparatus, Holliston, MA, USA) using an in-ear and upper tooth bar for hemostasis. Animal hair was shaved,
and a sagittal incision was made on the posterior aspect of the head, approximately 2 cm. A small burr hole
was drilled using a dental drill (Saeshin, Daegu, Korea) 3 mm lateral and 1 mm anterior to the bregma. The 9L
gliosarcoma cells filled in a 25 pl Hamilton syringe (Hamilton Company, Reno, NV, USA) were slowly injected
at 5 mm under the dura mater at a flow rate of 1 pL/min for 5 min using a 30 gauge Hamilton needle (Hamilton
Company, Reno, NV, USA) and a syringe pump (Harvard Apparatus, Holliston, MA, USA). To avoid any cell
leakage or backflow of the media, holes were filled with Hy-bond polycarboxylate cement (Shofu, TYOKO,
Japan) and the skin was sutured. After 10-14 days of implantation, tumor size was checked using a horizontal
bore 9.4T animal MRI (BioSpec 94/20 USR; Bruker, Billerica, MA, USA) for controlled experiments. A total of
35 rats that presented with a tumor diameter of 1.5 ~ 2.0 mm based on T2-weighted (T2W) coronal images were
selected and used in the experiment.

MRI-guided focused ultrasound (MRgFUS) system

The MRgFUS system (RK-100; FUS Instruments, Toronto, Canada) was used to sonicate rat brains for the BBB
as described previously””*°. A schematic of the system is presented in Fig. 1. Briefly, the system has an air-
back, single-element, and spherical piezoelectric transducer (FUS Instruments, Toronto, Canada). A spherical
piezoelectric transducer with a diameter of 75 mm and a radius of curvature of 60 mm, which generates a resonant
frequency of 1 MHz, was used. The ultrasound — 3 dB acoustic pressure width and length of the focal region were
1.5 mm and 6 mm in free water at the peak pressure measured by the Acoustic Intensity Measurement System
(AIMS III, ONDA, Sunnyvale, CA, USA) and the hydrophone (HGL-400, ONDA, Sunnyvale, CA, USA)*. The
transducer was driven by a waveform generator (33220 A; Agilent, Santa Clara, CA, USA) and an RF power
amplifier (4010 L; E&I, Rochester, NY, USA). The transducer was submerged in a degassed water tank. A 9.4T
MRI and a volume coil with an 86-mm inner diameter were used for image guidance by synchronizing the
coordinates between the two systems (MRI and MRgFUS system).

Sonication protocol

Sonication was performed using the MRI-guided focused ultrasound (MRgFUS) system, as described in the
Methods section. Burst sonication (10ms tone burst, pulse repetition frequency (PRF) of 1 Hz for 120 s) was
performed at the location of the tumor. The acoustic pressure of the FUS protocol “F” was 0.5, 1.0, and 2.0 MPa
depending on the experimental purpose (Table 1) and the acoustic pressure of the BBBD protocol “B” was
0.72 MPa. The FUS + BBBD protocol “FB” was a fusion of both, where “FUS protocol” ultrasound was applied
prior to the “BBBD protocol” without MB injection. The details of the experimental schedule for the sonication
protocols are presented in Fig. 2. These sonication parameters have been verified as safe conditions in previous
studies?”**31. Although BBB/BTB is simultaneously disrupted in the tumor animal model, the protocol used in
this study is referred to as BBBD throughout the manuscript in order to minimize confusion and to be consistent
with previous studies.

Magnetic resonance imaging
A 94T preclinical animal MRI was used for magnetic resonance imaging. T1-weighted (TIW) MR images
were used to check the BBB disruption. T2-weighted (T2W) MR images were used as a guide for ultrasound
targeting and tumor size checking. Meanwhile, DCE-MRI was used to identify the permeability'®?”3. MRI
parameters were as follows: TIW, echo time (TE) = 6.5 ms, repetition time (TR)=1500 ms, field of view (FOV)
of 40 x 40 mm?2, matrix size of 256 x 256, axial and coronal slices of 1.5 mm slice thickness without a gap, and the
number of excitations (NEX) =3. T2W: TE =33 ms, TR=2500 ms, FOV =40 x 40 mm?, matrix size =256 x 256,
axial and coronal slices of 1.5 mm slice thickness without a gap, and NEX=2. DCE-MRI: TE=1.5 ms, TR=24.3
ms, FOV =40 x 40 mm?, matrix size of 128 x 128, axial and coronal slices with 1.5 mm slice thickness without a
gap, and NEX = 3. The MRI parameters are summarized in Table 2.

The region of interest (ROI), which is the focal area of the transducer, was selected as a circle with a diameter
of 1.5 mm. The relative signal intensity R, of the tumor region at a given time point (T1 ) was normalized by the
signal intensity of pre-injection TIW MR images (0 min, Tlpre) using the following equation:

(T1; — Tlpre)

i (%) = T1
pre

*100

The BBB permeability K, -was calculated based on a Patlak model using DCE-MRI images, similar to a previous
study®2. T1 measurements were acquired using (RARE VTR) (TR =160, 180, 200, 250, 300, 400, 500, 600, 700,
800, 900, 1000, 1200, 1500, 1800, 2000, 2500, 3000, 3500, 4000, 6000, and 12000 ms). Ten sets of FLASH images

were acquired before the contrast agent injection (Gd-DOTA with relaxivity of 3.0 s~'mM™!), followed by 90

Scientific Reports |

(2025) 15:6592 | https://doi.org/10.1038/s41598-025-88379-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

MRgFUS system

Water tank

Controller
(PC) Water bag

1

Ultrasound
beam

Function
generator

Transducer

RF Y

ampllifier o Matching circuit X X

— Positioning system

]

>y

Fig. 1. Schematic of the MRgFUS system for BBBD. The sonication region was targeted using MRI and the
transducer position was controlled in synchronization with the MRgFUS system.

sets of FLASH images acquired during and after CA injection with a temporal resolution of 9.32 s for 10 min.
T1 mapping and DCE-MRI were performed at the same slice position. Identical regions of interest (ROIs) were
designated on two slices, resulting in the extraction of two data points per subject. The ROI was selected using a
5-pixel circle diameter, which corresponds to a 1.5 mm focal area of the transducer (3.2 pixels/mm). The plasma
concentration of the contrast agent was measured in a large blood vessel (ophthalmic artery or transverse sinus).
The hematocrit level was assumed to be 45% in the capillary®.

Blood-brain barrier disruption experiment

The blood-brain barrier and blood-tumor barrier disruption experiments were performed as described in our
previous studies?”*°. Before sonication, the tumor size was checked with T1-weighted MR images 10-14 days
after tumor implantation. A tumor diameter of 1.5~ 2.0 mm was selected and used in this study. Briefly, rats were
anesthetized with an intramuscular injection of an anesthetic mixture (Zoletil (25 mg/kg): Rompun (4.6 mg/
kg): saline=>5:2:3). After anesthesia, an angiocatheter was inserted into the vein of the tail, and the hair on
the head was shaved. Then, the rat was placed in a supine position on an MR-compatible plastic bed, and the
exposed scalp was immersed in a degassed water bag using fixed ear and tooth bars (Fig. 1). Sonication of the
tumor region was performed according to the protocol described in Fig. 2. The T2ZW MR image was scanned
and registered with the MRgFUS system and placed in sync. The 0.02 mL/kg perflutren lipid MB (Definity’) was
diluted 1:50 in saline and administered through an angiocatheter using an automated syringe pump (Harvard
Apparatus, Holliston, MA, USA). Sonication was then started 10 s after the diluted MB solution infusion.
Following sonication, T1W MR or DCE-MR images were performed to identify BBBD and permeability with
Gd-DOTA (0.2 mM/kg). DOX (5.67 mg/kg) and Evans blue (4 mg/kg) were administered intravenously (i.v.) to
mark the DOX delivered region for tissue extraction.

Doxorubicin quantification
All rats were sacrificed 24 h after the IV administration of DOX and perfused with 0.9% NaCl via transcardial
perfusion followed by brain extraction. Then, the sample volume (approximately 30 mg of tissue) of the
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Fig. 2. Experimental timeline of (A) FUS protocol, (B) BBBD protocol, and (C) FUS + BBBD protocol. Each
bar indicates experimental steps from animal anesthesia to sacrifice. The blue and red boxs and text indicate
FUS and BBBD sonication, respectively (MB microbubbles, DOX doxorubicin, EB Evans blue).

Slice thickness
Sequence Use TE* (ms) | TR** (ms) | FOV** (mm2) | Matrix size | (mm) NEX**
RARE T1-weighted | Detection of BBB disruption 6.5 1500 40 x40 256 %256 1.5 3
RARE T2-weighted | Sonication target planning/detection of | 55 2500 40%40 256x256 | 15 2
edema/tumor size checking
FLASH DCE-MRI | Permeability measurement 1.5 24.3 40 x40 128x128 1.5 3

Table 2. MR imaging parameters. *TE: Echo time; **TR: Repetition time; ***FOV: Field of view; ***NEX:
Number of excitations.

tumor region was harvested for quantification. The tumor samples were homogenized with acidified ethanol
(50% ethanol in 0.3 N HCI) using a bead beater and incubated for 24 h at 4 °C. After incubation, the samples
were centrifuged at 16,000xg for 20 min to remove the tissue pellet, and the supernatant was collected. The
fluorescence intensity was measured using a fluorometric detector with 480 nm excitation and 590 nm emission
(Infinite 200 Pro; TECAN, Austria GmbH, Austria). The concentration of DOX was quantified using a standard
curve derived from eight serial concentrations of pure DOX (0, 10, 20, 50, 100, 200, 500, and 1000 ng/mL).
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Fluorescence intensity was analyzed using TECAN i-Control Software (TECAN, Austria GmbH, Austria), and
all measurements were repeated at least three times. The contralateral tumor region without sonication was used
as a control to correct autofluorescence. DOX fluorescence detection and analysis were performed as described
previously?”3134,

Hematoxylin and Eosin (H&E) staining

Histopathological changes in the sonicated rat brain tissue were investigated by H&E staining as described
previously!®3%32, The sonicated rats were sacrificed 24 h post-sonication, followed by transcardiac perfusion
with 0.9% NaCl and fixation with 10% formalin. The rat brains were extracted and fixed in 10% formalin for 7
days. The brain tissue samples were then embedded in paraffin and cut serially in 4 um thickness axial direction
using a microtome (HistoCore AUTOCUT; Leica, Wetzlar, Germany). Paraffin-embedded sections were
deparaffinized and rehydrated before staining. Brain tissue slides were stained with an H&E stain kit (Vector
Laboratories, Burlingame, CA, USA). Images were taken with a digital slide scanner (Axio Scan.Z1; Carl Zeiss,
Oberkochen, Germany).

Statistical analysis

The values obtained were expressed as mean +standard deviation. Statistical differences between the control
group and experimental groups were compared using a two-tailed paired t-test, one-way ANOVA with Tukey’s
test, and two-way ANOVA with Tukey’s test and Mann-Whitney U test using GraphPad Prism 8 (GraphPad
Software, Inc., San Diego, CA, USA). Statistical significance was accepted for p-values <0.05.

Results
BBB/BTB permeability
To investigate the effect of the additional FUS stimulation on the BBB/BTB permeability, contrast-enhanced
TIW MR imaging was performed for “B”, “1.0FB”, and “1.0F” as shown in Fig. 3. Representative MR Images
of each case show the average signal intensity of the contrast agent after BBB/BTB disruption (Fig. 3A). For
every given case, the averaged signal intensity of the sonicated tumor region was higher than the non-sonicated
contralateral “C” region in both “B” and “1.0FB” cases. However, this difference was not observed for the “1.0F”
case. To quantify the BBB/BTB permeability, the relative signal intensity of the contrast agent was measured in
a time-dependent manner (before, 0, 3, 5, 7, 9, and 11 min), as shown in Fig. 3B. The relative signal intensity
of the target area increased by 33.2+3.1%, 41.2+3.1%, 43.9+3.3%, 45.9+3.0%, 44.9+2.7% and 55.0 £4.9%,
54.5+3.4%, 51.1+1.3%, 48.9+0.7%, 47.9+0.1% for each time point compared to the contralateral region under
“B” and “1.0FB” protocol, respectively. However, the “1.0F” region showed no significant change compared to
the contralateral “C” region. In these results, the relative signal intensity was highest (2.65 times higher than the
contralateral region) at the “1.0FB” region, 3 min after the MR contrast agent injection.

In addition to the averaged signal intensity changes, brain permeability (K_ ) was calculated using DCE-

MRI for each protocol (“B” “1.0FB”, and “1.0F”). The representative K map and group-averaged K values
before and after the sonication procedure are shown in Fig. 4A and B. The baseline pre-sonication K values in
the tumor region were measured to be 0.04263 +0.00756 min™! for the “B” protocol and 0.04453 +0.00694 min™"
for the “FB” protocol. The average permeability of the tumor region (n=4) after sonication was enhanced by
0.0741+0.0159 min~! and 0.0928 +0.0186 min~! for the “B” and “FB” protocols, respectively. This corresponds
to a 1.73-fold increase for the “B” protocol and a 2.08-fold increase for the “FB” protocol relative to the baseline
pre-sonication values (Fig. 4C). The increase in K _after sonication was statistically significant (p=0.031 and
0.0006 for “B” and “1.0FB” protocols, respectively). For the “1.0F” protocol, however, no significant increase in the
brain permeability was observed (0.0379 +£0.00701 min[! after sonication, compared to 0.0378 +0.00738 min["!

before sonication with p=0.99).

DOX delivery

The targeted brain tissue samples were measured for statistical comparison for DOX delivery for each protocol
“B”, “1.0FB”, and “1.0F” as shown in Fig. 5. The average DOX concentration was 694.1+398.5 ng/g in the
contralateral “C” region, while it was 885.1+305.6 ng/g in the tumor region sonicated with “B”, 996.2+408.0
ng/g for “0.5FB”, 1255.4 + 347.8 ng/g for “1.0FB’, 1327.8 +470.7 ng/g for “2.0FB”, and 757.3 + 447.4 ng/g for “1.0F”.
The amount of DOX delivered under the “B”, “0.5FB”, “1.0FB”, “2.0FB”, and “1.0F” protocols was 1.28+0.44,
1.44+0.59, 1.81+0.50, 1.91£0.68, and 1.09+0.64 times higher, respectively, than in the contralateral region
without sonication “C”.

Histopathological analysis

H&E histopathological analysis (1 =3) was performed to identify the damage caused by “B’, “1.0FB”, and “1.0F”
in the brain tumor region. No significant differences between regions sonicated with each protocol were observed
in the 5-and 20 times magnified images, as shown in Fig. 6.

Discussion

There are increasing clinical demands on safe and efficient drug delivery techniques for tumor treatment.
A temporal BBB/BTB opening using focused ultrasound was suggested as a possible candidate®-*°. Previous
research demonstrated that incorporating an additional sonication step prior to conventional BBBD can
enhance drug delivery in healthy rat brains by up to 1.75 times, without inducing tissue damage or heating?’.
This additional sonication step, performed without microbubble injection, has been shown to be a simple yet
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Fig. 3. (A) Representative T1-weighted MR images for each protocol (“1.0F”, “B”, and “1.0FB”) taken before
and at0, 3, 5,7, 9, and 11 min after contrast agent injection. (B) A relative signal intensity changes at the
sonicated region. Scale bars represent 5 mm. (Signal intensity: “C” n=4, Yellow box, line, and circle; “1.0F”
n=4, Green box, line, and circle; “B” n=4, Blue box, line, and circle; “1.0FB” n=4, Red box, line, and circle).
*p<0.05, **p<0.01, **p<0.001, ***p <0.0001 vs. “C” Values of p <0.05 were considered as statistically
significant.

effective means of increasing drug delivery. The present study focuses on validating this protocol in tumor
models, aiming to support its potential translation into clinical applications.

Consistent with previous experiments in normal rats, the addition of ultrasound sonication significantly
enhanced BBB/BTB opening in the tumor environment. Given that the BTB is known to be more permeable
than the intact blood-brain barrier*”’, baseline BTB permeability was assessed through MR imaging 24 h prior
to sonication to minimize experimental bias. Using the “1.0FB” protocol, the signal intensity of T1-weighted
MR and K ____increased by approximately 2.42-fold and 2.08-fold, respectively, compared to pre-sonication

trans
measurements at the same target, and by 2.65-fold and 2.15-fold relative to the contralateral tumor region.
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Fig. 5. Comparison of the DOX quantification measured 24 h after sonication using a fluorometric detector.
The bars represent the average DOX concentration for each group (“C”, n=12; “1.0F”, n=5; “B”, n=8; “0.5FB’,
n=>5; “1.0FB”, n=8, “2.0FB”, n=6), while the dots represent individual cases. Data are expressed as means + SD.
Two-way ANOVA and Tukey’s tests for the multiple comparisons were used. Statistical significance was
determined using the Mann-Whitney U test.

Compared to the conventional BBBD protocol “B’, the addition of ultrasound stimulation resulted in a 2.08-
fold increase in BTB permeability. This is consistent with previous findings, where additional sonication prior to
BBBD increased the average K, in normal tissue by 1.36-fold compared to the conventional BBBD protocol®’.
Despite differences in the permeability characteristics of the BBB/BTB between the current tumor model and
normal brain tissue, the addition of an extra sonication step prior to BBBD consistently produced a comparable
increase in permeability.

The amount of chemotherapeutic agent delivered was also compared after sonication using each protocol
(Fig. 5). In order to minimize experimental bias, animals with a tumor size of less than 20% difference were
selected and used (and tumor diameter between 1.5~2.0 mm). The delivery of DOX to the target tumor region
sonicated using the “1.0FB” protocol was 1.81-fold higher than that achieved with the conventional BBBD protocol
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Fig. 6. Histopathological analysis of the rat brain tumor after the “1.0F”, “B”, and “1.0FB” with H&E staining.
The images indicate representative photomicrographs of “1.0F”, “B”, and “1.0FB”. The 5x and 20x magnified
images were obtained from a whole-brain section specimen. Scale bars represent 50 um at 5x magnified images
and 100 um at 20x magnified images, respectively. (“1.0F”, Green box; “B”, Blue box; “1.0FB”, Red box)

“B”. While the ‘FUS +BBBD protocol’ demonstrated trends toward higher permeability (K, ) compared to the
‘BBBD protocol, the differences were not statistically significant. However, DOX delivery showed a statistically
significant improvement (p=0.0021), providing strong evidence for the efficacy of the ‘FUS+BBBD protocol’
in enhancing drug delivery to tumor regions. These results suggest that the additional focused ultrasound
stimulation may contribute to improved therapeutic outcomes, despite the inherent variability in tumor-
associated vasculature.

Future studies with larger sample sizes and advanced methodologies, such as refined imaging techniques and
histological validation, will be necessary to further investigate these findings and quantify the full potential of
the ‘FUS+BBBD protocol’ in overcoming challenges associated with tumor heterogeneity*!=43.

An additional sonication step prior to BBBD was shown to enhance BBB/BTB permeability, thereby
increasing the overall delivery of chemotherapeutic agents in the tumor model. To assess the safety of this new
protocol in the brain tumor environment, histopathological examination of brain tissue was performed using
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standard H&E staining to evaluate potential brain damage?®*>. As shown in Fig. 6 no significant differences were
observed in the “1.0FB” group compared to the “B” and “1.0F” groups.

The enhancement of brain permeability by adding an extra sonication step prior to conventional BBBD
(ultrasound with intravenously injected microbubbles) may increase sensitivity to acoustic energy by affecting the
cytoskeleton and extracellular matrix through dynamic remodeling and matrix degradation®®. Another possibility
is that the increased permeability results from the expansion of extracellular and perivascular spaces, rather than
changes in the BBB itself. Recent studies have highlighted the role of mechanical stress on mechanosensitive
calcium ion channels*’~>°. Among these, TRP channels are widely expressed and activated by various stimuli,
with the mammalian TRP channel family divided into six subfamilies: canonical (TRPC1-7), vanilloid (TRPV1-
6), melastatin (TRPM1-8), polycystin (TRPP1-5), mucolipin (TRPMLI-3), and ankyrin (TRPA1)>!->%. These
ion channels are known to compromise BBB integrity, suggesting that prior FUS stimulation may enhance BBB
disruption, potentially explaining the current findings**. Further studies are required to fully understand the
underlying mechanism of the drug delivery enhancement. Furthermore, these mechanotransductive effects are
likely to be time-dependent, potentially altering the microenvironment and influencing the subsequent efficacy
of the BBBD protocol. To address this limitation, future studies should systematically evaluate the temporal
dynamics following sonication to identify the optimal time interval for BBBD application. Such investigations
would provide critical insights into enhancing therapeutic delivery while minimizing off-target effects.

DOX is widely used in chemotherapeutic drug delivery studies. However, other therapeutic agents that
may benefit from enhanced drug delivery were not evaluated in this study. For instance, TMZ is the primary
treatment option for gliomas. It is a relatively small lipophilic molecule that can cross the BBB*. It has been
shown that TMZ levels in the brain and cerebrospinal fluid reach up to 20% of the drug plasma concentration®.
However, the therapeutic potential of TMZ for glioma treatment is limited by its short half-life (1.8 h). This
requires continuous drug administration to maintain the therapeutic concentration of the drug in tumor tissue
and to optimize therapeutic potential®. The proposed FUS+BBBD protocol may offer a safe and effective
method to deliver TMZ in the near future. In this study, blood sampling to measure systemic concentrations of
doxorubicin (DOX) at key time points, such as the time of sonication and sacrifice, was not performed. Blood
sampling could have provided additional data to normalize DOX delivery as a percentage of the injected dose,
facilitating more accurate intergroup comparisons. While this aspect was not included in the current study,
future investigations will incorporate pharmacokinetic analyses, including blood sampling at key intervals, to
provide a more comprehensive understanding of DOX distribution and clearance. Addressing this limitation will
enhance the robustness of intergroup comparisons and improve our interpretation of therapeutic outcomes. In
addition, only a well-characterized 9 L gliosarcoma that is both highly immunogenic and poorly infiltrative was
used in this study?®*”%8, Future studies should include a broader range of brain tumor models, such as glioma,
glioblastoma, medulloblastoma, and brain metastasis, as each tumor type may present different characteristics
due to tumor heterogeneity?®. Finally, further studies are required to validate the effect of mechanosensitive
forces on calcium ion channels**.

Concluding remarks

In conclusion, while the addition of mechanical stress from ultrasound stimulation prior to conventional
BBBD did not result in a statistically significant increase in permeability, a trend toward enhanced permeability
was observed. Moreover, the significant improvement in doxorubicin delivery suggests that the proposed
“FUS +BBBD protocol” may facilitate drug delivery to brain tumors. These findings align with previous studies
indicating that focused ultrasound can enhance the delivery of therapeutic agents across the blood-brain and
blood-tumor barriers. Further research is necessary to validate these findings and to elucidate the underlying
biomolecular and cellular mechanisms, both in preclinical studies and potential clinical applications.

Data availability
All data generated or analyzed during this study are included in this published article. The datasets used and/
or analyzed during the current study are also available from the corresponding author upon reasonable request.
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