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Abstract

Focused ultrasound-mediated intranasal (FUSIN) delivery is a recently proposed technique that
bypasses the blood-brain barrier to achieve noninvasive and localized brain drug delivery. The goal
of this study was to characterize FUSIN drug delivery outcomes in mice with regard to its
dependency on several critical experimental factors, including the time interval between IN
administration and FUS sonication (Tjag1), the FUS pressure, and the time for sacrificing the mice
post-FUS (Tag2). Wild-type mice were treated by FUSIN delivery of near-infrared fluorescent
dye-labeled bovine serum albumin (800CW-BSA, used as a model agent). 800CW-BSA was
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intranasally administered to the mice /n vivo, followed by intravenous injection of microbubbles
and FUS sonication at the brainstem. Fluorescence imaging of ex vivo mouse brain slices was used
to quantify the delivery outcomes of 800CW-BSA. Major organs, along with the nasal tissue and
trigeminal nerve, were harvested to assess the biodistribution of 800CW-BSA. The delivery
outcome of 800CW-BSA was the highest at the brainstem when Tjag; Was 0.5 h, which was on
average 24.5-fold, 5.4-fold, and 21.6-fold higher than those of the IN only, Tjag1 = 1.5 h, and Tjag1
= 4.0 h, respectively. The FUSIN delivery outcome at the lowest pressure level, 0.43 MPa, was on
average 1.8-fold and 3.7-fold higher than those at 0.56 MPa and 0.70 MPa, respectively. The mean
concentration of 800CW-BSA in the brainstem after FUSIN delivery decreased from 0.5 hto 4.0 h
post-FUS. The accumulation of 800CW-BSA was low in the heart, lung, spleen, kidneys, and liver,
but high in the stomach and intestines. This study revealed the unique characteristics of FUSIN as
a noninvasive, efficient, and localized brain drug delivery technique.

Focused ultrasound; Intranasal delivery; Brain drug delivery; Blood-brain barrier; Brainstem

Introduction

Transcranial focused ultrasound (FUS) in combination with microbubbles has been used for
noninvasive, localized, and reversible blood-brain barrier (BBB) disruption (FUS-BBBD) to
enhance the delivery of intravenously injected drugs to FUS-targeted brain sites [1]. FUS
noninvasively penetrates the skull and focuses on a small focal region of millimeter-scale
dimensions. Microbubbles, which have been used in the clinic as ultrasound contrast agents
for imaging, are administered by intravenous (1V) injection. After IV injection, they are
confined to the vasculature due to their relatively large sizes (1-10 pm). Microbubbles
amplify and localize FUS-mediated mechanical effects on the vasculature through FUS-
induced cavitation (/.e., microbubble expansion, contraction, and collapse), which generates
mechanical forces on the vasculature [2] and transiently increases BBB permeability. FUS-
BBBD has been used to deliver a wide range of therapeutic agents across the BBB to the
brain, such as small molecule drugs [3], protein drugs [4,5], viruses [6-8], and even cells
[9,10]. Early phase clinical trials have demonstrated the feasibility and safety of FUS-BBBD
in patients with glioblastoma [11-13], Alzheimer’s disease [14-16], and amyotrophic lateral
sclerosis [17]. Although promising, this technique requires therapeutic agents to be injected
through the 1V route, which is associated with systemic exposure of the agents to the whole
body.

Intranasal (IN) drug delivery provides an alternative route for drug administration to the
brain because it is a painless, simple, and noninvasive approach that allows direct agent
delivery from the nose to the brain. It bypasses the BBB and eliminates the need for
systemic delivery, thereby minimizing associated side effects. IN-administered drugs use
two major routes to reach the brain — one through the olfactory nerve to the olfactory bulb,
and the other through the trigeminal nerve to the brainstem. Therefore, IN delivery holds a
unique advantage, especially for drug delivery to the brainstem. When the administered
agents reach the brain entry points, they can be transported along the perivascular space by
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the “perivascular pump effect,” which arises from heartbeat-driven pulsation (expansion and
contraction) of blood vessel walls [18-20]. IN administration has already been used for the
delivery of a wide range of therapeutics to the brain (e.g., peptides [21], proteins [22], gene
vectors [23,24], nanoparticles [25,26], and stem cells [27]), not only in animal studies but
also in humans [28]. However, two major limitations — low delivery efficiency and lack of
disease-site targeting — prevent its broad and successful application in translational research
[29,30].

FUS-mediated intranasal (FUSIN) delivery is a recently proposed brain drug delivery
technique that capitalizes on the unique advantages of the IN route for direct nose-to-brain
drug administration as well as FUS in combination with microbubbles for targeted and
enhanced delivery to the brain [31-34]. FUS-induced microbubble cavitation pushes and
pulls on the adjacent blood vessel [35], generating the proposed “microbubble pump effect”
[33]. The microbubble pump effect may lead to the enhanced penetration and accumulation
of IN-administered drugs distributed in the perivascular space. FUSIN was first reported in
2014 and showed improved delivery of dextrans and a protein drug (brain-derived
neurotrophic factor) to the FUS-targeted caudate-putamen of mouse brains [31,32]. It was
also used to deliver fluorescently labeled gold nanoclusters and radiolabeled gold
nanoclusters to the brainstem [33]. A recent study reported that FUSIN delivery of the brain-
derived neurotrophic factor produced neuro-restorative effects in a Parkinson’s disease
mouse model [34]. All these previous findings suggest that FUSIN is a promising brain drug
delivery technique that can locally enhance the delivery efficiency of different agents to
various brain regions.

The objective of the current study was to characterize the dependency of FUSIN drug
delivery outcome on several critical experimental parameters, including the time interval
between IN administration and FUS application, the FUS pressure, and the sampling time
(the waiting time after FUS treatment to sacrifice the mouse). We selected fluorescently
labeled albumin as the model agent because it has been widely used as a model agent to
study protein-drug pharmacokinetics [36,37], and previous studies have used it to quantify
the BBB permeability [38,39].

Materials and Methods

Animals and study design

All animal procedures were reviewed and approved by the Institutional Animal Care and
Use Committee in accordance with the National Institutes of Health Guidelines for animal
research. Cr.NIH (Swiss) mice (6—8 weeks, ~25 g body weight, female) were purchased
from Charles River Laboratory (Wilmington, MA, USA). The animals were housed in a
room maintained at 22°C and 55% relative humidity, with a 12-h/12-h light/dark cycle and
access to standard laboratory chow and water. A total of 48 mice (Table 1) were used to
study the dependency of FUSIN delivery outcome on the time interval between IN
administration and FUS sonication, the FUS pressure, and the sampling time after FUS
treatment. This study followed a one-factor-at-a-time (OFAT) experimental design as the
three tested parameters (Tjag1, Tiag2, and pressure), which represented key experimental
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parameters at different stages of the experimental procedures (Fig. 1D), were expected to not
interfere with each other. The justifications for the study design are described below.

Based on our previous study [32], FUS treatment applied after IN administration achieved
higher delivery efficiency than FUS applied before IN administration. However, the
dependency of FUSIN delivery on the time interval between IN and FUS (Tjag1, defined as
the time interval between the end of IN administration and the beginning of FUS sonication)
had not been evaluated. This study chose three different time intervals, Tjagy = 0.5 h, 1.5 h,
and 4.0 h, in reference to a previous study that reported the pharmacokinetics of IN-
delivered albumin in different brain locations [40]. Specifically, it showed that albumin
concentration in the pons, which is part of the brainstem, significantly decreased as time
increased at these three time points post-IN: 0.5 h, 1.5 h, and 4.0 h. Mice in groups 2 - 4
(Table 1) were used to study the effect of Tjag;. The control group (group 1) was
administered with 800CW-BSA without FUS. The pressure was selected to be 0.56 MPa
because this pressure led to successful and safe FUSIN delivery in our previous reported
study [33] and pressure levels at around 0.5 MPa have been shown to be safe for FUS
combined with microbubble applications in the mouse brain [46,47].

FUS treatment is controlled by multiple parameters, such as FUS frequency, acoustic
pressure, pulse length, pulse repetition frequency, and sonication duration. The peak-
negative pressure is a critical parameter, if not the most important one, that is directly related
to the microbubble cavitation activities in FUS treatment. The mechanical index (MI)
calculated by the peak-negative pressure divided by the square root of the center frequency
has been commonly used to predict the likelihood of cavitation. Recently, Bader et al.
derived the cavitation index (Cl), defined as the peak-negative pressure divided by the center
frequency, to gauge the likelihood of subharmonic emissions due to microbubble stable
cavitation [41,42]. Moreover, the peak-negative pressure has been found in many previous
FUS combined with microbubbles mediated drug delivery studies to have a significant
correlation with the drug delivery outcome [43-45]. Therefore, the current study focused on
assessing the impact of the peak-negative pressure on FUSIN. Mice in groups 2, 7, and 8
(Table 1) were used to evaluate FUSIN delivery under three acoustic pressure levels centered
around 0.56 MPa: 0.43 MPa, 0.56 MPa, and 0.70 MPa. These pressure levels were similar to
those commonly used in FUS-BBBD studies [46-48].

In order to examine the pharmacokinetics and clearance of agents delivered by FUSIN, three
groups of mice were perfused at different time points post-FUS (T)agp, defined as the time
interval between the end of FUS sonication and the beginning of animal sacrifacing
procedure). Mice in groups 2, 5, and 6 (Table 1) were used to study the impact of the
sampling time: Tjag = 0.5 h, 1.0 h, and 4.0 h. We harvested the mouse brains and other
major organs (heart, lung, spleen, kidneys, liver, stomach, intestines) and dissected the nose
tissue and trigeminal nerve to evaluate the biodistribution and kinetics of FUSIN-delivered
agents.

Near-infrared fluorescent dye-labeled bovine serum albumin (800CW-BSA)

Biotin and 800CW (LI-COR Biosciences, Lincoln, NE) were activated with N-
hydroxysuccinimide (NHS) ester and conjugated to the BSA by the amide bond through
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EDC/NHS (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide)
chemistry. The amide bond is one of the most abundant chemical bonds with high stability in
various reaction conditions. It widely exists in many organic molecules, including peptides,
proteins, DNA and RNA [49]. The EDC/NHS chemistry has been commonly used in both
preclinical and clinical studies to label peptides, proteins, and antibodies with near-infrared
(NIR) dyes, including 800CW [50-56]. Specifically, in pH 7-9 buffers, NHS esters react
efficiently with primary amino groups (-NH,) by the nucleophilic attack, forming an amide
bond and releasing the NHS. 2 mg of NHS-activated biotin (NHS-PEG4-Biotin, Thermo
Scientific, Prod #: 21329) was added to 2.2 mL of BSA (Sigma-Aldrich, A7030) solution (5
mg/mL in 1x PBS). The mixture was incubated at room temperature (~22°C) for 1 hour to
complete the reaction. Excess NHS-PEG4-Biotin was removed from the solution using a
desalting column (5 mL, 7000 MWCO, Thermo Scientific, Prod #: 21329) pre-equilibrated
with 1x PBS. The 800CW was conjugated to BSA-biotin following the manufacturer’s
protocol for labeling high molecular weight proteins (LI-COR Biosciences, Lincoln, NE).
0.1 mL of 1 M potassium phosphate buffer (K,HPO,4, pH = 9) was added into 1 mL of
purified BSA-biotin solution to raise the pH. Next, 25 uL of 4 mg/mL NHS-800CW (Licor,
929-70020) was added to the mixture, and the solution was incubated at 23°C for 2.5 hours.
Free NHS-800CW was then separated from the conjugate using a Zeba desalting column
(Thermo Fisher Scientific). After purification, 800CW-BSA was collected for the FUSIN
delivery. The final concentration of BSA was determined using the NanoDrop-2000
(Thermo Fisher Scientific, Wilmington, DE, USA). The collected 800CW-BSA was diluted
in saline by factors of 50x, 100%, 200x and 400x and imaged by the Pearl Image System
(LI-COR Biosciences, Lincoln, NE). The results verified that the fluorescence intensity of
800CW detected by the Pearl Imaging System was linearly correlated with the BSA
concentration (Fig. 1F).

IN administration

The IN administration procedure was the same as reported before [32]. Mice were placed
supine under anesthesia. Drops (3 pL each) of 800CW-BSA (concentration ~1.3 mg/mL)
were administered to the mouse nose, alternating between the left and right nostrils every 2
mins. These drops were placed at the opening of the nostril, allowing the animal to snort
each drop into the nasal cavity. A total of 8 drops (24 uL) were administered to each mouse.

FUS treatment

An ultrasound image-guided FUS system (VIFU 2000; Alpinion US Inc., Bothell, WA,
USA) consisting of a FUS transducer with a center frequency of 1.5 MHz, a focal depth of
60 mm, an aperture of 60 mm, and a circular central opening of 38 mm was used in this
study (Fig. 1A and 1B). The pressure amplitudes and beam profiles of the FUS transducer
were calibrated using a needle hydrophone in a degassed water tank before the experiment.
The reported pressure amplitudes were corrected for 18% mouse skull attenuation [57]. The
axial and lateral full-width-at-half-maximum (FWHM) focal regions of the FUS transducer
in the system were 6.04 mm and 0.62 mm, respectively. An ultrasound imaging probe
(L8-17, working frequency 8 —17 MHz, center frequency 12 MHz, Alpinion, Seoul, Korea)
was inserted into the FUS transducer center opening and aligned with the FUS focal plane.
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FUS was targeted at the right side of the brainstem under the guidance of ultrasound
imaging using the L8-17 probe with the assistance of a grid [58].

The animal was stabilized by a stereotaxic frame in the prone position after the IN
administration to prepare for FUS treatment (Fig. 1B). The fur on the mouse head was
removed, and a water container filled with degassed water was placed on the mouse head
and coupled with degassed ultrasound gel for FUS coupling. The bottom of the water
container had a window sealed with a transparent membrane (Tegaderm®, 3M Health Care,
St. Paul, MN, USA). The FUS transducer was attached to a water balloon filled with
degassed water. The water balloon was immersed in the water container to provide acoustic
coupling (Fig. 1A and B). A tail vein catheter was inserted into the mouse tail vein for the
injection of microbubbles. The time normally needed to finish the above mouse preparation
was 0.5 hours. Size-isolated microbubbles (median diameter of 4-5 um) manufactured in-
house [59] were injected through the tail vein, and this was immediately followed by FUS
sonication. FUS sonication was performed at different time points after IN administration
(Tiagr = 0.5 h, 1.5 h, and 4.0 h) (Fig. 1D). The following FUS parameters were used:
pressure = 0.43 MPa, 0.56 MPa, or 0.70 MPa, pulse length = 6.7 ms, pulse repetition
frequency = 5 Hz, and duration = 1 min. Four points located at the corners of a square with a
side length of 0.6 mm were treated in order to enlarge the treatment volume. Mice were
transcardially-perfused at different time points post-FUS treatment (Tjag2 = 0.5 h, 1.0 h, and
4.0 h). Mice in the control group (group 1) were perfused at ~1.0 h after IN administration of
800CW-BSA.

Ex vivo fluorescence imaging and analysis

After perfusion, the brains were excised and sliced into 2-mm coronal sections using a brain
matrix (RBM-2000C; ASI Instruments, Inc., Warren, MI, USA) (Fig. 1E). The nose,
trigeminal nerve, heart, lung, spleen, kidney, liver, stomach, and intestines were harvested in
groups 2, 5, and 6 to study the biodistribution of 800CW-BSA at different time points. The
brain slices and all organs were examined by the Pearl Imaging System using the 800 nm
channel for 800CW-BSA (Fig. 1E). The Pearl Imaging System offers in vivoimaging in the
NIR range (700 — 900 nm), where tissue autofluorescence and absorption are low. This
system allows a wide dynamic range (22 bits) capture, which can image samples with
fluorescence intensity of a million-fold difference and avoid saturation or underexposure
[60]. The exposure time for fluorescence imaging was kept the same (30 s) for all groups.
The fluorescence intensity of the brain slices and organs were quantified using LI-COR’s
Image Studio Lite software by an experimenter blinded to experimental conditions.

Histologic analysis

Our previous study of FUSIN delivery showed that FUS treatment at an acoustic pressure of
0.56 MPa did not cause histological damage to the mouse brainstem [33]. In this study, three
different pressures (0.43 MPa, 0.56 MPa, and 0.70 MPa) were used for FUSIN treatment.
We performed histologic examinations of mice treated with 0.70 MPa using hematoxylin
and eosin (H&E) staining and compared with control mice without treatment (groups 1 and
8 as listed in Table 1). After fluorescence imaging of the 2-mm thick brain slices, the mouse
brainstems were fixed in 4% paraformaldehyde overnight, followed by cryoprotected with
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sucrose. The brainstems were sectioned coronally into 15 pm sections and stained with
H&E. Histological evaluation was performed single-blinded by an observer without
knowledge of the location and parameters of sonication.

Statistical analysis

Results

Statistical analyses were performed using R statistical software v3.5.0 (https://www.R-
project.org/), and figures were produced using GraphPad Prism (Version 8.3, La Jolla, CA,
USA). Differences among groups were determined using a non-parametric Kruskal-Wallis
test (one-way ANOVA on ranks) followed by post hoc non-parametric Mann-Whitney U
tests for group-wise comparisons. P-value < 0.05 was used to determine statistical
significance.

Impact of the time interval between IN and FUS (Tjag1)

Representative fluorescence images of the mouse brain slices and the corresponding
quantification of 800CW-BSA fluorescence intensity in the brainstem for each group are
presented in Figure 2. Among the groups treated with FUS after IN administration with
different Tyag1 and non-treated control group, there was a significant between-group
difference in fluorescence intensity (n = 24; four groups; Kruskal-Wallis chi-squared = 15.1,
df = 3, p=10.0018). The delivery outcome of 800CW-BSA in the Tj5q1 = 0.5 h group as
indicated by the measured fluorescence intensity was found to be on average 24.5-fold, 5.4-
fold, and 21.6-fold higher than those in the controlled IN only, Tag; = 1.5 h, and Tjag; = 4.0
h groups, respectively (Fig. 2B). FUS applied at 1.5 h and 4.0 h post-IN administration did
not show a significant difference in the delivery outcomes when compared with IN only.

Impact of FUS pressure

A significant group effect was observed on fluorescence intensity among the FUS-treated
mice with different acoustic pressures (0.43 MPa, 0.56 MPa, and 0.70 MPa) and the non-
treated control mice (n = 24; four groups; Kruskal-Wallis chi-squared = 16.1, df =3, p=
0.0011). Overall, the FUS-treated groups showed significantly higher fluorescence intensity
compared to the mice in the IN-only group (Fig. 3). Mice treated with 0.43 MPa
demonstrated 1.8-fold and 3.7-fold higher mean fluorescence intensity than those treated
with 0.56 MPa and 0.70 MPa, respectively (Fig. 3B). Exploratory analysis revealed a
negative correlation between the fluorescence intensity and FUS pressure (among the FUS-
treated mice: n=18; Kendall tau-b correlation = —-0.45, p=0.021).

Impact of the sacrifice time post-FUS (T|ag2)

Significant between-group difference in fluorescence intensity was observed (Kruskal-Wallis
chi-squared = 10.2, df = 2, p= 0.006) among mice with different sacrifice times post-FUS (n
= 18; three groups: Tjag2 = 0.5 h, 1.0 h, and 4.0 h). The brainstem retention of 800CW-BSA
was similar at Tjag2 = 0.5 h and Tjagp = 1.0 h post-FUS, while at Tjag = 4.0 h, the average
retention of 800CW-BSA had dropped by 5.5-fold and 4.9-fold compared to at 0.5 h and 1.0
h, respectively (Fig. 4B).
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Systemic exposure associated with FUSIN

Figure 5A displays representative fluorescence images of major organs, including the heart,
lung, spleen, kidneys, liver, stomach, and intestines, as well as the nose and trigeminal nerve
collected from mice sacrificed at the three different Tag, times post-FUS. Figure 5B shows
the corresponding quantification results. In terms of 800CW-BSA distribution in organs, the
fluorescence signals were mainly observed in the stomach and intestines, with fluorescence
intensity about two orders of magnitude higher than in other organs. The fluorescence signal
was higher at 4.0 h compared to at 0.5 h and 1.0 h in the stomach and intestines. The
800CW-BSA also accumulated in the nose and trigeminal nerve; however, in contrast to the
stomach and intestines, the amount of 800CW-BSA at 4.0 h was decreased by 62% and
87%, respectively, in the nose and trigeminal nerve compared to at 0.5 h.

H&E staining—Representative H&E staining of the FUS-treated side of the brainstem
showed no hemorrhage or neuron damage at the highest tested acoustic pressure level (0.70
MPa) compared with the control without treatment (Fig. 6). No tissue damage was
consistently observed in all the H&E-stained mouse brain slices.

Discussion

This study characterized the FUSIN brain drug delivery technique by evaluating the impact
of critical experimental factors, including the time interval between IN and FUS, the FUS
pressure, and the sampling time after FUS treatment. Findings from this study revealed that
FUSIN delivery outcome depends on these critical experimental parameters, providing
insights for selecting optimal treatment parameters, and shinning light on the potential
mechanisms of FUSIN.

A previous study performed FUS either before or after the IN delivery of a fluorescently
labeled dextran and found that FUS enhanced the delivery only when applied after IN, while
the pretreatment by FUS followed by IN did not show significantly enhanced delivery
compared with IN only. This previous finding suggested that FUS could enhance the
accumulation of IN-administered agents when the agents have already existed in the FUS-
targeted brain region [32]. A recent FDA approved device for enhancing transdermal
delivery, Low-Frequency Sonophoresis (LSF), requires the agents to be administered after
sonication. LSF utilizes the violent collapse of cavitation bubbles (/.e., inertial cavitation) to
produce microjets and microstreaming that can disrupt the lipid bilayers of the stratum
corneum microscopically in the transdermal delivery [61]. Moreover, LSF can lead to a
typical temperature increase of ~10°C [62,63]. Both inertial cavitation and the associated
thermal effects may change the properties of the therapeutics; therefore, agents are
administered after ultrasound sonication. However, FUSIN uses FUS with intensity at the
diagnostic ultrasound range and the physical mechanism is stable cavitation as the pressure
is often below inertial cavitation threshold in the mouse brain [64]. Stable cavitation is
utilized instead of inertial cavitation to avoid any potential damage to the sensitive brain
tissue. The gentle mechanical oscillation should have a low chance of changing the
therapeutics, allowing the agents to be administered before FUS sonication. The current
study performed IN followed by FUS and examined the impact of the time interval between
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IN and FUS (Tjag1)- It was found that FUSIN delivery of 800CW-BSA to the brainstem
reached the greatest accumulation at 0.5 h among the three tested Tjag1, and decreased as
Tiagy increased to 1.5 h and 4.0 h (Fig. 2). It was reported before that concentration of IN
administerd albumin at the brainstem significantly decreased as time increased from 0.5 h to
4.0 h post-IN [40]. Combing this report and our finding, it implies that FUSIN achieves
greater delivery when FUS is applied as the IN-administered agent reaches higher
concentration in the targetd brain region. The Tjag; needs to be selected in consideration of
the pharmacokinetics of the IN-delivered agents in the brain.

Although both FUSIN and FUS-BBBD are FUS-mediated brain drug delivery techniques,
and both can achieve enhanced drug delivery to the targeted brain location, the correlations
between their delivery efficiency and the acoustic pressure exhibit opposite trends. Based on
previous reports, the efficiency of FUS-BBBD delivery mainly depends on acoustic
pressure. Higher pressure is associated with a higher increase in BBB permeability and thus
improved efficiency of trans-BBB delivery [1,44,65-67]. However, in this study, the amount
of 800CW-BSA at the brainstem delivered by FUSIN decreased with higher FUS pressure
(Fig. 3). This finding supports our hypothesis that FUSIN achieves enhanced drug delivery
not by increasing the BBB permeability but through another mechanism. Our proposed
“microbubble pump effect” may induce blood vessel expansion and contraction via the
volumetric oscillating microbubbles, resulting in increased transport of IN-administered
agents along the perivascular spaces into the brain parenchyma. The observation that lower
pressure was associated with higher amount of 800CW-BSA delivered by FUSIN suggests
that high acoustic pressures can potentially lead to faster disruption of microbubbles, thereby
reducing the microbubble pump effect. It is also possible that FUS-induced BBB disruption
could enhance “two-way trafficking” between brain and blood as suggested by our previous
study, meaning that molecules in the blood circulation can enter the brain after FUS-BBBD,
and meanwhile, molecules in the brain tissue can also be released into the blood circulation
[68]. Thus, we also suspect that higher pressures lead to higher enhancement of BBB
permeability, which may facilitate the release of 800CW-BSA from the perivascular space
into the blood circulation and thus lead to decreased delivery by FUSIN at higher pressures.
Although future studies are needed to better understand the mechanism of FUSIN delivery,
our findings indicate that the mechanism of FUSIN delivery is different from that of FUS-
BBBD.

Among the three Ty, evaluated in this study, the accumulated amount of 800CW-BSA in
the mouse brainstem decreased from 0.5 h to 4.0 h post-FUS (Fig. 4). This finding is in
contrast to a previous study reporting increasing brain uptake of aloumin FUS-BBBD over
24 h [69]. The level of B00CW-BSA in the brain parenchyma represents a balance between
drug delivery into the brain and its clearance out of the brain. In FUS-BBBD delivery, since
albumin has a relatively long half-life in blood circulation (~19 days) [70], it can be
continuously delivered across the disrupted BBB from the blood circulation as long as the
BBB remains open. The aforementioned previous study observed a continuous increase of
brain uptake of albumin over 24 h after FUS-BBBD treatment, suggesting that the delivery
rate of albumin across the BBB was higher than the clearance rate within this time frame
[69]. Our finding that the amount of albumin delivered by FUSIN decreased over a 4.0 h
time frame implies that contrary to FUS-BBBD, albumin delivered by FUSIN had a higher
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clearance rate than the delivery rate over this time frame. We suspect that because the IN-
administered agent was distributed in the perivascular space, its delivery into the brain
parenchyma reached the maximum immediately after the application of the FUS-induced
microbubble pumping effect and then decreased over time due to brain clearance. Regarding
the biodistribution of FUSIN-delivered agents in different organs, our previous study showed
that IN administration could deliver agents directly from the nose to the brain, minimizing
systemic exposure [33]. This study verified that FUSIN delivery was associated with low
systemic exposure to all major organs except the stomach and intestines (Fig. 5). Those
accumulations in the stomach and intestine could be excreted through feces, leading to
minimal systemic toxicity [71]. This finding is consistent with our previous study, which
found that the concentration of IN-administered radiolabeled gold nanoclusters was close to
zero in all major organs except the stomach and intestines [33,72]. Different IN
administration techniques can affect the deposition within the nasal epithelium as well as
delivery outcomes. Nasal drops, as used in this study, have been commonly used for IN
administration to mice and rats [18,73]. This method has the advantage of not involving the
insertion of a flexible tube into the nasal cavity [74]. Liquid drops are placed at the opening
of the nostril, allowing the animal to forcefully sniff the drops into the nasal cavity and reach
the posterior part of the cavity where the olfactory epithelium is located. However, it has the
disadvantage that the nasal formulation can be swallowed by the animal into the digestive
system, resulting in the observed accumulation of 800CW-BSA in the stomach and
intestines over time. As mentioned earlier, those accumulations could potentially be excreted
through feces and minimize systemic toxicity. To prevent the nasal drops from being
swallowed, one solution is to seal the esophagus and insert a breathing tube into the trachea
[75,76]. In clinical studies, various nasal devices, such as sprays, droppers, and nebulizers,
have been designed to target the nasal formulations to the olfactory region without
deposition in the lungs or esophagus [77]. This unique advantage of FUSIN in minimizing
systemic exposure suggests that FUSIN has the potential to improve the treatment of a broad
spectrum of brain diseases by not only enhancing therapeutic agent delivery to diseased
brain sites but also substantially reducing toxicity to other organs. The high accumulation of
800CW-BSA in the nose and the trigeminal nerve was consistent with our previous study of
FUSIN delivery of gold nanoparticles [33,72]. This finding confirmed that the 800CW-BSA
delivery pathway was mainly via the nose-to-brain route, which was different from the
blood-to-brain route used by FUS-BBBD. The decreased fluorescence intensities in the nose
and trigeminal nerve suggest that B00CW-BSA was cleared from the nose and trigeminal
nerve over time, which can minimize any potential toxicity of the agent to the nose and
nerve tissues.

Our previous study showed that FUSIN delivery of nanoparticles did not induce any change
or damage to the nasal tissue, trigeminal nerves, or the FUS-targeted brainstem [33]. In this
study, we applied different FUS pressures in FUSIN treatment and performed H&E staining
of the brainstems of mice treated with the highest pressure setting (0.70 MPa) and the
control mice without treatment. There was no observable vascular or tissue damage at the
FUS-targeted brainstem region, which confirmed that the FUS parameters used in this study
were safe at the histological level.
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This study had several limitations. First, B00CW-BSA was used as a model agent. Future
studies are needed to compare FUSIN delivery of different agents in order to further
characterize the dependence of FUSIN delivery outcomes on agent characteristics such as
size, surface charge, and material. Second, the present study only showed the dependence of
FUSIN on acoustic pressure. Other FUS parameters (e.g., frequency, pulse length, and pulse
repetition frequency), as well as microbubble characteristics (e.g., resonant frequency, size,
and shell properties), may also be related to FUSIN outcomes and should be studied in the
future. Third, this study only focused on drug delivery to the brainstem. Further research is
needed to assess the brain location dependency of FUSIN by comparing the delivery
outcomes of the same agent to different brain locations. Fourth, the mechanism of FUSIN
delivery is not clear. Further study is needed to provide direct evidence to show how FUSIN
works in brain drug delivery.

Conclusion

FUSIN is a promising technique for brain drug delivery that integrates FUS and
microbubbles to enhance the accumulation of intranasally administered agents at the FUS-
targeted brain location. The current study found that the measured FUSIN delivery outcomes
depend on several critical experimental parameters, including the time interval between IN
and FUS, the FUS pressure, and the sampling time. This study revealed the unique
characteristics of FUSIN as a noninvasive, efficient, and localized brain drug delivery
technique with minimal systemic exposure.
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. FUS-mediated intranasal delivery (FUSIN) is a promising brain drug delivery

method

. FUSIN enhanced the delivery of bovine serum albumin (BSA) at the mouse
brainstem

. The accumulation of BSA was low in all major organs except stomach and
intestines

. FUSIN delivery outcome was affected by key experimental parameters
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Figure 1.
Experimental methods. (A) A schematic and (B) picture of the FUS system for mouse brain

treatment. Illustration of the (C) FUSIN procedure and (D) experimental timeline. IN
delivery of 800CW-BSA was followed by FUS treatment targeting at the brainstem. (E)
After FUSIN treatment, the mouse brain was harvested and cut into 2-mm coronal slices for
fluorescence imaging. The high fluorescence intensity observed at the olfactory bulb
confirmed that IN-administered 800CW-BSA transport to the brain along the olfactory
pathway. (F) 800CW-BSA fluorescence intensity at different dilutions showed a linear
relationship between fluorescence intensity and the concentration of 800CW-BSA.
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Figure 2.
FUSIN delivery of 800CW-BSA to the brainstem at different time intervals between IN and

FUS (Tjag1) (groups 1, 2, 3, and 4 in Table 1). (A) Fluorescence images, bright field images,
and their overlays of representative ex vivo mouse brainstem slices at different Tjag;. (B)
Quantification of the 800CW-BSA fluorescence intensity at the brainstem for groups with
different Tjag1 and the control (IN only) group without FUS (Mann-Whitney U test; **: P <
0.01;ns: not significant). The scale bar is 5 mm.
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Figure 3.

FUSIN delivery of 800CW-BSA to the brainstem at different FUS pressure levels (groups 1,
2, 7,and 8 in Table 1). (A) Fluorescence images, bright field images, and their overlays of
representative ex vivo mouse brain slices of the brainstem at different pressure levels. (B)
Quantification of the 800CW-BSA fluorescence intensity for different pressure groups and
the control (IN only) group without FUS (Mann-Whitney U test; *: P < 0.05; **: P < 0.01;
ns: not significant). The scale bar is 5 mm.
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Figure 4.

*%

4.0

The pharmacokinetics of FUSIN-delivered 800CW-BSA at the brainstem (groups 2, 5, and 6
in Table 1). (A) Fluorescence images, bright field images, and their overlays of
representative ex vivo mouse brain slices at the brainstem of mice sacrificed at different

Tiag2- (B) Quantification of the 800CW-BSA fluorescence intensity for different Tj,g,

groups (Mann-Whitney U test; **: P < 0.01; ns: not significant). The scale bar is 5 mm.
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Figure 5.
The biodistribution and kinetics of 800CW-BSA delivered by FUSIN (groups 2, 5, and 6 in

Table 1). (A) Fluorescence images of major organs, nose, and the trigeminal nerve at
different Tjago. (B) Quantification of 800CW fluorescence intensities in major organs, nose,
and the trigeminal nerve at different Tjagp.
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Figure 6.
Representative histological examination of the brainstems of (A) FUSIN-treated mouse at

0.70 MPa (group 8 in Table 1) and (B) non-treated control mouse (group 1 in Table 1),
showing that FUSIN treatment did not induce hemorrhage or neuron damage. (C) and (D)
are the zoomed-in views of the regions labeled with the boxes in (A) and (B), respectively.
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Summary of all study groups.

Group# Animal# Tiag Pressure Thag2
1 6 Control (IN only)
2 6 05h 0.56 MPa 05h
3 6 15h 0.56 MPa 05h
4 6 4.0h 0.56 MPa 05h
5 6 05h 0.56 MPa 1.0h
6 6 05h 0.56 MPa 40h
7 6 05h 0.43 MPa 05h
8 6 05h 0.70 MPa 05h

Table 1.

Tlag1: Time delay between IN and FUS; T|ag2: Time of sacrifice after FUS
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