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ABSTRACT

Brain drug delivery is hampered by the presence of the blood brain barrier and nanocarriers, administered by
intranasal route, could represent an alternative and efficient strategy to improve drug localization in the Central
Nervous System (CNS). The aim of this work is to design and characterize non-ionic surfactant vesicles (NSVs)
and perfluorocarbon gas non-ionic surfactant based nanobubbles (VNBs) suitable for Nose to Brain Delivery
(N2B). In particular, Pluronic F127, Span 85 and cholesterol have been employed to prepare NSVs and VNBs.
Both systems have been characterized in terms of (a) hydrodynamic diameter, {-potential and morphology (b)
vesicle bilayer feature (anisotropy), (c¢) physical-chemical stability and (d) fluorescent model probe release
capability. VNBs have been also studied in terms of gas entrapment and acoustic efficiency. In addition, in order
to understand optimal ultrasound (US) parameters to obtain in vitro stable cavitation, the acoustic pressure effect
on VNBs fluorescent probes release kinetics was evaluated. The obtained results suggest that NSVs and VNBs
show a hydrodynamic diameter suitable for N2B delivery. Moreover, in this study, we develop a new kind of
protocol to evaluate an in vitro US characterization of VNBs and our data suggest a stable and controlled probe
release, encouraging the possibility to deliver VNBs in mixture with NSVs loaded neuroprotective drugs for brain
delivery coupled to US obtaining stable cavitation. In this context, extracellular field recordings in specific area
of hippocampus (CA1-CA3) have been carried out in order to assure that empty NSVs do not affect synaptic
plasticity in the form of long-term potentiation, a molecular mechanism which underlies learning and memory.

1. Introduction

in neurological function and neuronal death. In the set of disorders of
CNS, Alzheimer’s disease is the most prevalent of the neurodegenerative

Disorders of the central nervous system (CNS) represent an impor-
tant health issue of disability and are leading to additional medical
treatment and prolonged care; especially neurodegenerative disorders
are becoming relevant with the increasing age of the population [1].
Neurodegenerative diseases are often associated with atrophy of the
affected central or peripheral structures of the nervous system, a decline
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diseases followed by Parkinson’s disease. A minor number of patients
are affected by amyotrophic lateral sclerosis and Huntington’s diseases
which have negative consequences [2]. In that regard, the main problem
is related to the inadequacy of current therapeutic strategies, which are
meant to alleviate the symptoms without any disease-modifying effect.
Interestingly, novel treatments as biological therapeutics based on
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peptides, proteins, and nucleic acid, hold the disease modifying poten-
tial but they could have several pharmacokinetic problems, including
bioavailability, as the presence of the blood brain barrier (BBB) hinders
the brain targeting.

BBB challenges brain drug delivery due to its structure characterized
by tight junctions limiting paracellular and trans-cellular permeability
and transport [3,4]. Consequently, BBB plays an important role to pro-
tect the brain and to regulate the afflux of substances; same small
lipophilic molecules are able to passively diffuse while some small hy-
drophilic molecules cross the BBB using paracellular pathway. Never-
theless, approximately 98% of all small molecules and almost all large
molecules, are unable to cross the BBB and to reach the CNS [5,6]. In this
context, nose to brain drug delivery (N2B) is a non-invasive approach for
transporting drugs from the nose directly into the brain through the
unique olfactory and trigeminal neural pathways that connect the nasal
mucosa with the perivascular spaces within the CNS [7,8].

Traditionally, N2B delivery is employed to promote local effects such
as the treatment of rhinitis or allergy. However, due to its many
favourable characteristics, including non-invasiveness, good patient
compliance, and ease of administration, N2B administration might be
used to obtain an effective brain delivery [9]. Unfortunately, N2B access
presents challenges and obstacles, like low delivery efficiency due to
mucosal clearance and nasal absorption, and rapid/widespread distri-
bution throughout the brain resulting in non-focal delivery [10,11]. In
this regard, N2B delivery by “soft” nanocarriers, such as liposomes or
niosomes, represent a promising non-invasive alternative to overcome
challenges presented by the N2B route. N2B nano-based drug delivery
systems have been demonstrated to improve drug permeability and
absorption, drug uptake in the olfactory region, and their access and
distribution into the brain. At the same time, they can protect thera-
peutic agents from degradation and prevent their extracellular transport
by outgoing transporters [12]. Moreover, the use of N2B nanoparticle
system combined with other techniques, such as intensity focused ul-
trasound (FUS), could enable a higher degree of selective drug delivery
to the brain.

FUS is currently the most advanced and viable method to per-
meabilize the BBB transiently and non-invasively [13]. Especially, FUS,
in conjunction with intravenously (IV) injected gas-encasing and stabi-
lizing outer shell microbubbles, can non-invasively and transiently
permeabilize the BBB, hence greatly enhancing CNS delivery of drugs
after their systemic or intranasal administration [14,15]. However, IV
administration can induce serious adverse effects. An alternative and
valid approach might be coupling FUS and microbubbles N2B delivery
[16,17]. Nevertheless, due to their size (1-5 pm), microbubbles cannot
extravasate from intravascular into interstitial space and their size re-
mains one of the major limitations to their administration. Nano-sized
bubbles can potentially overcome this impasse and they could poten-
tially enhance the permeability of drugs through BBB [18].

The aim of this work is to design and characterize non-ionic surfac-
tant vesicles (NSVs), known as niosomes, suitable for N2B delivery, able
to load and deliver the model fluorescent probe. Niosomes are drug
delivery systems, similar to liposomes, and they are able to encapsulate
both hydrophilic and lipophilic drugs. The low surfactant cost, the
greater stability, and the resultant ease of storage have led to the
development of these carriers as alternatives to liposomes. In the
meantime, using the same niosomes components, vesicular nano-size
bubbles (VNBs) have been prepared in order to entrap gas. The VNBs
could be administered by N2B route, together with drug loaded NSVs to
improve the drug localization in the CNS [19]. This represents an
innovative and unusual approach in fact, by scopus research 1390
documents from 2000 to 2024 have been published on the N2B delivery
topic, but only 7 papers have been published on to N2B drug
delivery-bubbles, and this suggests that the topic of this research paper is
an innovative approach worthy to be investigated.

Based on a previous study carried out by Hanieh et al., 2022 [18],
VNBs were filled with perfluorocarbon gas (PFC), that is biocompatible,
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inert, chemically highly stable and not metabolized in the body after
injection [18,20].

To obtain stable vesicular systems, several formulations, together
with several preparation methods, different surfactants (employed in
different ratios) have been evaluated. In this work, the triblock copol-
ymer Pluronic, based of poly(ethylene oxide)-b-poly(propylene oxide)-
b-poly(ethyleneoxide) (PEO-PPO-PEO), was chosen thanks to its po-
tential capability to increase the brain drug-loaded effect due to its
neuroprotective and anti-inflammatory properties described by Serbest
et al. [21-23]. In the nanocarrier development stage, several parameters
were considered to make the choice of surfactant, including the
hydrophilic-lipophilic balance (HLB) value (surfactants with HLB with
lower than 9 refers to lipophilic surfactant while surfactants character-
ized by HLB values higher than 11 refers to hydrophilic ones). In
particular, Pluronic F-127 (HLB 22) in mixture with Sorbitan trioleate
(Span 85, HLB 1.8) have been employed. Pluronic F-127 has a higher
hydrophilic percentage (70%), with more hydrophilic members (chain
of PEO) consisting of higher PEO/PPO ratio [24,25]; while the Span 85
is a lipophilic surfactant [26]. In general, highly hydrophilic surfactants
are not able to form alone a stabile vesicular system due to their high
aqueous solubility, but stable NSVs could be prepared adding the
appropriate amount of cholesterol together with lipophilic surfactant
such as Span 85 [27]. In particular, F127 has been used to regulate the
hydrophobicity of the Span 85/cholesterol and it could be useful to
uniformed lateral distribution of the molecules along the bilayers that
could allow the membrane integrity of the niosomes [25,28].

Moreover, Pluronic F-127 is also used for its mucoadhesive and
penetration enhancer properties [26]. In addition, Span 85 is formed by
three chains of oleic acid which could useful to potentially inhibit
endothelial cell activation and to reduce expression of inflammatory
molecules [29].

In this work, NSVs and VNBs have been characterized in terms of
model drug entrapment efficiency, (Calcein and Nile Red, hydrophilic
and lipophilic probe respectively) and release capability. Moreover,
NSVs and VNBs have been characterized in terms of (a) hydrodynamic
diameter, {-potential, (b) morphology by TEM analyses, (c) vesicle
bilayer fluidity and (d) physical-chemical stability. VNBs have been also
characterized in terms of entrapping gas ability and acoustic efficiency.
In addition, in order to understand optimal US parameters to obtain in
vitro stable cavitation, the acoustic pressure effect, induced by the US
wavelets, on VNBs fluorescent probes release kinetics was investigated
(at different US frequencies. Finally, extracellular field recordings in
area CA1-CA3 of the hippocampus have been carried out in order to
assure that empty NSVs do not affect synaptic plasticity in term of long-
term potentiation (LTP), a molecular mechanism which underlies
learning and memory [30].

The obtained results demonstrated NSVs and VNBs as good candi-
dates to improve N2B drug delivery.

2. Materials and methods
2.1. Materials

Pluronic F-127, Sorbitan trioleate (Span 85), Cholesterol (Chol), Bis
[N,N—bis(carboxymethyl)aminomethyl]fluorescein (Calcein), 9-(dieth-
ylamino)-5H-benzo[R]phenoxazin-5-one) (Nile Red), Diphenylhexa-
triene (DPH), Pyrene, Sodium 2-(4-(2-hydroxyethyl) piperazin-1-yl
(Hepes), Ethanol F.U., Methanol, Chloroform, Tetradecafluorohexane
(PFC) were bought from Sigma-Aldrich (Milan, Italy).

2.2. Methods

2.2.1. Preparation of niosomes and nanobubbles

Niosomes (NSVs) were prepared by the thin film layer preparation
technique described by Marianecci et al. [31], using several amounts of
Pluornic F-127 and Span 85 and Chol (Supplementary Material,
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Tables S1 and S2), the chosen formulation is reported in Table 1. The
process involves the solubilization of surfactants and/or lipophilic
components (DPH/Pyrene/Nile Red) in the organic solvent followed by
the solvent evaporation. The dried films were hydrated by Hepes buffer
(0.01 M, pH 7.4) or Calcein solution 1072 M (CA). The obtained
dispersion was vortexed and then a microtip-sonication (Vibracell-VCX
500, Sonics, Taunton, MA, USA; amplitude 20%, temperature 2 min,
25 °C that increases until up 60 °C during sonication) was employed to
obtain unilamellar vesicles. The sonication parameters were analogues
with respect to nanobubbles in order to obtain VNBs/NSVs with similar
physical-chemical features. Subsequently, the vesicles were extruded at
room temperature (RT) by a Lipex ExtruderTM (Vancouver, Canada)
equipped with polycarbonate membrane filters. The suspensions were
extruded through cellulose filters (Millex1 Syringe Filters, Millipore) of
1.2 pm pore size (2 cycles). By dialysis process, the un loaded CA has
been removed. Nanobubbles (VNBs) were prepared following the thin
film layer preparation technique, with the same amounts of niosomal
components (Table 1) but liquid PFC was added with a syringe to a
vesicular dispersion, at RT and subsequently the suspension has been
sonicated for 3 min, with an ultrasound generator equipped with a
micro-probe operating at 20 kHz, with amplitude of 20% at 25 °C that
increases until up 60 °C during sonication (Vibracell- VCX 400-Sonics,
USA) following the technique adopted by Hanieh et al., 2022 [18].
Then, the nanobubble dispersion was cooled by thermal shock in
melting ice for 10 min. As a final step, the VNBs were extruded at RT
through cellulose filters of 0.45 pm (1 cycle) and subsequently by cel-
lulose filters of 0.22 pum pore size (1 cycle), VNBs were immediately
collected in a bath ice. VNBs were characterized in terms of acoustic
efficiency, entrapment efficiency, release probes capability under US
treatment, hydrodynamic diameter, and {-potential; the obtained results
were compared with those of NSVs.

2.2.2. Dynamic light scattering (DLS)

NSVs and VNBs were characterized in terms of hydrodynamic
diameter and ¢-potential. The hydrodynamic diameter and the -po-
tential were characterized by dynamic light scattering (DLS, Malvern
Zetasizer Nano ZS90, Malvern Instruments Ltd., Worcestershire, United
Kingdom). The instrument measures the mass distribution of particle
size as well as the dispersed particle electrophoretic mobility. Reported
data represent means of the measurements of {-potential (mV) and of the
hydrodynamic diameter (nm) for the surfactant vesicles. The poly-
dispersity index (PDI) value was determined as a measurement of the
breadth of the size distribution: a PDI value lower than 0.3 indicates that
the sample is characterized by homogeneous and monodisperse
population.

2.2.2.1. Physicochemical stability over time. Sample hydrodynamic
diameter and {-potential variations over time were analysed to evaluate
physical stability of NSVs and VNBs. The vesicular formulations were
stored at 4 or 25 °C for a period of 45 days. Samples from each batch
were withdrawn at definite time intervals (1, 15, 30 and 45 days) and
the ¢-potential and the mean of hydrodynamic diameter of vesicles were
determined as previously described with DLS technique.

2.2.2.2. Physicochemical stability in simulated biological fluid. The sta-
bility of empty NSVs was determined after incubation of each sample in
Simulated Nasal fluid (SNF) (2.192 g NaCl, 0.145 g CaClI2 and 0.745 g
KCl in 250 mL) containing mucin (0.1%, w/v) at 34 °C [32]. After 1, 2,
and 3h the mean hydrodynamic diameter, ¢ -potential and PDI of the

Table 1

Sample composition.
Sample Span 85 (mM) F-127 (mM) Chol (mM) PFC (mL)
NSVs 10 5 15 -
VNBs 10 5 15 0.5
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nanoparticle suspensions were measured by DLS. In particular, 0.55 mL
of the sample (55%) were added to 0.45 mL of SNF containing mucin
(0.1% w/w) (45%) and put into a test tube, magnetic stirring was
applied and the temperature was maintained at 34 °C.

Stability studies in artificial Cerebrospinal Fluid (aCSF, pH 7.3) were
also carried out on empty NSVs and VNBs preparations. The aCSF
composition is reported in Table 2. To evaluate the hydrodynamic
diameter, the PDI, and the ¢ -potential of the vesicular systems in
presence of biological media, the measurements were carried out by DLS
at different times (0, 1, 2, and 3h). In particular, 0.55 mL of the sample
(55%) were added to 0.45 mL of aCSF (45%) and put into a test tube, a
magnetic stirring was applied, and the temperature was maintained at
37 °C [33].

2.2.3. Transmission electron microscopy (TEM)

The structure of both NSVs and VNBs was visualized by negative
staining for transmission electron microscopy (TEM). In brief, the sam-
ples were placed on a carbon-coated copper grid (400 mesh; Agar Sci-
entific, UK) and allowed to settle for 1 min before being blotted away
with filter paper. A 2% phosphotungstic acid solution (pH 7.2) was
added to the grids for 1 min before the solution was blotted away and the
grid allowed to dry. Images were recorded at 100 kV by a FEI 208S
transmission electron microscope (FEI, Eindhoven, The Netherlands).
Adobe Photoshop CS4 software (Adobe Systems, San Jose, CA, USA) was
used to optimize image editing.

2.2.4. Fluorescent measurements

2.2.4.1. Bilayer characterization. Fluorometric analysis was carried out
to characterize the vesicular bilayer fluidity, preparing the samples with
DPH, a lipophilic fluorescent probe (as described in M&M section) used
to evaluate the anisotropy value, which is a parameter correlated to ri-
gidity or fluidity of a membrane [34]. DPH fluorescent measurements
were performed using a luminescence spectrometer (LS5013, Perki-
nElmer, Waltham, MA, USA) at room temperature. The excitation and
emission wavelengths were 400 and 425 nm, respectively. By employing
Equation (2), the fluorescence anisotropy (r) was determined:
(Ivw x Ivh) x G

Fluorescence anisotropy (r) = w20 < G 2)

where Iy, Ly, Ihy, and Iy, are fluorescent intensities, subscript v (verti-
cal) and h (horizontal) represent the orientation of polarized light, and
G = Iiv/Inn factor is the ratio of sensitivity of the detection system for
vertically and horizontally polarized light.

2.2.5. Invitro release studies of NSVs

Invitro drug release experiments were carried out putting the CA/NR
loaded sample in a dialysis bag (molecular weight cut-off: 8000 by
Spectra/Por®). The dialysis bag was immersed in the release medium
(Hepes Buffer 10 mM, pH 7.4 or aCSF, pH 7.3) at 37 °C and gently
magnetically stirred during the experiment. The CA/NR concentration
in the acceptor medium was detected at different times points (0, 1, 2, 3,
4, 5, 6, 7, 8 and 24h), respectively by a fluorimeter (LS5013, Perki-
nElmer, Waltham, MA, USA) or UV spectrophotometer (Lambda 25,

Table 2
Artificial ~ cerebrospinal  fluid (aCSF): chemical
composition.
Reagent Concentration (mM)
NaCl 124
KCl1 3
NaHCO, 26
NaH,PO4 1.25
MgCl, 1

CaCl, 2
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PerkinElmer, Waltham, MA, USA). In order to perform quantification
analysis, 1 mL of external medium was withdrawn and immediately
analysed and then re-inserted back. The % of released probe was
calculated considering the ratio between the Fluorescence (CA) or the
absorbance (NR), detected at specific time point, over the Fluorescence
(CA) or the absorbance (NR) maximum of the samples, both measures
are made at the same dilution. The collected data represent the mean
values over three repeated independent experiments, and errors are the
standard deviation.

2.2.6. Acoustic attenuation and ultrasound in vitro characterization

2.2.6.1. Pulse-echo technique. An ultrasonic pulse-echo technique was
used to determine the VNBs scattering efficiency over time. The acoustic
attenuation was measured over the —6 dB bandwidth of the ultrasonic
transducer through the amplitude and frequency analysis of a short ul-
trasound pulse crossing twice a test-cell containing a VNBs suspension.
The obtained spectrum of the back-scattered signal provides information
on the acoustic efficiency of the VNBs over that bandwidth, and on the
ultrasonic frequency at which the acoustic wave is mostly attenuated by
the VNBs. The buffer solution in the test-cell has been measured as a
reference medium [18].

2.2.6.2. Ultrasound in vitro characterization. US in vitro treatment was
performed using Sonowell®, an integrated automated instrument (Inno-
Sol srl, Rome, Italy). The instrument is designed for the use on
commercially available wells plates and ensures the necessary control
conditions of temperature by partially immersing the wells plate, bottom
and side-walls, in a thermostated water bath tank. The configuration of
the used instrument comprises 4 independent parallel channels gener-
ator/amplifier (20W max power) delivering frequencies in the range
0.5-5.0 MHz, running four different single element “flat” transducers,
12-mm diameter active membrane, with frequencies 0.65, 1.0, 2.4, and
4.5 MHz that can hold an acoustic intensity emission per frequency up to
6 W/cm? (CW 60 s).

The instrument is run via the software, SonoWell Soft© installed on a
laptop controlling the instrument the topology of the motorized move-
ment of the plate-well on the transducers, as well as handling time and
acoustic intensity delivery on each well independently (frequency,
power, duty cycle, repetition frequency, well time, etc.) via a graphical
interface.

Transducers are positioned below the plate, immersed in the distilled
water tank and positioned in an ad-hoc designed holder, which keeps
them at constant temperature by means of an independent cooling
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circuit. The holder positions each transducer at a different fixed distance
from the plate bottom, depending on the frequency, in such a way that
they share the same near and far field plane. The use of a collimator plate
inserted between the transducers and the plate-well bottom ensures that
no diverging US wavelet is invading, from the bottom, the wells
neighbouring the sonicated one. Since acoustic intensity used was rather
high, it has been necessary to use the Block-US polymer (Inno-Sol srl,
Rome, Italy), to dampen conversion modes acoustic transverse invasion
of nearby wells, Fig. 1B (and Supplementary material Fig. S1). Briefly,
this patented technology minimizes the problems arising from the
induced “leakage” shear waves orthogonal to the main direction of
propagation within the well, including the conversion modes waves
generated by the interaction of the US wavelets with the polystyrene
bottom lamina of the well plate [35-38]. The rationale behind and the
use of this technology and its implementation in the experiments is
detailed in the Supplementary Material.

Great care was taken in entirely filling the well volume ensuring that
no air was entrapped upon positioning the well plate cover, securing the
wells top edges with a silicon grease film (Molykote 111 Compound,
Dow Corning, Michigan, USA) which perfectly adheres to the plate
cover. This set-up avoids risks of contaminating wells via aerosol crea-
tion and travelling. A mate of Aptflex F28 (frequencies >1.0 MHz) or
F48 (frequencies < 1.0 MHz) (Precision Acoustics, UK) was positioned
on top of the cover to adsorb US waves and avoid reflections at the air
interface (Fig. 1D).

Experiments were always conducted allowing a pre-equilibration of
the plate of at least 5 min with water thermostated at 37 °C.

Acoustic intensity calibrations were performed using an immersion
needle 0.5 mm diameter hydrophone needle/preamplifier (Precision
Acoustics, UK) interfaced with a portable scope meter Fluke 125 (Wil-
mington, NC) for detection of the wave signal.

2.2.6.2.1. US in vitro protocol. To characterize how the US affected
the cavitation of VNBs the kinetics of drug release was monitored at
37 °C, samples (total volume were 1 mL with 55% of VNBs loaded CA,
hydrophilic model drug, and 45% of Hepes buffer) were placed in
dialysis bags, cellulose membrane Spectra/Por® molecular weight cut-
off 8000 and 5.5 cm? diffusing area. Dialysis started by inserting the
bags in 12 well plates against 5.0 mL Hepes buffer as external medium.

To establish the US induced effect several experiments at increasing
acoustic pressures were applied to the wells containing the drug loaded
VNBs, until an effect on the release kinetic was clearly and reproducibly
monitored. The optimization of relevant sonication parameters was
achieved with an array of experiments on 12-well plates (an example is
shown in Supplementary Material Fig.S5). The parameters explored
were the Sonication Frequency (SF) [650 kHz, 1.0 MHz, 2.4 MHz and

Fig. 1. Example of preparation of the 12 wells-plate with the Block-US polymer. (A) The original Corning Costar plate; (B) Same after preparing the plate inserting
Block-US polymer; (C) A typical introduction of the VNBs samples inserted in the dialysis membranes secured with mini-knots and encased within the well; (D) The
plate thus prepared with the cover positioned, as explained in the methods section below, and inserted in the SonoWell plateholder positioned on the 4 transducers, in
cyan the F48 adsorber mate on the cover, adhesion ensured with few drops of water forming a film. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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4.5 MHz], the Sonication Time (ST) [30, 60 and 180s], and the levels of
acoustic pressure (AP) [range 40 kPa - 2.0 MPa], Table 3. The other
relevant sonication parameters were kept constant: Duty Cycle (DC)
40%, Sonication Burst (T,p) 10.0 ms, Pulse Repetition Frequency (PRF)
40Hz; further experimental details in Supplementary Material.

Once established the relevant parameters of SF, AP and ST the design
of the experiment positioned the samples only in wells A2, C1 and C4 of
the plate (Fig. 1C), while the non-sonicated controls were kept in a
thermostated plate not loaded in the SonoWell instrument.

The sonication protocol chosen for all the remaining experiments
was performed at 650 kHz and 37 °C for 180 s using a single 12-wells
plate in which a dialysis bag was positioned to simulate the model
drug release. The experiments were carried out in triplicates on different
wells to estimate mean value and its standard error.

At pre-determined time intervals (pre-US 5 min, post-US immedi-
ately, 1h, 3h, 6h and after 24 h), aliquots from the external medium were
taken out and analysed with a spectrometer (LS5013, PerkinElmer,
Waltham, MA, USA) using CA parameters, excitation and emission
wavelength 492 nm and 520 nm respectively. Similar to the procedure
adopted for CA, to mimic an hydrophobic model drug, NR has been used
and the experiment was carried out in the same conditions described for
CA. At pre-determined time intervals aliquots from external medium
were analysed using a UV-vis spectrophotometer (Lambda 25, Perki-
nElmer, Waltham, MA, USA). NR samples analyses were carried out in
scan mode (700-200 nm) following the NR characteristic peak at 570
nm, by means of a spectrophotometer equipped by 1.0 cm path-length
quartz cells. The “% Release” was calculated considering the ratio be-
tween the Fluorescence (CA) or the absorbance (NR), detected at specific
time point, over the Fluorescence (CA) or the absorbance (NR)
maximum of the samples.

After US treatment, formulations were characterized by DLS mea-
surement as reported in paragraph 3.2 and by Anisotropy analyses as
reported in section 3.4.1.

2.2.7. Electrophysiology

This study was carried out in accordance with the recommendations
of international guidelines on the ethical use of animals from the Eu-
ropean Communities Council Directive (2010/64/EU).

2.2.7.1. Slice preparation. C57BL6/J mice (30-40 days old, male and
female) were killed by decapitation. The brain was rapidly removed
from the skull and parasagittal hippocampal slices (350 pm) were cut
with a vibratome (VT 12008, Leica) in cold (0 °C) artificial cerebrospinal
fluid (aCSF) containing (in mM): NaCl (124); KCl (3); MgS04 (1); CaCl2

Table 3
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(2); NaH,PO4 (1.25); NaHCO3 (26); glucose (10); saturated with 95%
O3, 5% CO- (pH 7.4), and left to recover for 1 h in aCSF at 33.5 °C.

2.2.7.2. Extracellular recordings. Extracellular field recordings were
performed in region CA1-CA3 of the hippocampus. Field excitatory
postsynaptic potential (fEPSP) was elicited with a stimulating electrode
placed in CA3 in the Schaffer collateral pathway and recorded with a
glass electrode placed in CAl. Paired pulse ratio (PPR) was assessed at
inter-stimulus intervals from 50 to 500 ms and was calculated as ratio of
the second fEPSP amplitude/first fEPSP amplitude. In synaptic plasticity
experiments, a baseline (20 min) was recorded before the induction of
Long-Term Potentiation (LTP) using a theta-burst stimulation protocol
consisting of four pulses at 100 Hz, with the bursts repeated at 5 Hz and
each tetanus including three 10-burst trains separated by 15 s. Then
responses were recorded for 1 h after tetanization and measured as
fEPSP amplitude normalized on baseline. Before recordings, some slices
were incubated with formulations (NSVs) for 30 min [39]. The dilutions
of NSVs (30 and 100 pM) were made considering the concentration of
Pluronic F-127 in a total volume of 10 mL of aCSF saturated with 95% O,
and 5% CO;. Results are reported as mean + S.E.M.

2.2.8. Statistical analysis

For the statistical analysis of NSVs or VNBs characterization studies,
two-way ANOVA was performed. Multiple comparisons were performed
according to Tukey’s test for ¢ -potential, hydrodynamic diameter, and
polydispersity index (PDI), respectively. Any p-value <0.05 was
considered statistically significant. A p-value of less than 0.05 (*p <
0.05) was considered significant. For ultrasound experiments data
shown are the mean + S.E.M of three independent assays. Statistical
differences between groups were analysed using Student’s t-test. The
difference was considered statistically significant at p value of less than
0.05. For electrophysiology experiments the statistical significance was
evaluated by Student’s t-test between 50 and 60 min following delivery
of conditioning trains. Statistical significance was set at p < 0.05 and n
was the number of slices.

2.3. Results and discussion

2.3.1. Characterization of niosomes and nanobubbles

Several formulations of NSVs and VNBs prepared with different
techniques were analysed in terms of hydrodynamic diameter and
C-potential and the selected formulations have been reported in Table 1.
Niosomes NSVs were prepared with thin layer evaporation technique
[31], while VNBs followed the same protocol reported in previous

Sonication protocols acoustic parameters generating High and Low Acoustic Pressure.

Experimental Acoustic Pressure f (MHz) Lpta (W/cm2) kPa (p7) Mechanical Index MI* = p~ / \ﬁ
High 0.65 4.21 450 0.56
High 1.0 3.72 811 0.81
High 2.4 3.10 1265 0.82
High 4.5 2.11 1930 0.91
Low 0.65 0.95 40 0.05
Low 1.0 0.46 40 0.04
Low 2.4 0.23 40 0.03
Low 4.5 0.11 40 0.02

*p” = negative pressure peak; f = US frequency.

Table 4

Size (DLS), charge ({-potential) and bilayer characterization in terms of anisotropy. Listed values are determined as the mean =+ standard deviation of n = 3 NSVs and n

= 3 VNBs sample measurements.

Sample Hydrodynamic diameter (nm) + SD {-potential (mV) + SD PDI + SD Anisotropy Acoustic attenuation (dB/cm)
NSVs 163.4 + 0.097 —8.45 + 0.191 0.253 + 0.001 0.15 2.1
VNBs 289.2 +12.38 —27.1 £ 4.55 0.281 + 0.041 0.23 14.3
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studies [18]. Both samples have been characterized in terms of hydro-
dynamic diameter, {-potential, PDI, anisotropy, and VNBs also in terms
of acoustic attenuation. The obtained results are reported in Table 4.
DLS analysis shows a hydrodynamic diameter increase of VNBs (289.2
nm) with respect to NSVs (163.4 nm) and this data suggest the inclusion
of gas into the vesicles. This result is supported by both anisotropy and
ultrasonic attenuation measurements. In fact, in Table 4 it is possible to
observe that the anisotropy value (parameter related to bilayer rigid-
ity/fluidity, higher anisotropy values correspond to higher bilayer ri-
gidity) increases in VNBs samples with respect to NSVs, probably due to
the gas interaction with the bilayer vesicles [40]. Furthermore, the
acoustic efficiency of the empty and loaded vesicles (measured by a
pulse-echo technique) confirms the gas internalization highlighted by
the significant higher acoustic attenuation of VNBs with respect to NSVs
(14.3 dB/cm and 2.1 dB/cm respectively). NSVs exhibit a (low) acoustic
attenuation solely due to the acoustic impedance mismatch between the
NSVs outer shell and the buffer solution leading to a reflection of a small
fraction of the incident acoustic energy.

Tacking in to account the {-potential values reported in Table 4 it is
possible to observe significant differences between NSVs and VNBs. In
particular, the samples prepared in presence of gas, are characterized by
{-potential values more negative in comparison with NSVs. Probably,
the gas internalization affects the Pluronic distribution within the vesi-
cles bilayer, leading to an increase of the Pluronic charged moiety to-
wards the external surface of the VNBs (Fig. 2) [40]. Consequently, the
C-potential values decrease from —8.45 to —27.1 mV also affecting
vesicle stability as discussed below. Finally, it is possible to underline
that, for both formulations, the collected size range is suitable for the
N2B delivery [41] and that both formulations are characterized by an
appropriate PDI value (below 0.3) that represent a monodisperse sample
[42]. (FDA’s “Guidance for Industry” concerning liposome drug prod-
ucts emphasizes the importance of size and size distribution as “critical
quality attributes (CQAs)”, as well as essential components of stability
studies of these products) [42].

2.3.1.1. Morphological characterization. Fig. 3 shows the transmission
electron micrographs of the empty NSVs and corresponding VNBs after
PFC filling. Both samples showed an almost spherical shape. A thin shell
surrounding the core of vesicles suggested an envelope with likely uni-
lamellar structure. Surface morphology did not appear significatively
different between empty, and gas filled vesicles. Although subject to
artefacts introduced by sample preparation due to drying steps, TEM
images indicated that the vesicle sizes are in agreement with those
measured by DLS. PFC filled nanobubbles appeared larger compared to
empty niosomes due to gas internalization.

2.3.2. Stability studies

2.3.2.1. Physical stability over time. The sample stability over time is
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fundamental for the development of a commercial product to be
employed in diagnostics or theranostic field. At this purpose, physical
stability (Figs. 4 and 5) over time for both samples (NSVs and VNBs),
was carried out detecting hydrodynamic diameter, (-potential and
acoustic efficiency variation until up to 45 days at two different storage
temperatures, 4 °C and room temperature (RT). By the results obtained
it is possible to conclude that NSVs at 4 °C storage temperature was
stable in terms of size and {-potential while at RT its hydrodynamic
diameter significatively increased during the experiment. Probably, the
dispersed vesicle stability was affected by temperature and {-potential
values. In fact, the colloidal dimensions at 4 °C were maintained because
of the reduced collision events between dispersed vesicles. At RT, the
collision phenomena are more significant, and the very low {-potential
value doesn’t preserve the sample by coalescence phenomena with
consequent size increasing [43-46]. On the other hand, VNBs are stable
at both temperature in terms of hydrodynamic diameter until 45 days,
probably thanks to {-potential value (~—30 mV) [47] that assures a
good colloidal stability due to the presence of electrostatic repulsion
force that prevent aggregation phenomena. The vesicle stability could
be also influenced by bilayer rigidity. A slight increase of anisotropy
values was observed for VNBs with respect to NSVs indicating an in-
crease in the bilayer rigidity that could enhance the nanocarrier stability
[45,48].

Fig. 6 reports VNBs stability over a period of 45 days measured in
terms of acoustic attenuation probed at 14 MHz with a pulse-echo
technique. Acoustic attenuation decreases with time with a slower
decrease for VNBs stored at 4 °C than for those stored at 25 °C. After 45
days, VNBs stored at 4 °C show an attenuation well above 7 dB/cm, a
value comparable to that of some commercially available ultrasound
contrast agents (UCA) such as Sonovue® or Levovist® [49,50] that,
moreover, being unstable they must be reconstituted at the time of
application.

2.3.2.2. Stability in simulated biological fluid. Intranasal administration
is an attractive possibility to enhance the biodistribution and localiza-
tion of the entrapped drug inside the nanocarriers to CNS. To evaluate
the effect of physiological media on the nanocarrier integrity, in vitro
stability studies in simulated nasal fluid (SNF) were carried out. In more
detail, stability studies were carried out in SNF containing mucin (0.1%
w/v) at 34 °C evaluating the vesicle size variations by DLS for 3h as
described before (Section 2). By the obtained results reported in Fig. 7, it
is possible to observe only a slight increase of the nanocarrier di-
mensions during the experiment that could be explained by a partial
coating of the vesicles surface by SNF components. Despite this, it is
possible to conclude that SNF doesn’t affect the vesicles’ integrity [51].

The stability of NSVs was also studied in artificial cerebrospinal fluid
(aCSF, Fig. 7) to mimic the effect of the media on the vesicle stability
after intranasal administration. The experiments were carried out at
37 °C evaluating the vesicle size by DLS for 3h as described before
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Fig. 2. Schematic cartoon of supposed gas-vesicle interaction: effect on the surface charge: (A) Niosomes NSVs; (B) Supposed interaction of PFC with surfactant

bilayer components; (C) VNBs results.
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Fig. 3. Electron micrographs: (A) niosomes and (B) nanobubbles visualized by negative staining.
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(Section 2) [26]. During the experiment, no significant changes in hy-
drodynamic diameter were observed therefore it is possible to conclude
that aCSF media doesn’t affect the vesicles integrity [52].

2.3.3. Invitro release capability by NSVs

In vitro release studies of CA-NSVs and NR-NSVs in Hepes and aCSF
have been carried out to study the effect of different media on the release
capability of the vesicles and the data obtained are shown in Fig. 8. The
total amount of released CA of NSVs is around 100% at 24 h in Hepes
buffer and a similar released amount of CA in aCSF has been shown. The
same results are obtained by NR release study. In fact, the NR percent

released is the same in both media. The lower amount of NR released
with respect to CA, probably is related to its lipophilic nature [53]. In
conclusion, it is possible to conclude that the aCSF media doesn’t in-
fluence the release capability of the nanocarriers.

2.3.4. Acoustic and ultrasound results

2.3.4.1. US treatment for VNBs stable cavitation. A set of US experiments
performed on the drug CA loaded VNBs, were designed to determine US
parameters generating the minimum acoustic pressure able to induce a
stable cavitation effect. In fact, cavitation affecting VNBs’ structure in a



N. Maisto et al.

Journal of Drug Delivery Science and Technology 90 (2023) 104977

Acoustic Attenuation of VNBs over time measured at 14 MHz

=

~

Acoustic Attenuation (dB/cm)
o o o

EN

[}

1
el
0
RT

u | Day

u 15 Days
30 Days
45 Days

I
s
4°C

Fig. 6. Acoustic attenuation over time at 14 MHz: Results of acoustic attenuation stability over time of VNBs at room temperature (RT) and at 4 °C measured at

14 MHz.

NSVs Stability in Simulated Biological Fluid

300

200

100

~—0— SNF ——aCSF
g
g
8
15}
g 3
S 3 ¢ *
o) j;; 3 -3
= . 4
g = 9
=}
3
<]
B
>
jan)
0 4 8 12 16 20 24

Time (h)

Fig. 7. Stability studies in biological fluids: Stability studies in the presence of SNF and mucin (0.1% w/w) and aCSF, following variation of hydrodynamic diameter

values of empty niosomes (NSVs).

reversible manner, would enhance the amount of the fluorescent drug
released, whose monitoring acts as marker of success. The goal was to
establish an appropriate combination set of US parameters able to
induce stable cavitation while still keeping the index of safety, “me-
chanical index” (MI), below its safety threshold limit, MI value < 0.7, as
established by the British Medical Ultrasound Society [54], in order to
avoid tissue damage or induced bleeding. This goal is two-fold impor-
tant: for safety reason in in-vivo experiments, and for demonstrating that
our VNBs formulation of the size ~300 nm can be induced to stable
cavitation. The latter is a task relevant for performing future in vivo
experiments since VNBs should co-adjuvate the delivery of drug loaded
NSVs.

To this purpose several experiments were performed at 4 different
frequencies, namely 0.65, 1.0, 2.4 and 4.5 MHz, and electric power was
varied to increase the acoustic pressure until a clear effect on the VNBs

drug release kinetic was recorded, the corresponding acoustic pressure
was fixed as the High value in Table 3. A clear effect increasing the rate
of drug release from VNBs was visible for 0.65 MHz as well as 1.0 MHz,
while no marked effect was visualized even at the highest acoustic
pressures of ~ 1.2 and ~ 1.9 MPa respectively reached with 2.4 and 4.5
MHz. Hence a time course release followed for over 30 h was monitored
only for the 0.65 and 1.0 MHz frequencies. In Table 5 are reported the
estimates of the kinetic constant for the drug release of the CA loaded
VNBs in control and US sonicated wells obtained by fitting the time-
course acquired data (Supplementary material Fig. S6).

The speed of drug release is thus increased of 2.1-fold for the soni-
cation conditions at 0.65 MHz while the increase is of ~ 1.5-fold at 1.0
MHz.

Tests were also performed to verify a) that integrity of the dialysis
membrane was not affected by the acoustic pressure exposure and b)
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Table 5

Data on the fluorescent probe release kinetic constant were obtained by mea-
surements of the CA concentration released into the buffer at several timepoints
and fitting the triplicate data with an equationy = A (1 — e 5%). The resulting
values of B for 0.65 and 1.0 MHz are shown below.

Condition Kinetic constant at 0.65 MHz Kinetic constant at 1.0 MHz
[h'1+SD [h'1+sD

Us 0.34 + 0.09 0.28 + 0.09

Ctrl 0.16 + 0.02 0.19 + 0.04

that the VNBs were not destroyed during the high intensity sonication.
In fact, the Hydrodynamic Diameter evaluated for the VNBs after being
exposed to cavitation (Supplementary Material Table S4) were roughly
20% increased for the 0.65 MHz, while were about 4% decreased in the
1.0 MHz US sonication. In both cases considering that these values are
averages of a population distribution, they are not large enough to be
considered significative.

The lower frequency of 0.65 MHz was then chosen to continue the
characterization as the most suitable since its MI value of 0.56 was well
below the threshold limit of 0.7, Table 3, and its increase in the kinetic of
drug release is larger than that of 1.0 MHz.

The evidence that the lower US frequency, 0.65 MHz, results into a
CA release at about 450 kPa of peak negative pressure, and requires
slightly more that 800 kPa for the 1.0 MHz is in agreement with the
theoretical studies by Apfel & Holland (1991) [55] and Ahmadi &
McLoghlin (2013) [56], where they show that it is possible to
semi-quantitatively describe with an analytical function the relationship
between the bubble behaviour and the acoustic wave frequency (SF) and
that the behaviour can define a cavitation threshold which depends on
the negative peak of the acoustic pressure and the diameter of the
bubble. The former produced a simplified analytical model applied to SF
of 1 MHz or higher, while the latter bridged the gap left for the fre-
quencies lower than 1 MHz, extending the equations of the analytical
model and applying them for SF in the range 20 kHz up to the MHz
range.

Taking into account both the studies, semi-quantitatively the cavi-
tation threshold for a nanobubble of approximately ~300 nm is expected
>400 kPa at 650 MHz, while for 1.0 MHz is expected >700 kPa.

The fact that we don’t have evidence of drug release at the higher SFs
might be interpreted as lack of stable cavitation, having not reached the
minimum threshold of acoustic pressure necessary for the bubble to
resonate in the acoustic field.

2.3.5. Electrophysiological results

2.3.5.1. The effect of NSVs on paired pulse facilitation and long-term
potentiation. In the view to use this model of NSVs to delivery drugs to
the brain for the treatment of neurodegenerative disorders, electro-
physiological recordings on ex vivo hippocampal slices were performed
to evaluate the effect of NSVs on synaptic transmission and plasticity
(Fig. 9A Schematic representation of hippocampal slices incubation
process before electrophysiological recordings). In particular, it was
carried out extracellular field recordings in area CA1-CA3 of hippo-
campus to assess the PPR and LTP of pre-treated slices with NSVs for 30
min. Dilutions of NSVs (30 and 100 pM) tested were made considering
the concentration of Pluronic F-127, based on results showed by Plur-
onic P-188 which has similar molecular structure [57], and also
considering the relative concentration of Span 85 which is cytotoxic at
high dose [58]. The PPR obtained from slices pre-treated with NSVs at
both concentrations tested (30 and 100 pM) did not show any difference
compared to control, in fact data indicated that, at all interpulse in-
tervals, PPR was indistinguishable between groups (p > 0.05; Fig. 9B).
To provide evidence that NSVs do not affect synaptic plasticity, LTP
experiments were performed from slices pre-treated with different
concentrations. The magnitude of potentiation observed in slices
pre-treated with NSVs (30 pM: 150.82 + 3.04; 100 pM: 145.63 + 3.18)
was comparable to the control slices group (148.29 + 7.03) (p > 0.05,
Fig. 9C and D).

3. Conclusion

In this work new NSVs (for drug delivery) and VNBs (potentially able
to increase the permeability to the brain of NSVs) based on Pluronic F-
127, Span 85 and cholesterol were designed, prepared, and deeply
characterised. NSVs and VNBs hydrodynamic diameters were suitable
for the supposed administration route and both nanocarriers were
resistant and stable in artificial biological fluids (aCSF and SNF) [41]. In
addition, both formulations have been evaluated in terms of storage
stability time at two temperatures (4 °C and RT) and NSVs were stable
until up to 45 days at 4 °C, while VBNs at both temperatures of the
experiments. Moreover, VBNs were characterised by a significant
acoustic attenuation (14.3 dB/cm) and PFC entrapment efficiency
resulting in being able to respond to an US field.

In fact, an in vitro US treatment was performed with suitable pa-
rameters to induce stable cavitation, as evidenced by the kinetic release
increase of a fluorescent probe loaded inside the VNBs, and the result
was achieved without affecting the structure of VNBs since the hydro-
dynamic diameter does not undergo significant changes after US field
exposure. The increased release kinetic was obtained at 0.65 MHz and
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Fig. 9. NSVs do not affect hippocampal synaptic plasticity: Data are presented as mean + SEM. (A) Schematic representation of incubation process of hippocampal
slices; (B) PPR induced by pairs of stimulation delivered at several interstimulus intervals (50, 100, 200, 300, 500 ms); (C) Above representative traces for vehicle and
both conditions (30 and 100 pM) are shown; below summary graph of the averaged time course of LTP (Vehicle, n = 5; NSVs 30 pM, n = 5; NSVs 100 pM, n = 5)
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had an MI = 0.56 which is well suitable for in vivo studies.

In the light of functional results, in which NSVs do not induce any
variation in synaptic transmission and plasticity, this kind of NSVs
model could be used to deliver drugs to the brain for the treatment of
neurodegenerative disorders.
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