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Dual-responsive magnetic nanodroplets for controlled
oxygen release via ultrasound and magnetic stimulation

A method for decorating ultrasound-sensitive oxygen-
loaded nanodroplets with magnetic nanoparticles

is reported, to obtain dual-responsive drug delivery
nanosystems. A comprehensive analysis of the
physicochemical properties of these nanosystems confirms
their suitability for oxygen release applications, following
the magnetic droplet vaporization induced by alternating
magnetic fields. This positions the magnetic nanodroplets
as promising candidates for the development of innovative
oxygen delivery systems in biomedical fields.
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Magnetic oxygen-loaded nanodroplets (MOLNDs) are a promising class of nanomaterials dually sensitive

to ultrasound and magnetic fields, which can be employed as nanovectors for drug delivery applications,

particularly in the field of hypoxic tissue treatment. Previous investigations were primarily focused on the

application of these hybrid systems for hyperthermia treatment, exploiting magnetic nanoparticles for

heat generation and nanodroplets as carriers and ultrasound contrast agents for treatment progress

monitoring. This work places its emphasis on the prospect of obtaining an oxygen delivery system that

can be activated by both ultrasound and magnetic fields. To achieve this goal, FesO4 nanoparticles were

employed to decorate and induce the magnetic vaporization of OLNDs, allowing oxygen release. We

present an optimized method for preparing MOLNDs by decorating nanodroplets made of diverse fluoro-

carbon cores and polymeric coatings. Furthermore, we performed a series of characterizations for better

understanding how magnetic decoration can influence the physicochemical properties of OLNDs. Our
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1. Introduction

In recent years, oxygen delivery systems based on nano-
materials have gained interest in developing new therapeutic
treatments for hypoxic tissues caused by various diseases,
such as cancer, diabetes, and infections.'™® Fluorocarbon com-
pounds, which are linear, cyclic or polycyclic fluorine-substi-
tuted hydrocarbons, have been identified as ideal candidates
for the development of carriers for oxygen release, such as
oxygen-loaded nanobubbles (OLNBs) or oxygen-loaded nano-
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comprehensive analysis demonstrates the efficacy of magnetic stimulation in promoting oxygen release
compared to conventional ultrasound-based methods. We emphasize the critical role of selecting the
appropriate fluorocarbon core and polymeric coating to optimize the decoration process and enhance
the oxygen release performance of MOLNDs.

droplets (OLNDs), due to their stability, inertness, and high
solubility in stabilizing gas.”* OLNBs and OLNDs differ in
their physical state, gas and liquid respectively, depending on
the boiling temperature of the fluorocarbon employed for their
synthesis.

In the literature, most of the OLNBs and OLNDs that have
been tested are based on perfluoropentane (PFP) core and dec-
afluoropentane (DFP) core, respectively. These fluorocarbons
are characterized by different boiling points, comprised in the
ranges 28-32 °C for PFP and 51-55 °C for DFP.” The oxygen
release from such systems is based on the acoustic cavitation
mechanism, i.e the growth and oscillation of bubbles in a
solution under ultrasound (US) field exposure. Depending on
the applied acoustic pressure in the solution, cavitation can be
stable or inertial. If the pressure is low, cavitation is stable and
the bubbles oscillate around their resonant size, allowing for
controlled oxygen release. In contrast, if the pressure is high,
inertial cavitation occurs, which leads to violent bubble
collapse.’*"”

Liquid formulations of OLNDs have shown a series of
advantages compared to OLNBs. Among the others, more
efficient performance in the oxygen release has been demon-
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strated, together with the exhibition of a reduced size profile,
potentially allowing them to travel through nanoscaled inter-
endothelial gaps, typically found in the fenestrated capillaries
associated with tumor environments.>*'® OLNDs can undergo
acoustic cavitation after their vaporization into microbubbles
(diameter in the range of 10-100 pm) due to the interaction
with an energy source, which induces an increase in the local
temperature up to the fluorocarbon boiling point. Standard
methods for inducing vaporization, such as acoustic droplet
vaporization or optical droplet vaporization, use US or optical
stimuli.'®*°® However, these conventional approaches present a
limited ability to reach deeper target regions of the human
body while maintaining controlled side effects. This limitation
arises from the dependence of energy source penetrability on
the specific properties of the tissues that need to be crossed.”*
A possible solution to overcome this limit is the exploitation of
the heat released by the activation of magnetically functiona-
lized OLNDs with radiofrequency magnetic fields, to allow for
magnetic droplet vaporization and consequentially to activate
the oxygen release.?’** The advantage of using magnetic fields
as stimuli is that their penetration in the body is not affected
by the tissue properties, thus greater penetration depths can
be achieved. Magnetic functionalization can be obtained by
decorating the OLND surface with magnetic nanoparticles
(MNPs), which are able to release heat when excited with alter-
nating current (AC) magnetic fields with frequency typically in
the range of 100 kHz-1 MHz. In particular, the field induces a
cyclic response of the MNP magnetization configuration,
which leads to heat generation, mainly due to hysteresis
losses.>® The capability of MNPs to release heat is generally
expressed with the specific loss power (SLP) parameter, which
describes the power dissipated per unit mass of magnetic
material and can be derived from thermometric or calori-
metric measurements.>*

Recently, there have been a few studies investigating the
magnetic droplet vaporization mechanism as well as the
functionalization and conjugation processes to obtain hybrid
multi-responsive nanocarriers with acoustic and magnetic pro-
perties.”> While some works have explored the application of
magnetic droplet vaporization to other theranostic nano-
systems, such as heat mediators for magnetic hyperthermia
treatment®” or contrast agents for US imaging,”" none of these
studies have considered the oxygen delivery as a therapeutic
mean. On the other hand, particular attention has been paid
to the evaluation of in vitro biocompatibility, cell internaliz-
ation, and magnetic hyperthermia efficacy of magnetically
decorated OLNDs.?®"3°

In this framework, we focus on the preparation and charac-
terization of magnetic OLNDs (MOLNDs), obtained by decorat-
ing OLNDs with Fe;O, nanoparticles (NPs). These hybrid
nanomaterials were investigated for the application of mag-
netic droplet vaporization in oxygen delivery. The synthesis of
OLNDs was performed by using two types of fluorocarbon
cores, based on PFP or DFP, and two polymers as coating,
dextran or chitosan.'” The Fe;O, NPs were prepared via co-pre-
cipitation method.**
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We conducted a comprehensive physicochemical character-
ization to investigate the impact of Fe;O, NP inclusion on the
properties of nanodroplets. Furthermore, we indirectly
assessed the effectiveness of the magnetic decoration through
two distinct experiments. These experiments involved the
examination of magnetic features exhibited by the prepared
MOLNDs, scrutinizing whether their streaming velocity and
trajectory within solution were influenced by the gradient of a
magnetic field generated by a permanent magnet.
Subsequently, we evaluated the efficacy of oxygen release
under both acoustic and magnetic stimuli, analyzing the
different performance of MOLNDs with respect to variations in
fluorocarbon core and polymer coating types. The results, par-
ticularly in terms of oxygen concentration released via the AC
magnetic field activation, demonstrated competitive perform-
ances compared to the conventional US-mediated method
applied to OLNDs.

2. Results and discussion

2.1. Analysis of nanodroplet physicochemical and
dimensional properties

Four different samples of OLNDs were synthesized in liquid
phase through a sonication procedure, using two different
fluorocarbons as core, DFP and PFP, and two different poly-
mers as coating, dextran and chitosan. The oxygen-storing
capacity of the samples has been investigated in previous
studies, showing a loading of 0.45 mg mL "> For each
sample, MOLNDs were obtained through a surface decoration
with Fe;O, NPs, as schematized in Fig. 1A. The used Fe;0,
NPs, which were previously characterized in terms of physico-
chemical and dimensional properties,® present a quasi-
spherical shape and an average size of about 10 nm, forming
aggregates with dimensions in the order of 150 nm. Moreover,
their magnetization curve demonstrates a dominant super-
paramagnetic behavior at room-temperature.’> The prepared
OLNDs and MOLNDs were compared after performing an
exhaustive characterization of their physicochemical and
dimensional properties, through scanning electron microscopy
(SEM), transmission electron microscopy (TEM), dynamic light
scattering (DLS), and ¢ potential analysis (Fig. 1).

Representative SEM images of the marks left by DFP-based
nanodroplets with chitosan coating on a silicon wafer after
drying are shown in Fig. 1B. In the image of OLNDs (left), it is
possible to appreciate quasi-circularly shaped halos with
dimensions of a few hundred nanometers, made of the solid
residues left on the silicon substrate by the liquid droplets
after they collapse and evaporation. In the image of MOLNDs
(right), clusters of Fe;O, NPs can be observed in proximity to
the droplet halos, as a proof of their localization on the
droplet external surface.

Higher resolution images were obtained with TEM, as illus-
trated in Fig. 1C for DFP-based MOLNDs with chitosan
coating. These pictures clearly show the presence of Fe;0, NP
aggregates on the nanodroplet surface, confirming the results

This journal is © The Royal Society of Chemistry 2024
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(A) Schematic representation of MOLND structure. (B) Representative SEM images of the marks left on a silicon substrate by DFP-OLNDs

(left) and DFP-MOLNDs (right), both with chitosan coating, after drying. (C) Representative TEM images of chitosan-coated DFP-MOLNDs. (D) DLS

size distributions of OLNDs and MOLNDs with different coatings and cores.

obtained with SEM and corroborating the effectiveness of the
magnetic decoration.

The histograms of the hydrodynamic size distributions
measured with DLS are shown in Fig. 1D and their mean
values and standard deviations evaluated over 5 measurements
are reported in Table 1. The results indicate that the dimen-
sions of OLNDs with different cores (DFP or PFP) are similar,
providing evidence that the fluorocarbon composition does
not significantly impact on their size.> Conversely, the type of
the coating affects the droplet size, as confirmed by the larger
diameter of chitosan-coated OLNDs compared to that of
dextran-coated ones. Moreover, the surface decoration of

Table 1 Mean hydrodynamic diameters and ¢ potential values of all the
studied samples

Diameter + ¢ ¢ Potential +
Sample (nm) o (mV)
Fe;0, NPs 13535 —24.8+0.5
OLNDs Core Coating  Decoration
DFP  Chitosan X 419+ 15 39.5+ 2.5
v 627 + 22 24.7 £1.4
Dextran X 285 + 16 —21.7+3.9
v 345+ 15 -18.4+0.3
PFP  Chitosan X 407 £ 11 54.9+ 2.8
v 638 + 21 40.5+1.0
Dextran X 292 £ 12 —-50.9+1.8
v 563 £ 25 —25.6+0.6

This journal is © The Royal Society of Chemistry 2024

OLNDs with Fe;O4 NPs is confirmed by an increment in their
mean size, regardless of the core and coating employed.

Table 1 also reports the mean ¢ potential values and the
standard deviations for each sample, evaluated over 5 measure-
ments. The type of coating agent has a strong influence, with
dextran resulting in a negative ¢ potential, while chitosan in a
positive one. Moreover, Fe;0, NPs exhibits a negative { poten-
tial, which could result in a higher MNP loading level with the
chitosan coating due to attractive electrostatic forces resulting
from opposite surface charges. Furthermore, the surface dec-
oration with Fe;0, NPs affects the ¢ potential, with a decrease
in its absolute value for MOLNDs in comparison to their
corresponding OLNDs, indicating a lower stability of the
suspensions.

Additionally, the OLNDs and MOLNDs acoustic response
was investigated by collecting the signal emitted during
droplet excitation using US fields, with a passive cavitation
detector. The results obtained for the acoustic response of the
nanodroplets with DFP-core are shown in Fig. 2, while the
ones obtained for the PFP-core are shown in Fig. S1 of the
ESI.} Three spectra at increasing acoustic pressures from 0.47
MPa to 1.54 MPa are reported for both OLNDs and MOLNDs
in Fig. 2A, where it is possible to observe the acoustic spectra
emitted by DFP-core samples, characterized by the increase of
harmonics bands, as the ultrasonic pressure at 1.1 MHz
increases. These bands are associated with stable cavitation
activity related to forced bubble oscillations in the solution.

Nanoscale, 2024, 16, 1711-1723 | 1713
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(A) Acoustic spectra of DFP-core OLNDs and MOLNDs with chitosan and dextran coating, measured at three acoustic pressures (0.47, 0.78

and 1.54 MPa). (B) Cavitation Noise Power (CNP) values evaluated in the acoustic pressure range 0.47-1.74 MPa for DFP-core nanodroplets: com-
parison between OLNDs (top) and MOLNDs (bottom). The reported results are based on the average of three acquired values.

Interestingly, for MOLNDs there is an increase in the peak
amplitude when considering the lowest acoustic pressures
(0.47 MPa and 0.78 MPa), indicating a stronger emitted acous-
tic signal. The different behavior of OLNDs and MOLNDs can
be attributed to the presence of Fe;O, NPs in the solution,
which enhances the acoustic field scattering events, generating
a local increase in pressure and, consequently, in cavitation
activity. Thus, the magnetic decoration reduces the acoustic
pressure threshold for entering the stable cavitation regime
towards lower values. As a result, MOLNDs require lower press-
ures to enable controlled oxygen release while minimizing the
potential side effects associated with high acoustic power.
However, this difference is less evident at the highest value of
acoustic pressure here considered (1.54 MPa), due to the onset
of inertial cavitation events for both samples. To quantify iner-
tial cavitation activity, the acoustic spectra were processed
using cavitation noise spectrum analysis, which assumes that
the shock waves, generated during bubble collapse produce
white noise in the spectrum.*® The analysis was carried out
through the evaluation of the cavitation noise power (CNP)
indicator,®® obtained by first transforming the spectra from
linear to logarithmic scale, according to the relationship:

1,
Igg = 20 -log,, (ILV)
0

1714 | Nanoscale, 2024, 16, 1711-1723

where I4p is the spectrum amplitude in logarithmic scale, I, is
the minimum intensity value acquired for each spectrum fil-
tered of all the harmonics and ultra-harmonics components,
in order to emphasize white noise contribution, and I,y is the
amplitude value acquired in the linear scale. To obtain the
CNP indicator, Igg was then integrated over frequency, as
follows:

CNP = j Iis(FAf ~ Y Tan(f)A. (2)

Fig. 2B displays the CNP indicator obtained for the nano-
droplets with DFP-core; a large value of CNP means a large
acoustic signal generated by inertial cavitation. The results
demonstrate that the increase in acoustic pressure causes the
CNP to rise after reaching a specific threshold, which varies
depending on the type of core and coating. The pressure range
before the threshold allows the identification of the optimal
working conditions to prevent possible drawbacks from iner-
tial cavitation regime.

Furthermore, the type of coating used affects the cavitation
behavior. The chitosan coating provides a more rigid structure
compared to dextran, resulting in the triggering of inertial
cavitation at higher acoustic pressures for both OLNDs and
MOLNDs. Additionally, the magnetic decoration reduces the
threshold for the inertial cavitation regime to lower pressures

This journal is © The Royal Society of Chemistry 2024
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due to the enhancement of acoustic wave scattering events, as
already discussed for stable cavitation.

Similar results are obtained for PFP-core samples, as
reported in Fig. S1 in the ESI,7 but with more intense signals
from both stable and inertial cavitation analysis due to the
lower boiling temperature of PFP, thus resulting in a higher
percentage of cavitated nanodroplets.

2.2. Analysis of magnetic nanodroplet behavior under
magnetic field gradients

The effectiveness of the decoration of OLNDs with Fe;O, NPs
was also qualitatively tested by investigating the trajectory of
MOLNDs under the effect of a magnetic field gradient pro-
duced by a permanent magnet. The presence of the magnet,
responsible for a magnetic attractive force on the Fe;O, NPs
bound on the nanodroplet surface, affects MOLND trajectory
causing streaming velocity variations and deflections. This was
demonstrated by conducting two different experiments.

The results obtained from the first experiment are shown in
Fig. 3. Through the setup reported in Fig. 3A, MOLNDs were
excited by US. Upon interacting with the acoustic field,
MOLNDs are pushed towards fixed positions along the acous-
tic field lines, specifically nodes and antinodes, where they
tend to agglomerate.*® After the US excitation is turned off, the
MOLNDs depart from these fixed points. Their trajectories
were recorded both in the absence and in the presence of a

A
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permanent magnet and used to determine the streaming vel-
ocity variations of the MOLNDs.

In Fig. 3B, three subsequent ecographic frames are pre-
sented, selected for a clear visualization of the trajectories of
the MOLNDs, recorded for the chitosan-coated DFP-MOLNDs
in the presence of the magnet (indicated with the red box).
These frames provide evidence of the influence of the mag-
netic field gradient on the MOLND paths. In this case, the
MOLNDs experience an enhanced streaming velocity with a
preferred direction towards the magnet (as indicated by green
and yellow circles), whereas without the magnet, MOLNDs
exhibit random motion in all directions (see .GIF file recorded
by ecographic probe present in the ESI{).

The average velocities of the DFP- and PFP-core MOLNDs in
the same conditions are reported in Fig. 3C. The influence of
the magnetic field leads to a significant increase in streaming
velocity, at least twice, confirming the previous preliminary evi-
dence and, thus, the successful magnetic decoration for all the
samples. Furthermore, these results also point out a difference
due to the coating type. In particular, the chitosan-coated
MOLNDs are characterized by a higher streaming velocity than
the dextran-coated ones, which could be associated with a
higher MNP loading. This confirms the presence of electrostatic
attraction forces between chitosan coating and Fe;O, NPs, in
accordance with the ¢ potential values reported in Table 1.

The results obtained from the second experiment are
shown in Fig. 4. Fig. 4A schematizes the microfluidic setup
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(A) Schematic representation of the setup used to record the droplet behavior by means of ecographic probe. (B) Frames at three successive

time instants, following the US excitation, of the trajectory of chitosan-coated DFP-MOLNDs, under the action of a permanent magnet (red box);
green and yellow circles track the droplet movement over time. (C) Average streaming velocities of DFP-MOLNDs (left) and PFP-MOLNDs (right) in
presence and absence of the magnet. [The figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative

Commons Attribution 3.0 unported license].

This journal is © The Royal Society of Chemistry 2024

Nanoscale, 2024,16,171-1723 | 1715


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr04925f

Open Access Article. Published on 05 December 2023. Downloaded on 12/10/2025 3:23:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

employed to investigate how the trajectory of MOLNDs is
affected by the presence of a permanent magnet, displaced in
four different positions with respect to the micro-channel. The
deflection angle and the streaming velocity of MOLNDs were
extrapolated from the acquired images for each magnet posi-
tion (Fig. 4B). Fig. 4C and D show the obtained deflection
angles and streaming velocities, respectively, for the
DFP-MOLNDs. The placement of the magnet laterally to the

02"

0 Observation point

View Article Online
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MOLNDs flow (positions #3 and #4) results in a deflection
angle in the investigated frame of approximately 15° from the
original trajectory, accompanied by a slight decrease in the
average values of the streaming velocity. Conversely, the vari-
ations in the deflection angle are not significant in the
absence of the magnet or when the magnet is positioned
along the flow directions on top of the micro-channel surface
(positions #1 and #2). Since the magnet is magnetized out-of-
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Fig. 4 (A) Picture (top) and schematic (bottom) of the microfluidic setup for investigating MOLND trajectories under the action of a permanent

magnet, in four different positions. (B) Frames at two subsequent time instants displaying the trajectory (white continuous arrow) of chitosan-coated
DFP-MOLNDs (green circle) under magnet influence. (C) Mean values of deflection angle obtained for DFP-MOLNDs with both chitosan and dextran
coating. (D) Mean values of streaming velocity obtained for DFP-MOLNDs with both chitosan and dextran coating, normalized with respect to the
‘No Magnet’ case. Trajectories in xz-plane calculated for (E) chitosan-coated DFP-MOLNDs and (F) dextran-coated DFP-MOLNDs, for magnet posi-
tion #3. (G) Trajectories in the xy-plane calculated for chitosan-coated DFP-MOLNDs, for magnet position #1. In the simulation graphs, the magnet
center is positioned at x = 20 mm.
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plane, practically no deviations of the MOLND trajectory are
indeed expected in the xz-plane, but in the xy-plane, MOLNDs
are attracted by the magnet and thus move towards the
channel top surface. When the magnet is positioned after the
observation point (position #1), this attraction results in a sub-
stantial increase in the streaming velocity, which is approxi-
mately 25% for chitosan-coated MOLNDs and 8% for dextran-
coated ones (Fig. 4D). For position #2, the streaming velocity is
reduced in the observation frame by about 22% for chitosan-
coated MOLNDs and 5% for dextran-coated ones. The stronger
velocity variations observed for the chitosan-coated samples
further confirm their greater MNP loading.

As can be appreciated, the standard deviations of measured
deflection angles and streaming velocities are significantly
wide. This is a consequence of different aspects: the quite
broad distribution of the MOLNDs size (as shown from DLS
measurements reported in Fig. 1D); the variations in the mag-
netic moment of the MOLNDs due to different level of MNP
loading; the variable position of MOLNDs when injected
within the micro-channel; the strong spatial variation in the
magnetic field that rapidly decays with the distance from the
magnet. In particular, as depicted in Fig. S2 in the ESI,{ the
magnetic field amplitude decreases from 25 kA m™" to around
10 kA m™" along the 1.5 mm width channel, corresponding to
a magnetic field gradient of 10 x 10° kA m™>.

As illustrated in Fig. 4E-G, the results of the microfluidic
experiments were further corroborated by numerical modeling,
which allowed us to have a more extended picture of the trajec-
tories of MOLNDs inside the micro-channel, depending on
their initial position at the inlet. Due to the considerable varia-
bility in the MNP loading level, there is a strong dispersion in
the MOLND magnetic moment at saturation. The reported
results provide just an illustrative example, assuming for all
chitosan- and dextran-coated DFP-core MOLNDs injected in
the micro-channel a saturation magnetic moment of 0.042 pA
m?® and 0.0085 pA m?, respectively. The trajectories calculated
in the xz-plane when the magnet is located at position #3 are
reported in Fig. 4E and F for chitosan and dextran coating,
respectively. For the latter, which are characterized by a
reduced MNP loading, associated with a lower magnetic
moment, the overall trajectories result to be less influenced by
the magnet presence. At larger distances from the magnet, the
trajectory is slightly deviated, and only the nanodroplets closer
to the magnet move towards it. On the contrary, for chitosan-
coated MOLNDs, regardless of the initial positions considered,
the nanodroplets tend to move towards the channel wall,
where the magnet is positioned. In Fig. 4G, we show the simu-
lation results obtained for the chitosan-coated MOLNDs when
the magnet is located at position #1. The trajectories in the xy-
plane put in evidence an opposed action of the magnet and
the gravitational force, which results to be dominant for the
MOLNDs near the channel bottom surface.

From simulation results, in all cases the deflection angles
strongly vary along the trajectory, reaching values in the order
of 90° when the MOLNDs approach the magnet. When com-
paring experimental and modeling results, strong discrepan-
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cies can be observed between the measured and calculated
deflection angles, and this can be attributed to various factors.
Firstly, the evaluation of MOLND trajectories in the experi-
mental analysis is limited to a small observation window (227
x 167 pm), which is only a fraction of the simulated area inside
the channel, falling across the curvature of the simulated tra-
jectories. Secondly, the model involves the assumptions of per-
fectly inelastic collisions, causing the stream of MOLNDs to
stop when they collide with the channel wall. Lastly, the simu-
lations assume a uniform distribution of magnetic decoration
across the droplet surface (section 6), whereas SEM and TEM
images have indicated the presence of MNP agglomerates with
diameters around 150 nm.

2.3. Oxygen release and evaluation of magnetic droplet
vaporization

The results related to the evaluation of oxygen release of all
the samples are reported in Fig. 5, showing the variation of the
oxygen concentration measured after the application of the
external stimuli. The oxygen release of OLNDs due to the
acoustic field inducing an acoustic pressure of 0.13 MPa was
recorded using the setup depicted in Fig. 5A, and measure-
ments over time are presented in Fig. 5B, where for each plot
the data of oxygen variation were evaluated with respect to the
minimum value collected during US exposure. Upon analyzing
the different cores, it is notable that for DFP-based OLNDs
(Tvoiling = 51 °C), the oxygen concentration in the solution
increases linearly, reaching significant high increments of
about 5 mg L' In contrast, for the PFP-core, which has a
lower boiling temperature (Thoiing = 29 °C), the release of
oxygen is less evident, and for dextran-coated OLNDs, it begins
before the US stimulation, as the vaporization process is being
triggered by the ambient temperature. The different behavior
between dextran and chitosan coatings could be attributed to
the less rigid dextran-based shell.

Fig. 5C depicts the setup used for evaluating the MOLND
oxygen release, induced by the heat generated via hysteresis
losses by the Fe;0, NPs,*® when exposed to AC magnetic
fields. The experiment was performed by applying a magnetic
field with a peak amplitude of 72 kA m™" and a frequency of
100 kHz, corresponding to an SLP around 90 W g~ for the
considered Fe;O, NPs.*' The relative oxygen concentration
variations measured at discrete temperatures are shown in
Fig. 5D. For each temperature condition, the oxygen concen-
tration was for 5 min before the experiment. Then, the sample
was exposed to the AC magnetic field until it reached the
desired temperature, and the oxygen concentration was
assessed for 5 min. The values shown in the graphs represent
the oxygen measurement following exposure to the AC mag-
netic field, as a variation with respect to the initial concen-
tration. Heating curves for some of these temperatures are
reported in Fig. S3 in the ESL T In this case, the different temp-
eratures at which oxygen is released are associated with the
core property: for DFP-based MOLNDs, the oxygen concen-
tration does not increase until 45 °C, while for PFP-based
ones, it rises significantly starting from 27 °C. This behavior
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(A) Visual depiction of the setup used to conduct oxygen release experiments on OLND samples during US exposure (fy = 1 MHz, P, = 0.13

MPa). (B) Variations of the oxygen concentration collected by the oximeter probe during US excitation over time (270 s). (C) Visual depiction of the
experimental system to evaluate oxygen release induced by the AC magnetic field stimulus. (D) Variation of oxygen concentration obtained for each
MOLND sample at selected temperatures. (E) Optical microscope images of magnetically vaporized MOLNDs. [The figure was partly generated using
Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license].

can be attributed to the different boiling points of the two
fluorocarbons, even if the temperatures at which oxygen con-
centration starts to rise are slightly lower than the two boiling
points. The reason is that the temperatures in the solution
were recorded with a fiber optic probe, which provides a local
measure of the temperature in the solution where the sensing
point is placed,*” while on the decorated nanodroplet surfaces
(i.e. near to the Fe;O4 NPs), it results in a higher temperature®
and thus closer to the actual fluorocarbon boiling point. In
terms of coating, chitosan MOLNDs demonstrate significant
oxygen release compared to dextran-coated ones. This behavior
confirms the higher level of MNP loading shown by the chito-
san-coated MOLNDs, as already supported by DLS
measurements.

In order to establish the magnetic droplet vaporization role
in the oxygen release, the MOLNDs samples were observed
with an optical microscope after being exposed to an AC mag-
netic field with peak amplitude and frequency values as
described above, which enable the target temperatures for

1718 | Nanoscale, 2024, 16,1711-1723

oxygen release. Fig. 5E displays relevant images of the treated
samples, clearly showing that, due to their increased dimen-
sions (in the order of 10-20 pm), the MOLNDs have undergone
the process of vaporization. Additionally, aggregates of Fe;0,
NPs are visible on the surface of the vaporized MOLNDs, con-
firming the magnetic decoration responsible for the heating
release under the AC magnetic field excitation.

From a qualitative analysis, it is possible to derive the
relationship between the temperature achieved in the solution
through AC magnetic field excitation and the activation of the
vaporization process specific for each sample. In particular,
vaporization for PFP-MOLNDs starts around 27 °C, with the
appearance of a few bubbles visible in the suspension. Their
amount progressively increases with temperature, peaking at
29 °C, and then decreases when overcoming the PFP boiling
point. For this reason, only a few bubbles can be observed at
37 °C. A similar behaviour is observed for DFP-MOLNDs, but
the vaporization process occurs at higher temperature. In par-
ticular, the nanodroplets start to vaporize at 45 °C, reach a

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Cell viability assessment, indicate as percentage of relative fluorescence unit (RFU), on A549 cell cultures after 72-hour incubation with
MOLNDs using resazurin assay. Control refers to cells without MOLND treatment, while other cell samples were treated with four different dilutions
of MOLNDs (1:20, 1:10, 1: 8, and 1:5) in the culture medium. The reported data are normalized with respect to the control, which is considered as
100%. RFU data are indicated as mean + SD (biological replicate no = 3). All the analyses with a p-value < 0.05 were indicated as statistically signifi-

cant (*p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

maximum quantity at 48 °C, and start to diminish at 51 °C.
Therefore, the different behavior of the DFP- and
PFP-MOLNDs is consistent with the boiling temperature of the
two fluorocarbons and with the results obtained in oxygen
release analysis.

2.4. Invitro cytotoxicity studies of magnetic nanodroplets

The cytotoxicity of the DFP- and PFP-core MOLNDs with chito-
san and dextran coating was evaluated through in vitro assays
using A549 human lung cancer cell line. Cell viability was
assessed using the resazurin assay. Cells were treated with
different dilutions of MOLND suspensions in the culture
medium (1:20, 1:10, 1:8, and 1:5) for 72 hours (h). Fig. 6
illustrates that cell viability is not reduced for the lowest
MOLND concentrations (1:20 and 1:10 dilutions) for both
the DFP- and PFP-cores. Notably, in the case of PFP-core
MOLNDs with dextran coating, there is even an increase of
nearly 20% in cell viability. However, for the 1:8 dilution we
observed different behavior based on the composition of the
core and coating of the MOLND samples. In particular, cell via-
bility is not affected by the treatment with PFP-core nanodro-
plets coated with dextran, while a reduction of approximately
20% is noticed in the case of chitosan coating. On the con-
trary, for the DFP-core MOLNDs a decrease of about 40% in
cell viability is observed for both coatings. Lastly, at the
highest MOLND concentration (1:5 dilution), cell viability
drastically decreases within the range of 60-90%. Although the
limited number of samples analyzed, these reductions are stat-
istically significant. Intermediate results obtained at 24 and
48 h exhibit a similar trend compared to the 72 h data (Fig. S4
in the ESI{).

This journal is © The Royal Society of Chemistry 2024

3. Conclusions

An optimized method for synthesizing OLNDs and for their
magnetic decoration with Fe;O, NPs has been presented,
addressing the gap in research for magnetic droplet vaporiza-
tion as a means for achieving therapeutic oxygen release.
Different types of MOLNDs were analyzed, varying their fluoro-
carbon-based core (DFP or PFP) and their surface coating
(dextran or chitosan). The effectiveness of the magnetic dec-
oration process was proved by SEM and TEM characterization,
as well as by the investigation of the deflection of the MOLND
trajectory under the effect of a magnetic field gradient. We
found that the magnetic decoration with Fe;O, NPs affects the
acoustic response of all the types of MOLNDs prepared,
showing a coherent shift of both stable and inertial cavitation
thresholds towards lower acoustic pressures. Magnetic droplet
vaporization was studied by exposing MOLNDs to 100 kHz
magnetic fields, which promote the release of heat from Fe;0,
NPs due to hysteresis losses, as exploited in magnetic
hyperthermia.

Furthermore, from our comparative analysis of acoustic and
magnetic stimuli for oxygen release, it becomes evident that
magnetic droplet vaporization represents a highly promising
therapeutic approach, comparable to the established acoustic
method. In the reported study, the critical role of selecting the
appropriate fluorocarbon core and polymeric coating to opti-
mize the decoration process and enhance the oxygen release
performance of MOLNDs is emphasized. In particular, our
investigations into different types of cores and coatings have
shown that DFP-core MOLNDs are better suitable for bio-
medical applications at body temperature compared to PFP-
based ones due to their higher boiling point. Moreover, the
chitosan coating has demonstrated its ability to provide a
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more controlled and efficient release of oxygen, thanks to its
more rigid structure when compared to dextran.

Finally, our in vitro cytotoxicity studies demonstrate that
MOLNDs interact non-toxically with A549 cells, particularly
when applied at dilutions of 1 : 8 or lower.

These findings provide an encouraging result for the future
use of MOLNDs in the biomedical field, as nanocarriers that
can release drugs under the application of dual stimuli (mag-
netic and US fields). Furthermore, their hybrid composition
could be promising for the integration of additive theranostic
features, like US-based imaging and magnetic hyperthermia.

4. Experiment

4.1. Synthesis of oxygen-loaded nanodroplets

To prepare the liquid formulation of OLNDs, DFP or PFP
(1.5 mL), an aqueous solution of polyvinylpyrrolidone (0.5 mL,
0.5%) and a solution (1.8 mL) of Epikuron 200 (1%) and palmi-
tic acid (0.3%) in ethanol were added to deionized water
(30 mL) and were homogenized for 2 min at 24 000 rpm in an
ice water bath using the Ultra-Turrax SG215 homogenizer.
Then, the suspension was saturated with a flow of O, for 2 min
reaching a final O, concentration of 35 mg L™". At the end, a
polymeric solution of chitosan or dextran (1.5 mL, 2.7%) was
added dropwise to the mixture during the final homogeniz-
ation process at 13 000 rpm for 2 min.

4.2. Preparation of magnetic oxygen-loaded nanodroplets

Fe;0, NPs used for OLNDs decoration were synthesized
through the co-precipitation method in alkaline environ-
ment.>" Briefly, iron(u) chloride tetrahydrate and iron(m) chlor-
ide hexahydrate (Fe**/Fe*" molar ratio 1:2) were dispersed in
deionized water and heated up to 75 °C. Then, to promote pre-
cipitation, ammonium hydroxide (30%) was added dropwise to
reach a pH of 8. The reaction was carried on for 1 h at 85 °C
and the resulting precipitate was washed with deionized water
and magnetically decanted.

In order to obtain a formulation of MOLNDs, Fe;O, NPs
were dispersed in the same solution used for the OLND prepa-
ration, without the fluorocarbon compound (DFP or PFP). The
mixture was added to the OLNDs suspension in order to reach
a final concentration of Fe;0, NPs of 1 mg mL™". Then, the
mixture was sonicated for 20 s in an ice-water bath. This pro-
cedure was repeated for all the OLND samples, with PFP or
DFP-core and chitosan or dextran coating.

4.3. Physicochemical characterization

The hydrodynamic size distribution and ¢ potential of OLNDs
and MOLNDs were measured at room temperature by DLS
using the Malvern - Zetasizer Ultra instrument. Only values
between 110 and 890 nm from the size distributions were con-
sidered for calculating the mean hydrodynamic diameter;
values outside this range were excluded because they corres-
pond to residual reagents from the synthesis process
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(<100 nm) and microbubbles that spontaneously vaporize
(>900 nm).

SEM images were recorded using the instrument FEI
Inspect — F scanning electron microscope through backscat-
tered electron imaging. Prior to the characterization process, a
small drop of the suspension was deposited onto a silicon sub-
strate and left to dry completely. This step was crucial in ensur-
ing the sample stability and integrity under the high-vacuum
conditions within the SEM chamber.

TEM images were collected with the Philips CM 10 trans-
mission electron microscope, using an electronic beam accel-
erating voltage of 80 kV. A drop of the suspension was allowed
to adsorb for 5 min on a Pelco® carbon and formvar-coated
grid, and then rinsed several times with water. The grid was
negatively stained with 0.5% w/v uranyl acetate in water and
excess fluid was removed with filter paper.

4.4. Characterization of acoustic response

To analyze the acoustic response of nanodroplets, a custom-
built setup was utilized, as described in detail below. The US
excitation was provided by a focused US transducer (Sonic
Concepts H-101) working at a fundamental frequency of
1.1 MHz and driven by an A&R amplifier (model 800A3A), con-
nected with a function generator (Agilent 33250A). Before per-
forming the measurements on the OLNDs and MOLNDs
samples, the peak rarefactional pressures were collected
through a hydrophone coupled to an oscilloscope
(InfiniiVision 2000 X DSO-X 20224, Agilent Technologies) and
stored on a Labview-provided computer, resulting in the range
of 0.47-1.74 MPa. The solution was injected through a channel
into a customized phantom able to mimic human soft tissue
acoustic  properties, by using a flow controller
(uniPERISTALTICPUMP 1, LLG LABWARE), and the acoustic
activity was monitored by means of a focused passive cavita-
tion detector (PCD) for the acquisition of the broadband
acoustic signal in the range 0.5-5 MHz. From this analysis,
Fast Fourier Transform (FFT) spectra were extracted to deter-
mine the acoustic response of the samples; each spectrum was
obtained by averaging three acquisitions through Labview.

4.5. Assessment of magnetic decoration

To verify the effective decoration of OLNDs with Fe;O0, NPs, we
tested the magnetic behavior of the resulting MOLNDs under
the action of a magnetic field produced by a permanent
magnet, by using two types of setup. The first setup consists of
an ultrasonic research scanner (UltrasonixSonixTouch) con-
nected to a linear probe (SA4-/21, Ultrasonix) in the presence
or absence of the magnet to analyze OLNDs and MOLNDs. An
US (Sonic Concepts SU-103) transducer operating at 3.3 MHz
was specifically focused on the center of a sample holder con-
taining the suspension (as shown in Fig. 3A). The sample was
exposed to US, and after turning off the excitation, MOLNDs
behavior was recorded. Finally, the captured frames were post-
processed using the tracking plug-in of Image] software,’” and
then the droplet streaming velocity was extrapolated. Each
average value was obtained based on 30 measurements. The
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used magnet, made of NdFeB, has a disk shape, with a dia-
meter of 12 mm and a thickness of 6 mm, and is magnetized
out-of-plane.

The second setup comprises a microfluidic pump (Flow EZ,
Fluigent), used to generate a laminar flow within a single
micro-channel chip (Be-Flow, BEOnChip), and an optical
microscope (IX73, Olympus) connected to an external camera
to record the transit of MOLNDs. The micro-channel has a rec-
tangular cross-section with a width of 1.5 mm and a height of
0.375 mm; its length is 43 mm. A solution of MOLNDs is
fluxed inside the micro-channel, with a measured inlet and
outlet flow rates of, respectively, 11 and 8.5 pL min™". The tra-
jectory of MOLNDs was monitored in the absence of a perma-
nent magnet as well as by placing it in four different positions
with respect to the observation point positioned at the channel
center, where the flow rate is considered as the average
between the inlet and outlet values (as displayed in Fig. 4A).
Both the MOLNDs deflection angle and streaming velocity
were evaluated employing the Image] software tracking plug-
in.>” Each average value was obtained based on 30 measure-
ments. The used magnet is made of NdFeB and has a disk
shape, with a diameter of 5 mm and a thickness of 2 mm, and
is magnetized out-of-plane.

4.6. Numerical modeling of magnetic nanodroplet flow
under magnetic field gradients

The simulation of the microfluidic flow of MOLNDs under the
effect of magnetic field gradients produced by a permanent
magnet was performed in two steps. Once discretized the
magnet into N hexahedral elements, we calculated the spatial
distribution of its stray field numerically integrating the follow-
ing equation:

! E ,LQ Mmagnet(ri) : ui”(l‘;ri)ds (3)

H r)=—
magnet( ) An —_ r—r H3

where Mpagnet is the magnetization vector, 0Q; is the surface
of the i-th hexahedron having normal unit vector u; and bary-
centre with vector position r;.*®
Under the assumption of non-interacting MOLNDs and per-
fectly inelastic collisions with the channel walls, we described
the trajectory (i.e. the time evolution of the vector position s
and velocity v) of a generic MOLND with mass y, hydrodyn-
amic radius Rpyq and magnetic moment m by the following
equation:
dv
)(a = ﬂf(m . V)I'Irnagnet - GNWthyd(V - Vf) + Fg (4)
ds
-V
where uy, ¢ and v¢ are the magnetic permeability, viscosity and
velocity of the fluid within the micro-channel, here considered
to be water.*® Neglecting the contribution of the chitosan or
dextran coating, the MOLND mass y was determined as:

X = PcoreVcore + pynps Vvnps (5)
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where peore and pynps are the densities of the MOLND core
and of the decorating MNPs. The volumes of the core and of
the MNP aggregates were extracted from DLS measurements
and observation of SEM/TEM images, assuming as a first
approximation that the MNP aggregates form a uniform layer
on top of the OLND surface. The gravitational force Fy, taking
into account buoyancy effects, was expressed as:

(6)

where pr is the fluid density and g is the gravitational force
vector.*

Under laminar flow conditions, the profile of the fluid vel-
ocity amplitude within the channel rectangular cross-section
(yz-plane) was approximated as:

o (@ ()]

where v is the maximum fluid velocity, which is reached at
the channel center, a and b are the width and the thickness of
the channel (with aspect ratio b/a < 0.5), and parameters n = 2
and m = 1.7 + 0.5(b/a) .M

In eqn (4), the MOLND magnetic moment was expressed by
means of the Langevin function as:

H H
m = Mg - Vmnps |:C0th( magnet) — 0 :|
HO Hmagnet

Fy = _b( — pt(Veore + VMNPs)]g,

7)

(8)

where Mjs is the saturation magnetization of the MNPs derived
from their magnetization curve, measured with vibrating
sample magnetometry,®” and H, is a fitting parameter.**

4.7. Evaluation of oxygen release and magnetic droplet
vaporization

The evaluation of oxygen release from OLNDs was performed
with a digital oximeter (Hach HQ 40D) connected with a
luminescent/optical dissolved oxygen probe (LDO 101),
placed in a small bath hermetically closed with an US trans-
ducer at the base (as shown in Fig. 5A), with a working fre-
quency of 1 MHz resulting in an acoustic pressure of 0.13
MPa. The droplet suspension (5 mL), whose oxygen concen-
tration level was previously collected and used as a refer-
ence, was exposed to US excitation for 270 s measuring and
storing the oxygen concentration value every 30 s. The
MOLNDs oxygen release during the induction of the mag-
netic droplet vaporization was evaluated with oximeter
NEOFOX-GT equipped with a small optical fiber probe
(3 mm) from Ocean Insight. The oxygen concentration of
each sample was measured both before and after the vapori-
zation process, with the sample holder kept hermetically
sealed. Magnetic droplet vaporization was tested by using a
custom built setup generating a uniform AC magnetic field
with a frequency of 100 kHz and a peak amplitude select-
able up to 72 kA m™*.**** A volume of 1 mL of the sample
was exposed to the magnetic field, and its temperature was
monitored during the exposure using a fiber optic thermo-
meter (Osensa Innovation), as schematized in Fig. 5C. The
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magnetic field was turned off once the specific temperatures
were reached (from 25 to 37 °C for PFP-core and from 37 to
51 °C for DFP-core). In order to evaluate the occurred vapori-
zation, the samples were observed by an optical microscope
(ARISTOMET, Leitz).

4.8. Invitro cytotoxicity studies of magnetic nanodroplets

The MOLNDs cytotoxicity was tested in vitro on A549 human
lung cancer cell line using the resazurin assay, a metabolic
assay that evaluates cell viability based on the amount of
resazurin converted into resorufin within the cytoplasm of
living cells. Fluorescence signal produced by resorufin is
directly correlated with the number of viable cells. A549 cell
line (ATCC CCL-185) was purchased from the American Type
Culture Collection. The cells were cultured in DMEM
medium containing 1 g L™" of glucose, without r-glutamine,
and with sodium pyruvate (Biowest, France). The culture
medium was supplemented with 10% (v/v) heat inactivated
fetal bovine serum (FBS) from Sigma-Aldrich (USA), 2 mM of
L-glutamine from Lonza (Switzerland), and 1% (v/v) penicil-
lin/streptomycin from Sigma-Aldrich (USA). The cell cultures
were maintained in an incubator at 37 °C with 5% CO,. For
the cytotoxicity test, cells were seeded in 48-well plates
(15000 cells per well) and incubated overnight under stan-
dard conditions. Subsequently, the cells were treated with
MOLNDs samples at four different dilutions in the culture
medium (1:20, 1:10, 1:8, and 1:5), which were selected to
make them comparable to existing studies in the
literature.”®” Cell viability was assessed after 24, 48, and
72 hours of treatment. A 44 pM solution of resazurin
(Invitrogen, Thermo Fisher Scientific, USA) in complete
DMEM was freshly prepared before each experiment. After
the culture medium was removed, 250 pL of resazurin solu-
tion was added to each well, and the cells were incubated
for 1.5 h. Then, the metabolized resazurin solution was col-
lected and transferred to a 96-well plate for fluorescence
intensity (FI) measurement. FI measurements were per-
formed wusing the Spark multimode microplate reader
(Tecan, Switzerland) using an excitation wavelength (1) of
545 nm and an emission wavelength (igy) of 595 nm, pre-
viously optimized in our lab.**™*” For each experiment, the
RFU (Relative Fluorescence Units) was collected. Results
from samples treated with MOLNDs were normalized on the
control sample (without MOLNDs), considered as 100% via-
bility. Therefore, the results were expressed as a percentage
of cell viability relative to the control sample. The data were
obtained from three biological replicates. To assess signifi-
cant differences in cell viability among the sample groups, a
one-way ANOVA with Tukey’s post-hoc multiple comparison
test was conducted.
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