Colloids and Surfaces A: Physicochemical and Engineering Aspects 641 (2022) 128522

Contents lists available at ScienceDirect

Colloids and Surfaces A: Physicochemical and
Engineering Aspects

o %

ELSEVIER journal homepage: www.elsevier.com/locate/colsurfa

Check for

Improved hybrid-shelled perfluorocarbon microdroplets as ultrasound- and &&=
laser-activated phase-change platform

D. Palmieri ', F. Brasili C’l,ﬁA. Capocefalo ™, T. Bizien %, I. Angelini® L. Oddo?, Y. Toumia®?,
G. Paradossi ?, F. Domenici®"

& Department of Chemical Sciences and Technologies, University of Rome Tor Vergata, Rome, Italy
Y Department of Physics, Sapienza University of Rome, Rome, Italy

¢ Institute for Complex Systems (ISC-CNR), National Research Council, Rome, Italy

d Synchrotron SOLEIL, L' Orme des Merisiers, Saint-Aubin, France

HIGHLIGHTS GRAPHICAL ABSTRACT

e Novel hybrid-shelled microdroplets as
dual-responsive phase-change contrast
agents. e @) e ultrasound

e The microdroplets combine good Y © Y o -
colloidal  stability —with chemical )
versatility.

7
core.

vaporisation
e Acoustic droplet vaporisation yields .
stable and echogenic microbubbles. o ©
e Gold nanoparticles decoration unlocks
laser triggered microdroplet
vaporisation.
e This multimodal platform is promising
for imaging and theranostics.
ARTICLE INFO ABSTRACT
Keywords: Hypothesis: We propose significant improvements to perfluorocarbon microdroplets, conferring them colloidal
Microdroplets stability, chemical versatility, and size control. Decafluoropentane cores are stabilized by biocompatible in-

Acoustic Droplet Vaporisation
Optical Droplet Vaporisation
Dextran shell

Gold nanoparticles

terfaces — either a monolayer of the cationic surfactant dimethyldioctadecylammonium bromide (DDAB) or a
double shell obtained by adding crosslinked dextran methacrylate as further coating — and functionalised with
gold nanoparticles. We hypothesize that this formulation enables dual, acoustic (ADV) and optical (ODV)
vaporisation of microdroplets into microbubbles, yielding a versatile “phase-change” theranostic platform.
Experiments: Microdroplets synthesis is optimized by high-speed homogenization methodology. Functionalisation
with gold nanoparticles is achieved by electrostatic decoration. The colloidal suspension is characterised by the
concerted use of dynamic light scattering, electrophoresis, and confocal microscopy, to assess microdroplets’
stability. Additional structural details are provided by small-angle X-ray scattering. We analysed the ultrasound-
and laser-stimulated transition into microbubbles and characterised their response to ultrasound by acoustic
spectroscopy.

Findings: Hybrid-shelled microdroplets were produced at high density, with narrow diameter distribution (~1
um). The highly charged surface and the long hydrocarbon tails of DDAB protruding within the core provide high
stability. The elastomeric dextran layer at the water interface allows obtaining stable cavitating microbubbles by
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ADV exhibiting interesting viscoelastic features. The presence of gold nanoparticles unlocks the opto-thermal

microdroplet vaporisation.

1. Introduction

Microdroplets (MDs) with a liquid perfluorocarbon (PFC) core
exposed to either an ultrasound field or an optical stimulus can trans-
form into microbubbles (MBs) by the processes known as Acoustic
(ADV) or Optical Droplet Vaporisation (ODV), respectively [1-7].
Thanks to the acoustic response of the MBs formed after vaporisation,
MDs represent “phase-change” ultrasound or photoacoustic contrast
agents suitable for enhancing the imaging contrast of pathological areas
or even for tracking at high frame rate the dynamics in blood flows
[5-9]. Recent literature has also shown that droplet vaporisation could
be exploited in various medical treatments, mainly focused on the
vascular system, to boost targeted drug delivery [10-12]. The possibility
of combining the enhanced echogenicity after vaporisation with the
capability of transporting therapeutics represents the main asset of MDs
and makes them promising theranostic agents [1,13].

In this respect, the two key features involved in both diagnostic and
therapeutic efficacy are the size distribution and the composition of the
stabilising shell. For in vivo use, the smallest MDs size achievable is
desirable in order to reach the thinner capillaries, whose typical lumen is
5-10 um, without causing their occlusion. Despite several MDs formu-
lations have been proposed in recent years, a synthesis protocol that
accomplishes this requirement and produces MDs with good yield is still
lacking to date [4,7,14,15].

The stabilising shell is directly involved in the bonding with the
carried agents (e.g., drugs or functional nanoparticles) and in the tar-
geting towards specific tissues [16,17], it could affect the vaporisation
efficiency, and it determines the acoustic response of the MBs formed
after vaporisation [18-21]. On top of these, the primary role of the shell
lies in ensuring the stability and the size uniformity of MDs over time.
This is essential to ensure the possibility of performing highly contrasted
and localised echographic imaging of tissues using acoustic fields with
extremely low intensity, thus minimising the risk of mechanical and
biological damages to healthy cells associated with the exposure to ul-
trasound frequencies of medical relevance [22,23]. The MDs shell can be
made up of lipid, protein or polymer [24]. MDs with lipid or protein
shells efficiently vaporise into highly echogenic MBs, that nonetheless
have a short shelf-life [24,25]. Polymer shelled MDs are more stable and
offer high chemical versatility for modification with ligands [26], drugs
or other active agents, although their echogenicity and vaporisation
efficiency are generally poor for PFCs with boiling point exceeding the
body temperature [24].

In this frame, we focused our efforts in establishing optimal synthesis
protocol and shell composition of MDs, including their functionalisation
with gold nanoparticles (AuNPs). We dealt with the latter task to exploit
the peculiar interaction of AuNPs with visible light, that is characterised
by the resonant absorption at the so-called Localised Surface Plasmon
Resonance (LSPR) [27-29] with consequent thermal release of the
stored energy, called thermoplasmonic effect. This phenomenon, com-
bined with the good biocompatibility of AuNPs [30], has been exploited
to promote ODV [3,4,31-34], to induce the photoacoustic effect [5,35,
361, and to support photothermal therapies [37,38], also in vivo.

In previous work, we developed and modelled novel phase change
contrast agents based on a PFC core stabilised by a double shell, with an
internal monolayer composed by Epikuron™200, a mixture of surfac-
tants with slightly negative charge, and an external layer made of
crosslinked chains of biocompatible and biodegradable polysaccharides,
dextran or hyaluronic acid, grafted with a methacrylic moiety [16]. The
surfactant monolayer plays a key role in this synthesis protocol, in fact
its amphiphilic properties allow to interface the hydrophilic polymer
with the hydrophobic core of the MDs and therefore promotes the

formation of the external layer of the shell [16]. Such shells provide
interesting properties to the system. In particular, the robustness and the
viscoelastic features of the polymeric methacryloyl-grafted dextran
(DexMA) layer allow for the reversibility of the ADV process, with MBs
relaxing back to the MDs state after ultrasound switching off [26].
Nevertheless, there are still some drawbacks in the synthesis procedure
to overcome. Specifically, the MDs average diameter of several microns
is too large for the actual deployment in vivo, and the high polydispersity
results, upon ADV, in the formation of MBs with non-uniform acoustic
properties.

Moving from these results, here we exploit the information provided
by several light scattering, microscopic, and acoustic methodologies to
improve the synthesis of surfactant-DexMA-shelled MDs, with specific
focus on the shell. We vary the emulsification parameters such as time
and speed, with the aim of reducing the size and the polydispersity of
MDs. Moreover, in order to improve the colloidal stability and the
vaporisation efficiency of the system, the composition of the internal
monolayer is modified using the biomedical relevant gel-crystalline
surfactant Dioctadecyldimethylammonium bromide (DDAB). Its long
acyl chains lead to better stability, while the marked positive charge
provides on one hand a good colloidal stability even to MDs encapsu-
lated only by the surfactant monolayer. On the other hand, in the
perspective of employing our platforms for the delivery of therapeutics,
it favours the loading of negatively charged compounds, such as nano-
particles, drugs molecules or nucleic acids for gene therapy, and pro-
motes the interaction with the cell plasma membrane. For these reasons,
DDAB is widely employed to date to realise vectors for targeted gene and
drug delivery approaches [13,39-41]. We exploit the electrostatic in-
teractions to decorate MDs with anionic AuNPs, whose presence opens
to the possibility of optically improving the vaporisation efficiency. Both
ADV and ODV processes are assayed in detail on the different types of
MDs synthesised.

2. Materials and methods
2.1. Materials

Dextran (molecular weight 35-40 kDa) from Leuconostoc mesenter-
oides, palmitic acid (PA), 1,1,1,2,3,4,4,5,5,5-decafluoropentane (DFP,
boiling temperature 55 °C), DDAB, pyrene, fluorescein isothiocyanate
(FITC), dimethylsulfoxide (DMSO), 4-(Dimethylamino)-pyridine, gly-
cidyl methacrylate, hydrochloric acid, Nile red and acetone are Sigma-
Aldrich (Milan, IT) products. Epikuron™200 was purchased from Car-
gill Texturizing Solutions GmbH & Co. (Hamburg, DE). 2-Hydroxy-1-[4-
(2-hydroxyethoxy) phenyl]- 2-methyl-1-propanone, Irgacure® 2959, is
purchased from BASF (Kaisten, CH). Chloroform is purchased from Carlo
Erba Reagents (Milan, IT). Ultrapure water (18.2 MQ-cm at 25 °C) was
produced by a deionisation apparatus from PureLab (Perugia, IT).
Dialysis tubes, cut off 12-14 kDa, purified as standard procedure, were
Medicell International Ltd (London, UK) product. Citrate-coated AuNPs
with nominal diameter of 60 nm and number density of 2.6 x 10'® mL!
were purchased from Ted Pella Inc. (Redding, CA, US).

2.2. Synthesis of the surfactant and surfactant-DexMA shelled MDs

The surfactant- and surfactant-DexMA-shelled MDs were prepared
by the two-step method sketched in Fig. 1, that is based on the protocol
previously reported in literature [16,26].

In the first step of the procedure (panel A), a surfactant (DDAB or
Epikuron™200) monolayer was deposited around the DFP droplets by
an oil-in-water emulsion. This step is essential to allow the deposition of
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the hydrophilic polymer onto the droplet in the second step of the
procedure and therefore to enable the formation of the external layer of
the shell. In fact, preliminary synthesis tests demonstrated, in accor-
dance with literature [16], that DFP droplets stabilised only by a DexMA
shell do not form. To deposit the monolayer, we mixed 500 pL of DFP
with 600 pL of 10 mM surfactant solution in ethanol and 8.6 mL of
water. The emulsification was then performed for 3 min using an
UltraTurrax T25 (IKA, DE). As will be described in the Results and
Discussion section, the emulsification velocity v is one of the parameters
we studied to optimise the MDs diameter distribution.
Surfactant-shelled MDs were thus obtained by adding 3 mL of MilliQ
water without interrupting the emulsification. After 3 min the emulsi-
fication was stopped, and the resulting mixture was washed by centri-
fuge (5 min at 164 RCF). The pH of the resulting dispersion was 7.2 as
measured by pH-Meter Basic 20 + (Crison, ES).

In the second step (panel B) the surfactant-DexMA-shelled MDs were
obtained by deposition of a DexMA layer at the water/surfactant inter-
face of the MDs. The detailed description and a scheme of the reaction
used to produce DexMA with degree of substitution of 50%, are reported
in section S1 of ESI. 3 mL of 20 mg/mL DexMA aqueous solution was
added drop by drop without interrupting the emulsification, which was
further kept going for a time 7z, the other parameter we investigated to
optimise MDs synthesis. Afterwards, the mixture was centrifuged for
5 min at 164 RCF to separate the formed surfactant-DexMA-shelled MDs
from excess DexMA. Once the supernatant containing the non-deposited
DexMA was removed, MDs were redispersed in 3.6 mg/mL solution of
Irgacure® 2959 photoinitiator in water. To crosslink the vinyl side-
chains of DexMA, the dispersion was cured by UV exposure for 4 min
under continuous and gentle stirring, using a B-100 A (Black Ray, US)
equipped with a 365 nm light source operating at 7 mW/cm? (Ted Pella,
US). We measured the pH of the resulting dispersion to 7.5. The suc-
cessful formation of the MDs and the deposition of the DexMa layer were
ascertained by Confocal Laser Scanning microscopy (CLSM, see Section
2.4 for details). To this aim we labelled DFP core by Nile red and DexMA
by FITC. To label the MDs hydrophobic core, in the first step Nile red was
added to liquid DFP at the concentration of 31 pM. To label the DexMA
external shell, 10 pL of FITC solution (5 mg/mL in DMSO) were added to
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2 mL of MDs suspension and left react in the dark for 1 h under 200 RPM
stirring. Then the suspension was centrifuged at 164 RCF for 5 min to
remove the excess FITC, and labelled MDs were redispersed in 2 mL of
water. Centrifuging was repeated until the supernatant appeared
transparent by eyes. The number density of the produced MDs was
measured by microscopy, as described in Section 2.4.

A third step was added to the protocol to decorate MDs with AuNPs
(panel C of Fig. 1). The decoration of the external shell (both surfactant
and surfactant-DexMA types) was obtained by electrostatic adsorption
of AuNPs: 1 mL of AuNPs stock solution (2.6 x10'° mL™ in water) was
added to 2 mL of MDs solution (1.8 x 108 mL7 in water) and stirred for
5 min at 200 RPM. The solution was then centrifuged at 164 RCF for
5 min to remove non-conjugated AuNPs and the pellet containing MDs
was re-dispersed in water to the final volume of 2 mL. The number
density of AuNPs-decorated MDs in the final sample was measured by
microscopy.

2.3. Dynamic light scattering

To estimate particles’ size, we used the hydrodynamic diameter as
measured by Dynamic Light Scattering (DLS). Therefore, in the
following we refer to this quantity as the size or the diameter of particles.
Experiments were performed using a Hamamatsu HC120 photometer
(Brookhaven Instruments, NY, US), equipped with a BI-200SM goni-
ometer, a BI-9000 AT photocorrelator, a solid-state laser (Suwtech. Inc.,
SHA, CN) with wavelength of 532 nm powered by a power supply LDC-
2500 (Suwtech. Inc.) and a phototube (Hamamatsu Photonics K.K., JP).
For measurements, samples were placed in a quartz cuvette and the
temperature was controlled using an external F30-C thermostat (Julabo
GmbH, DE) circulating water in a coil placed in the vat containing the
refractive index matching liquid. Except for the analyses of thermal
stability and for ODV experiments, we kept the sample temperature at
25 °C during measurements. The acquisition time of each measurement
was set to 2 min, suitable to achieve on the one hand a statistically
relevant number of counts and on the other hand to avoid artefacts due
to sample stratification (e.g., MDs sedimentation or floating up of MBs).
In this respect, we considered the acquisition time appropriate if it was
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DDAB-DexMA-shelled
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Fig. 1. Scheme of the MDs fabrication protocol. Surfactant-shelled MDs are obtained by emulsification of a mixture of DFP, surfactant and water (A). Surfactant-
DexMA-shelled MDs were obtained by adding a DexMA solution to the surfactant-shelled MDs dispersion, agitating the sample for 5 min and centrifuging to
remove non-adsorbed DexMA,; afterward a photoinitiator was added to the dispersion, and a UV curing procedure led to the polymer crosslinking (B). For both the
shell types, AuNPs-decorated MDs were obtained by adding the AuNPs solution to MDs; after 5 min stirring, non-adsorbed AuNPs were removed by centrifuga-

tion (C).
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possible to acquire at least three consecutive stable measurements and
afterwards to obtain the same size distribution by measuring the same
sample after agitation. We also successfully compared hydrodynamic
diameter distributions with diameter distributions obtained by CLSM
(see section S3 of ESI).

Measurements were repeated at least three times for each sample. To
obtain intensity distributions of hydrodynamic diameter according to
the Stokes-Einstein equation, the measured autocorrelation functions
were analysed using the CONTIN algorithm of the Dynamic Light Scat-
tering Software ver. 3.18 (Brookheven Instruments). A Gaussian fitting
procedure was applied to size distributions using the OriginPro 8.1
software. Size values reported in this work are the average + standard
deviation over the different diameter values (at least three) of the dis-
tribution centre obtained on the same sample. The distributions shown
in the figures are normalised to the maximum intensity value.

2.4. Optical and confocal laser scanning microscopy

Microscopy images were acquired by using an inverted microscope
Eclipse Ti-E (Nikon Co., Tokyo, JP) equipped with a sSCMOS Andor Zyla
4.3 camera (Andor Instruments, Belfast, UK). The images herein re-
ported were acquired using objectives (Nikon, Florence, IT) with
magnification, 60 x (oil immersion, numerical aperture 1.4, Plan APO),
40x and 20x.

For CLSM we used the multi-excitation module mechanism of the
microscope, equipped with a Ar-ion (Spectra Physics, CA, US),
454-676 nm wavelength, and a He-Ne (Melles Griot, CA, US), 543.5 nm
wavelength, laser sources. The 60 oil immersion objective was used for
imaging. Image deconvolution was performed by Nikon NIS-Elements
software version 5.40.00, using the Richardson-Lucy algorithm with
20 iterations.

All the samples were monitored using a motorised stage and the
frames’ acquisition was performed by Nikon NIS-Elements AR Analysis
software version 4.3. Z-stacks of images were acquired, according to
Nyquist criterion, with 0.15 um increments, automatically calculated by
the Nikon EZ-C1 acquisition software. The 3D reconstruction of samples
was performed using the NIS Elements AR Analysis software.

MDs diameter distributions were determined using the Nikon soft-
ware EZ-C1. MDs number density was measured by using a Neubauer
cell counting chamber (BRAND, Wertheim, DE) with the 40x objective
and the counting method was adopted for MDs. For each sample we
measured at least 4 frames; values are reported as average =+ standard
deviation.

2.5. Differential scanning calorimetry

For differential scanning calorimetry (DSC) measurements we
employed a DSCQ-200 instrument (TA Instruments Inc., Milan, IT),
equipped with an RCS-90 cooling system. A Tzero sample press kit (TA
Instruments Inc.) was used to close aluminium Tzero hermetic crucibles,
placed on the instrument housings, one filled with the sample and the
second used as a reference. Thermograms were recorded under a ni-
trogen atmosphere with a flow rate of 50 mL/min, with temperature
scanning at 1 °C/min after 5 min of equilibration at the starting tem-
perature of 25 °C. To get the temperature and transition enthalpies we
analysed the thermograms with the Universal Analysis 2000 software
ver.4.5 A (TA Instruments Inc.) and OriginPro 8.1 software.

2.6. (-potential

{-potential was measured at 25 °C using a NanoZetaSizer apparatus
(Malvern Instruments LTD, Worcester, UK), equipped with a 5 mW He-
Ne laser. The electrophoretic mobility p, of samples was measured by
combining laser Doppler velocimetry and phase analysis light scattering.
Measured values were converted into the {-potential distributions using
the Smoluchowski relation:
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where ¢ and 7 are the solvent permittivity and viscosity, respectively.

2.7. UV-Visible extinction spectroscopy

UV-Visible extinction spectra were recorded using a V-630 spectro-
photometer (Jasco, Tokyo, JP) equipped with a deuterium-halogen lamp
and a Peltier thermostatted holder EHC-716 (Jasco). The spectral reso-
lution is of 1 nm. Experiments were performed at 25 °C; for temperature
trends, after every temperature change the samples were kept ther-
malising for 10 min before acquisition. To measure the LSPR wavelength
of AuNPs, a Gaussian fitting was performed in the resonant absorption
region of the spectra. The reported values are the average and standard
deviation on at least three independent spectra. All the analyses carried
out on the extinction spectra were performed using the OriginPro soft-
ware, version 8.1.

2.8. Small angle X-ray scattering

Small Angle X-ray Scattering (SAXS) measurements were performed
at the SWING beamline of Synchrotron SOLEIL (Saint Aubin, France).
The sample-to-detector distance was 6.5 m. Scattering patterns were
recorded with a two-dimensional EigerX 4-M detector (Dectris, Baden,
Switzerland) at 12 keV, allowing measurements in the g-range from
0.001 to 0.18 A~L. The g-vector is defined as g = (4x/4) sin 6, where 20
is the scattering angle. The investigated samples were diluted to the MDs
number density of 1.0 x 10°mL™? and filled in capillaries with a diam-
eter of 1.5 mm. Exposure time of 1 s was used for acquisitions. Scat-
tering patterns of an empty capillary and of a capillary filled with Milli-Q
water were recorded for intensity background subtraction. Data pro-
cessing of the recorded 2D images and averaging were performed by the
image analysis software Foxtrot (SOLEIL software group and SWING
beamline).

The scattered intensity I(q) from a collection of particles can be
expressed in terms of the particle form factor P(q) and of the system
structure factor S(q), according to the equation:

1(q) = m*Ap*P(q)S(q) )

where Ap is the contrast in electron density between sample and solvent,
n is the number density of scattering particles and v their volume. The
form factor P(q) describes the ensemble averaged shape of scattering
objects in solution whereas the structure factor S(q) accounts for the
interference introduced by interparticle correlations. At the concentra-
tion employed for the experiments, MDs dispersed in solution can be
reasonably treated as non-interacting, hence S(g) ~ 1 and only the form
factor contributes to the scattering profile. Data analysis was performed
by SasView software version 5.0 [42].

2.9. Acoustic droplet vaporisation

For ADV experiments we used a SP100 (Sonidel, Dublin, IE) sono-
porator, equipped with an unfocussed ultrasound transducer with
effective radiating area of 0.8 cm?. Continuous ultrasound waves with
central frequency of 1MHz and nominal intensity in the range
0.5-3.6 W/cm? were applied to the samples. The acoustic contact was
assured by a plastic half-funnel filled with ~3 cm® of gel (PBpharma,
Turin, IT) for medical sonography. Sample solutions (15 mL, ~10%mL!
MDs number density) were placed in a Falcon tube and, before irradi-
ation, thermalised using a RCT basic heater (IKA®-Werke, Staufen, GE)
and an ETS-D5 electronic contact thermometer (IKA®-Werke). We
tested different thermalising temperature, acoustic intensities, and
irradiation times (see section S5 of ESI) to select the most performing
experimental conditions.
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We calibrated the acoustic intensity by directly measuring the ul-
trasound field inside the Falcon tube used for ADV with a needle hy-
drophone of 0.5 mm diameter (Precision Acoustics, UK). During
calibration the setup configuration was exactly the same used for ADV
experiments. The calibration of peak negative pressure and intensity is
reported in section S2 of ESI. Intensity values are provided in terms of
spatial peak temporal average intensity, i.e., the maximum spatial in-
tensity measured when the pulse is activated, averaged over the period
of oscillations, and therefore we refer to this quantity as the acoustic
intensity.

Upon ADV transition, MBs tend to rise up to the water surface due to
the lower density of the vapour core. To visualise the MBs by CLSM, 7 pL
were taken from the surface of the dispersion immediately after
switching off the ultrasound field and rapidly placed on a glass slide. For
frame acquisition, we adjusted the focal plane as close as possible to the
upper interface with the glass slide where most MBs are placed. We
estimated a delay of approximately 1 min between turning off the ul-
trasound field and the frame acquisition.

The vaporisation yield was estimated by the ratio between the
number density of completely vaporised microbubbles and that of MDs
in the sample before irradiation.

2.10. Optical droplet vaporisation

For ODV experiments we used the laser (Suwtech. Inc.) of the DLS
instrument, emitting at 532 nm. This wavelength was chosen to match
the LSPR of the AuNPs and therefore to maximise the thermal energy
released after irradiation due to the thermoplasmonic effect. To induce
the vaporisation of MDs, samples were irradiated with intensity of
34 mW/cm? for different times, varying between 60 and 300 s. The laser
intensity was calibrated as reported in section S2 of ESI. After ODV,
diameter distributions were measured by DLS and analysed by OriginPro
8.1 software. During irradiation, the sample temperature was kept
constant at 37 °C using the thermostat of the DLS apparatus.

For CLSM, 7 pL were taken from the surface of the dispersion
immediately after switching off the laser and rapidly placed on a glass
slide. For frame acquisition, we adjusted the focal plane as close as
possible to the upper interface with the glass slide where most MBs are
placed. We estimated a delay of approximately 1 min between turning
off the ultrasound field and the frame acquisition.

2.11. Acoustic attenuation spectroscopy

The MBs obtained by vaporisation of MDs were characterised by
acquiring their acoustic attenuation spectra in aqueous environment.
The experimental set-up employed consists of a quartz cell featuring two
parallel open sides separated by a distance of 2 cm, where emitting and
receiving flat 10 MHz transducers V311-SU (Olympus Co, MA, US) are
located. The sample chamber was filled with 18 mL of MDs solution
(number density nyp ~10% mL!) and acoustic spectra were acquired
immediately after ADV.

The signal of each sample detected by the receiver was analysed by
comparing it to those obtained on Milli-Q water and on non-vaporised
MDs as reference samples. The amplitude fundamental of water me-
dium was set to 0.4 V. The apparatus was controlled by LabView
Transmission software (National Instruments, Austin, TX, US).

The acquired spectra are framed in a linear oscillation model, in
terms of a resonance frequency wr.s and a viscous damping coefficient &,
which depend on the viscoelastic properties of the oscillating MBs shell
[18]. Moreover, if MBs in the analysed samples show narrow size dis-
tribution sufficiently stable over time, it is possible to assume that they
have all the same radius R [19]. The expression for the attenuation co-
efficient a(£2) as a function of the normalised frequency 2 = w/wy;s is
then given by the equation:
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where c is the speed of sound in the liquid. A fitting procedure is per-
formed on each spectrum by gnuplot software version 5.2 to extrapolate
the MBs resonance frequency and the damping coefficient.

2. Results and discussion

In this section we report the study aimed at developing two different
types (surfactant- and surfactant-DexMA-shelled MDs) of phase change
contrast agents, consisting in MDs with a hydrophobic liquid core,
whose shells provide improved physical properties suitable for medical
application. In the first part, we describe the optimisation of the syn-
thesis of the MDs in terms of diameter distribution and shell surface
charge. In the second part, we propose a simple strategy, based on
electrostatic adsorption, for functionalising the surfactant-DexMA shell
of MDs shell with AuNPs. We carefully characterised the proposed sys-
tems and studied their ageing and stability with respect to temperature.
In the last part, we focused on the acoustic and optical vaporisation of
MDs, with the aim of providing novel, hybrid phase change contrast
agents for combined diagnosis and therapy applications.

2.1. Improved synthesis of MDs

We performed a thorough study of the MDs preparation in terms of
parameters of emulsification in water and composition of the shell. Two
types of MDs, surfactant- and surfactant-DexMA-shelled, were prepared
referring to the method sketched in Fig. 1 and described in Section 2.2.
Briefly, a surfactant layer was deposited around DFP droplets by emul-
sification (with velocity v and time 7 as parameters). For MDs with an
external elastomeric shell, this step was followed by the further depo-
sition of a DexMA layer and by the crosslinking of polymer chains by free
radical polymerisation.

Representative DLS analysis of average values d and standard de-
viations Ad of the diameter distributions of Epikuron™200-DexMA-
shelled MDs in water at varying the emulsification parameters v and ¢
are reported in Table 1. It shows an empirical size trend, increasing with
v, up to 16,000 RPM. Afterwards, for higher velocity, the size decreases.
This behaviour can be explained in terms of two competing processes:
the breaking of MDs, and their coalescence, which are both favoured
when increasing v [43]. This could mean that when v moves from 8000
to 16,000 RPM, coalescence of DFP MDs is predominant. As expected,
the turbulent hydrodynamic regime, modulated by v, strongly influences
the size polydispersity of the MDs. Polydispersity is a fundamental
feature, since the acoustic properties of the MBs obtained upon vapor-
isation strictly depend on their size, which is in turn related to the initial
diameter of the MDs [44]. Hence, a population characterised by low

Table 1

DLS study of the diameter d of MDs with Epikuron™200-DexMA shell as a
function of the emulsification velocity v (with 7 fixed at 60 s, on the left) and of
the emulsification time 7 (with v fixed at 13000 RPM, on the right). The value
7 = 0 means that the emulsification was stopped immediately after adding the
last drop of DexMA solution (second step of the synthesis protocol). The values
corresponding to the minimum of the relative width Ad/d of the diameter dis-
tribution, selected as optimum, are highlighted in bold. Emulsification times
leading to doubled diameter distribution are labelled by * .

v (RPM) d (um) Ad/d 7(s) d (um) Ad/d
8000 0.3+0.2 6.7 x 107! 0 1.0+0.2 2.0 x 107!
10000 0.5+ 0.4 8.0 x 107! 30 0.8+ 0.1 1.3 x 107
13000 1.3+01 7.7 x 102 60 1.3+01 7.7 x 102
16000 23+1.0 43x10! 300%  0.2+0.1 5.0 x 107!
1.9+05 2.6 x 1071
20000 1.0+ 0.4 4.0 x 1071 600*  0.2+0.1 5.0 x 107!
6.0+ 2.5 4.2 x 10"
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polydispersity yields ultrasound contrast agents with uniform resonance
frequency. The relative width Ad/d of the distribution has a minimum
for v = 13,000 RPM, corresponding to a MDs average diameter of
1.3 pm. A diameter of ~1 um is well-suited for reaching, when injected,
the smallest capillaries without inducing their obstruction, even in ap-
plications that involve the vaporisation of MDs. For these reasons we
selected v = 13,000 RPM as optimum value for the emulsification
velocity.

Table 1 also shows that the size slightly depends on 7z up to 60s, while
for longer emulsification times coalescence becomes predominant and
the MDs formulations show bimodal diameter distributions. In the range
of 7 where the diameter has unimodal distribution, the relative width
Ad/d of the distribution decreases with z. For the same reasons exposed
above, we selected 7 =60s as optimum value, yielding the more
monodisperse distribution centred around 1.3 pm.

The resulting marked improvement of the MDs size features is shown
in Fig. 2 in comparison with literature [26]. In particular, the diameter
distribution (panel A) appears considerably narrowed and centred at a
value 4 times lower than that previously achieved. In panel B, we show a
representative CLSM image of MDs whose liquid core is labelled with the
solvatochromic fluorophore Nile red. Due to the property of the dye to
show very intense red fluorescence when placed in hydrophobic envi-
ronment, the image demonstrates that DFP is actually encapsulated in
the MDs core.

With the aim of further improving the shell stability and increasing
the affinity to anionic AuNPs, we introduced DDAB, a cationic surfactant
characterised by a long apolar tail, as novel component of the internal
surfactant shell to replace Epikuron™200, which consisted in a het-
erogeneous mixture of surfactants with low negative charge and short or
medium hydrophobic chains. In this way we expect an improved
colloidal stability of MDs due to the higher surface charge ensured by
DDAB: it has been indeed reported that high {-potential values, related
to high charge density in the electro-chemical double layer surrounding
MDs, hinder coalescence [45]. To this aim, we progressively varied the
composition of the surfactant layer in both types of MDs, surfactant- and
surfactant-DexMA-shelled. We used mixtures of DDAB and Epi-
kuron™200 with increasing fraction of DDAB in the first step of the
synthesis protocol (Fig. 1, panel A) and characterised the obtained sys-
tems by microscopy and DLS measurements. The measured number
density, {-potential and diameter of MDs are reported in Fig. 3 as a
function of the DDAB fraction in the surfactant.

The number density of MDs shows a significant increase when the
fraction of DDAB exceeds 0.5: from 1.1+0.1x 10°mL? to
2.6 +0.3 x 10®mL! for MDs with surfactant-shell, and from
1.0 £ 0.1 x 10°mL? to 2.0 + 0.2 x 108mL? with surfactant-DexMa-
shell (Fig. 1, panel A). This highlights a dramatic increase in the yield
of the preparation protocol related to the presence of DDAB. A slightly
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higher yield is observed in the case of MDs stabilised only by the sur-
factant layer, mainly at the higher DDAB fractions. {-potential mea-
surements also show a clearly increasing trend for both MDs types
(Fig. 1, panel B). This result assesses the actual progressive replacement
of Epikuron™200 in the surfactant shell. The lower variation of ¢ -po-
tential measured in the case of surfactant-DexMA-shelled MDs is due to
the shielding effect of the outer polymeric layer. Moreover, experiments
highlight that in both cases the diameter distribution does not depend on
the composition of the surfactant shell, remaining at constant values
around 1.3 ym (Fig. 3, panel C). This points out that the optimised
emulsification parameters remain preserved when Epikuron™200 is
replaced by DDAB. In general, these results highlight the marked sta-
bilising role of DDAB that leads to a doubled MDs production yield.

In fact, the change in the composition of the surfactant shell signif-
icantly enhances the surface charge of MDs, resulting in a strong elec-
trostatic repulsion that improves their colloidal stability and hinders
coalescence. Consistently, this effect is more marked in the surfactant-
shelled MDs, whose surface charge is not shielded by the DexMA
layer. Another effect of stabilisation could be due to the long aliphatic
chains of DDAB, that deeply penetrate the hydrophobic core of the
droplet [46,47]. Moreover, as compared to Epikuron™200, that is a
mixture of different surfactant chains, DDAB can organise in a more
homogeneous gel-crystalline phase [48,49] at the MDs interface,
increasing the shell stiffness. Consistently, this effect emerges with the
marked jump in the yield occurring when DDAB becomes the main
component of the shell, i.e. at fractions higher than 0.5. Based on the
highlighted yield enhancement of about two-fold and on the suggested
stability improvement associated to the increasing amount of DDAB, we
proceed our analyses using inner surfactant shells composed only by
DDAB.

To ascertain the successful deposition of the DexMA layer on the MDs
with the selected surfactant composition, we prepared samples using
FITC-labelled DexMA in the shell and Nile red in the core. Representa-
tive CLSM images and 3D reconstructions are reported in section S3 of
ESI, confirming that DexMA is actually deposited around the droplet
core. The analyses of size distribution performed on MDs with the
selected surfactant composition are also reported in section S3 of ESI for
both DDAB and DDAB-DexMA shells. In Fig. 4, we analyse MDs ageing in
terms of number density and diameter distribution. We studied both the
shell types and reported for comparison the study performed on Epi-
kuron™200-DexMA-shelled MDs. MDs were kept at room temperature
throughout the whole duration of the experiment. In all cases, the MDs
number density has a decreasing trend (Fig. 4, panel A). This effect
appears to markedly slowdown in DDAB-DexMA-shelled MDs with
respect to the Epikuron™200-DexMA-shelled ones. Specifically, Epi-
kuron™200-DexMA-shelled MDs are completely vanished after 6 days,
while the number density of DDAB-DexMA-shelled MDs decreases to

Fig. 2. Characterisation of the new formulation
of DFP MDs with double-layer shell. (A) Com-
parison between hydrodynamic diameter dis-
tributions of the optimised preparation (dark
grey) and of the preparation previously re-
ported in ref. 26 (light grey); full marks repre-
sent the measured distributions, dashed lines
the Gaussian best fits, and dotted lines are the
two components of the fitting curve. (B)
Representative CLSM image of MDs synthesised
with the optimised protocol, where the DFP
core is labelled by Nile red; the scalebar is
10 um. (For interpretation of the references to
colour in this figure, the reader is referred to the
web version of this article.)
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Fig. 3. Characterisation of MDs synthesised with varying composition of the
surfactant layer. Measurements of number density (A), {-potential (B) and hy-
drodynamic diameter (C), as a function of the DDAB fraction employed in the
synthesis protocol of surfactant-DexMA-shelled (full diamonds) and surfactant-
shelled (empty diamonds) MDs. In panel A, each point and error bar of the plot
represents the average value and the standard deviation evaluated on at least
four CLSM frames.

~20% in two weeks. In the case of DDAB-shelled MDs, the number
density trend is substantially superimposed to that of DDAB-DexMA-
shelled MDs during the first ageing week. Afterwards, during the sec-
ond week, the reduction in the number of DDAB-shelled MDs appears
faster. Diameter measurements (panel B) highlight for all the MDs types
a marked widening of the distributions and an increase of the average
value when the number of MDs falls below 10% of the initial amount.
This enlightens the role of coalescence in the ageing process of the
bubbly suspension.

The ageing analyses on one hand ascertain the key role of the elec-
trostatic repulsion between MDs colloids in preventing coalescence and
hence in markedly enhancing their shelf-life. Specifically, a significant
portion of the DDAB-shelled MDs hold intact even after one week,
comparably to the typical shelf-life of surfactant-shelled MDs of similar
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Fig. 4. Study of MDs ageing. Temporal evolution of the number density (A),
reported as percent of the initial value, and hydrodynamic diameter (B) for
DDAB-DexMA-shelled (green full diamonds), Epikuron™200-DexMA-shelled
(grey full diamonds) and DDAB-shelled (green empty diamonds) MDs. (For
interpretation of the references to colour in this figure, the reader is referred to
the web version of this article.)

size [50], making this system interesting for drug delivery applications
[13,51]. On the other hand, the results remark the importance of the
external.

crosslinked DexMA shell, which provides further stability to the
system, contributing to preventing coalescence and avoiding droplets
burst. Both advantages are due to the fundamental step of crosslinking
that results in the formation of an elastomeric, yet robust, layer.

We also studied the thermal stability of MDs by DLS and DSC mea-
surements, as reported in section S3 of ESI. Both DDAB- and DDAB-
DexMA-shelled systems showed good robustness up to the DDAB tran-
sition temperature, measured at 46 + 2 °C consistently with literature
[49]. This guarantees their reliability at physiological temperature.

2.2. Functionalisation of MDs with AuNPs

AuNPs-decorated MDs were synthesised according to Section 2.2 by
electrostatic adsorption of anionic, citrate-coated AuNPs to the posi-
tively charged surface of MDs. To benefit of an efficient thermo-
plasmonic effect, we used AuNPs with a nominal diameter of 60 nm, that
have a higher absorption cross section than smaller AuNPs [52].
Moreover, they are non-toxic, differently from AuNPs with lower
diameter [53]. The obtained hybrid systems have a diameter of
1.1+ 0.1 ym and a number density of 3.6 x 10’mL! in the case of
DDARB shells, while in the case of DDAB-DexMA shells the diameter is
1.2 + 0.1 pm and the number density is 4.7 x 10’mL™.

The adsorption of AuNPs onto the surface of MDs was investigated by
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SAXS. The curves obtained at 25 °C on AuNPs-decorated MDs for both
the shell types are reported in Fig. 5, in comparison with the corre-
sponding non-decorated systems. The scattering curves of non-
decorated MDs, reported and discussed in section S4 of ESI, are consis-
tent with those of hollow spheres with external radius of 604 + 4 nm in
the case of DDAB shell and 585 + 5 nm in the case of DDAB-DexMA
shells (polydispersity of 0.18 and 0.11, respectively) and thickness of
the polymeric layer of 355 + 2 nm (polydispersity of 0.35), as obtained
by a fitting procedure based on a standard core-shell sphere model [54].
Such values are in good accordance with the hydrodynamic diameter
distributions and with atomic force microscopy measurements previ-
ously reported [26]. The disappearing of the scattering curves at 50 °C is
consistent with the transition of DDAB at ~ 46 °C and the consequent
MDs rupture. In the curves of AuNPs-decorated MDs, the presence of
AuNPs in the sample is clearly evident in the characteristic oscillation of
the sphere form factor [54] convoluted with the MDs signal. Since
non-adsorbed AuNPs were removed from the solution by a centrifuging
procedure, this result demonstrates the adsorption of AuNPs on the MDs
surface. To investigate in detail the spatial organisation of adsorbed
AuNPs, the MDs contribution was removed by subtracting the scattering
curves acquired on non-decorated samples. The deconvoluted curves,
reported in the insets of Fig. 5, are well fitted by a sphere model form
factor, yielding in both cases an average radius of 28.5 + 0.5 nm,
consistent with that obtained on the AuNPs stock solution (Fig. S10).
The plateau trend in the low-q region (g < 0.006 A™") points out that
AuNPs do not aggregate upon adsorption to MDs and the absence of a
structure factor, highlighted in Fig. S11, points out that no short-range
correlation can be recognised in their positions, hence adsorbed
AuNPs are well separated and randomly distributed onto the droplets
surface. In this respect, we estimated by UV-Visible extinction spec-
troscopy the average number of AuNPs adsorbed to each MD to xuq4s
=161 £ 7 for DDAB-DexMA shells and x,4; = 209 4 8 for DDAB-shells
(Fig. S12), corresponding to 9% and 13% coverage of the MDs surface,
respectively.

We analyse the stability of AuNPs-decorated MDs in section S4 of
ESI, pointing out that, in the case of DDAB shell, the droplet stability is
markedly reduced as compared to their non-decorated counterpart. In
the case of DDAB-DexMA shell, a better stability is observed, although
also in this case the MDs robustness suffers from the presence of AuNPs.
It is plausible that the interaction between the AuNPs and the shell of
MDs could perturb their structural stability. In particular, the interaction
with the DDAB shell may modify its packing (i.e., fluidification and
penetration of water molecules) [55]. It is also worth noting that the
negative charge carried by the AuNPs adsorbed to the shell can partially
shield the electrostatic repulsion among positively charged MDs. On the
other hand, it has been reported [56] that a low-coverage of AuNPs
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could lead to droplet-droplet bridging, via charge patches interactions
[57], and thus favour coalescence. Nevertheless, neither rupture nor
aggregation of the MDs are induced immediately after adsorption of
AuNPs. Therefore, the reduced stability could be more likely attributed
to modifications in the DDAB shell packing. Whether the amount of
AuNPs is sufficient to boost the efficiency of MDs vaporisation via ul-
trasound or optical irradiation is the subject of our investigation re-
ported in the following section.

2.3. Acoustic and optical droplet vaporisation

We study the MDs vaporisation induced by both acoustic and optical
stimulus. We first focus on the ADV of non-decorated MDs, both with
DDAB- and DDAB-DexMA-shells, to analyse the role of the stabilising
shell. The preliminary analyses at varying the intensity of the applied
ultrasound, the exposure time, and the temperature of the environment
aimed at selecting a set of parameters that led to a significant vapor-
isation yield in the case of DDAB-DexMA-shelled MBs are summarised in
section S5 of ESI. The most relevant results were obtained irradiating
MDs for 5 min with intensity of 520 mW/cm? at 37 °C (120 kPa peak
negative pressure, mechanical index 0.12, acoustic dose 156 J/cm?),
which is considered safe for biomedical applications [22]. In these
conditions we measured a vaporisation yield of 11% =+ 3%. The same
exposure conditions led to significant but less efficient ADV of
DDAB-shelled MDs, with yield of 3.2% =+ 0.6%, which is more than three
times lower with respect to the DDAB-DexMA shelled MDs.

We first notice that, although the ADV yield could be further
improved through a fine tuning of the exposure conditions, it is relevant
that MBs production seems strictly dependent on the shell type. This
highlights the crucial role of the DexMA layer in preserving the stability
of MBs after ADV. Secondly, we note that both types of MDs undergo
ADV at the same exposure conditions, even if with different yield. Based
on this observation, we hypothesise that the rigidity of the two shell
layers involved in our systems are not high enough to have significantly
affect the ADV threshold. In fact, according to literature, the ADV pro-
cess is initiated by the formation of a small bubble into the liquid MD
core, whose successful expansion depends on the compressibility of the
gaseous phase, liquid inertia, heat transfer, and mechanical properties of
the stabilising shell [58-61]. The latter contribution is mainly due to the
rigidity of the shell that acts against the expansion of the gaseous phase;
hence it is more relevant when the particle size is close to its maximum,
ie., when the core is already vaporised [61]. The presence of the
viscoelastic shell mainly affects the growth rate of the nascent bubble
[61], while effects on the ADV threshold have been reported to occur
only for extremely rigid shells, with shear modulus Gs from several tens
to hundreds of MPa [60,61].
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Fig. 5. SAXS curves obtained at 25 °C on AuNPs-decorated MDs with DDAB-DexMA (A) and DDAB (B) shell, in comparison with the corresponding non-decorated
systems; in the insets: the contribution of adsorbed AuNPs, deconvoluted from that of MDs.
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We studied ADV by DLS and CLSM; representative DLS and CLSM
results are reported in Fig. 6. Diameter distributions, before and after
acoustic irradiation, are shown in panels A and B for DDAB-DexMA- and
DDAB-shelled MDs, respectively. In both cases, the samples exposed to
acoustic stimulus are characterised by two size populations. The one
centred at higher diameter values (8.8 + 0.5 um for DDAB-DexMA-
shelled MDs and 8.4 + 0.9 um for DDAB-shelled ones) can be
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Fig. 6. DLS and CLSM study of the ADV process. Hydrodynamic diameter
distributions (full marks) and corresponding Gaussian best fits (dashed lines)
for DDAB-DexMA- (A) and DDAB- (B) shelled MDs before (light grey) and after
(green) acoustic irradiation and representative CLSM image of vaporised MDs
with DDAB-DexMA shell (C). The ADV process was induced by irradiating MDs
for 5 min with an acoustic field of 520 mW/cm? intensity at 37 °C. Scalebar is
10 um. (For interpretation of the references to colour in this figure, the reader is
referred to the web version of this article.)
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attributed to vaporised MBs. In fact, these diameter values are 8-fold
larger with respect to non-irradiated MDs, meaning that the volume of
the core expands well above the critical molar volume of DFP [62], thus
elastic and Laplace forces exerted by the two layers of the shell on the
gas core are not sufficient to induce the recondensation of the MBs into
MDs. The second diameter distribution, observed at the same values of
non-irradiated samples, can be attributed to MDs whose core did not
undergo the transition to the gaseous phase or collapses back to the
liquid state after irradiation (e.g, if it does not reach the critical volume
[26]).

The formation of MBs in the sonicated sample is confirmed by CLSM
images acquired before and after irradiation of MDs whose core was
previously labelled with Nile red (a representative image of the DDAB-
DexMA-shelled sample is reported in panel C). In fact, a significant
presence of larger particles, quite compatible with the DLS distribution
of Fig. 6A, mainly located close to the top interface with the glass slide, is
observed. This is due to the volume expansion and consequent density
lowering of the core upon ADV. We deepened the CLSM analysis by
extrapolating the diameter distribution from images (Fig. S16), that
confirms the appearance of a population of MBs, and by discussing the
differences in the MBs diameter distribution with respect to DLS in
Section S5 of ESI. The dimmed fluorescence of Nile red is due to the
liquid-gas transition of DFP and to the lowered concentration of the dye
as a consequence of the increased volume of the core. We imaged
samples for at least 10 min, during which the size and the number of
MBs remained stable. The appearance of fluorescent areas outside the
MBs volume, that could indicate possible leak of DFP during the
vaporisation process, was not observed. This suggests that significant
damages of the shell do not occur throughout the vaporisation process.

Comparing the diameter distributions after irradiation of MDs with
the two types of shell, we note that the size distribution of completely
vaporised MBs is more uniform and pronounced in the case of DDAB-
DexMA with respect to DDAB. This is consistent with the higher yield
of MBs in the case of double-layered shells and can be explained by the
stabilising role of the external elastomeric layer, that significantly re-
duces the leaking of DFP and MBs rupture probability during ADV. This
would mean that DDAB-DexMA-shelled MDs may be well-suited for
ultrasound contrast imaging purposes. Conversely, the acoustically
stimulated destruction of DDAB-shelled MDs may be useful to trigger the
release in situ of small drug molecules encapsulated in the core to pre-
vent their premature clearance.

We also characterised the acoustic properties of vaporised MDs by
acoustic attenuation spectroscopy in section S5 of ESI. The acoustic
spectra are fitted to the linear oscillations model of Eq. 3 and the ob-
tained acoustic parameters are further analysed to extrapolate visco-
elastic properties of the two layers of the MDs shell. To this aim, we used
a thin-shell model [63] for the DDAB shell and thick-shell model [19] for
the DDAB-DexMA shell. The results obtained by such analyses are re-
ported in Table 2. The shear modulus G and viscosity s of the DexMA
layer are in good accordance with those previously reported for similar
systems [19,26]. Notice that G; is at least one order of magnitude lower
than the typical shear modulus values needed to significantly affect the
ADV threshold according to the literature [60,61]. This result supports
our hypothesis that the shell does not resist expansion with significant
strength during the core vaporisation and only intervenes in deter-
mining the final size and the stability of the formed MBs (e.g., the thick

Table 2
Acoustic and viscoelastic parameters extrapolated by the analysis of the acoustic
attenuation spectra of vaporised MDs with both types of shell.

type of shell Dres 5 x G Hs
(MHz) (N/m) (MPa) (mPa-s)
DDAB 14.8 £0.1 0.95 £ 0.02 37+08 - -
DDAB- 155+ 0.3 0.4+0.1 - 3.0£0.7 100 + 30
DexMA
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polymer layer hinders leakage of gaseous DFP [26]). Coherently, in the
same exposure conditions, the highest ADV yield is obtained in the case
of DDAB-DexMA shell, that is more rigid than the DDAB one.

The elastic modulus of the DDAB shell is one order of magnitude
higher than that of Epikouron™200-shelled systems [26] and those re-
ported in literature for Sonovue® MBs [64]. This is consistent with a
higher rigidity of DDAB, that at room temperature is organised in the
gel-crystalline phase [48].

The vaporisation of AuNPs-decorated MDs was tested via both
acoustic and optical stimulus. In the case of DDAB shell, preliminary
tests reported in section S6 of ESI show that after vaporisation only few
MBs remain stable in solution, due to shell breakage. Therefore, we focus
our investigation on DDAB-DexMA-shelled MDs. As reported in Fig. 7,
efficient ADV was obtained irradiating MDs for 5 min with an acoustic
field of 520 mW/cm? intensity at 37 °C. DLS highlights that MDs suc-
cessfully vaporise into stable MBs with diameter of 9.0 + 0.9 ym (panel
A). This is confirmed by CLSM experiments (panels B and C), where the
core vaporisation is pointed out by the significant presence of larger
particles mainly located close to the top interface with the glass slide and
by the drop in the fluorescence intensity of Nile Red. These results
remark the importance of the external crosslinked DexMA layer of the
shell, which confers higher robustness to the system preventing the
destabilisation of the DDAB layer when decorated by AuNPs [56].
Moreover, the elastomeric layer well withstands to the strong pressures
arising from the enhancement and localisation of the acoustic field
induced by AuNPs at the MDs interface [65].

The ODV experiments on AuNPs-decorated MDs are performed at
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37 °C using a laser source at 532 nm with intensity of 34.0 + 0.1 mW/
cm?. The irradiation time is selected at 120 s to maximise the vapor-
isation efficiency without inducing MDs burst (Fig. S20). DLS analysis
(panel D of Fig. 7) highlights the successful vaporisation into MBs with
diameter of 8.3 + 0.9 um. CLSM experiments on MDS labelled with Nile
red (panels E and F of Fig. 7) confirm this result. Control experiments on
non-decorated MDs reported in Fig. S21 show complete absence of
vaporisation, demonstrating that the optical vaporisation occurs only in
the presence of AuNPs adsorbed to the shell, and therefore the key role
of the thermoplasmonic effect in converting into heat the incident
energy.

It is interesting to compare the ODV process with the temperature-
induced transition and rupture of MDs. To this aim, we carried out the
UV-Visible extinction spectroscopy analyses reported in Fig. 8. Extinc-
tion spectra acquired on the AuNPs-decorated MDs before and after
3 min of laser irradiation are reported in panel A. The spectrum of bare
AuNPs, showing the characteristic LSPR band centred at
534.5 + 0.5 nm, is also reported for comparison. Before irradiation, the
band is superimposed to the scattering contribution of MDs and appears
weaker, broaden and redshifted to 539.5 4= 0.5 nm. This shift is due to
the strong sensitivity of the LSPR to variations in the refractive index at
the AuNPs surface [28,66]. Since dextran has higher refractive than
water [67], this result ascertains the successful adsorption of AuNPs to
the external layer of the MDs shell. After 3 min irradiation MDs break, as
pointed out by DLS (Fig. S20). Accordingly, the scattering contribution
of MDs vanishes in the extinction spectrum and the LSPR and the
spectral shape becomes similar to that of bare AuNPs. The LSPR appears

A B C
0.0 ‘ ; ; : . .
E. F.

Fig. 7. DLS and CLSM study of acoustic and optical droplet vaporisation of AuNPs-decorated MDs with DDAB-DexMA shell. For ADV (top), MDs were exposed to an
acoustic field of 520 mW/cm? intensity (peak negative pressure 120 kPa, mechanical index 0.12) for 5 min at 37 °C. Panel A shows the hydrodynamic diameter
distributions measured before and after irradiation; corresponding CLSM images are reported in panels B and C, respectively. For ODV (bottom), MDs were exposed
to laser illumination of 34 mW/cm? intensity for 120 s at 37 °C. Panel D shows the hydrodynamic diameter distributions measured before and after applying the
optical stimulus; corresponding CLSM images are reported in panels E and F, respectively. Gaussian best fits of the size distributions are shown in the plots; scalebars

are 10 um.
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Fig. 8. (A) UV-Visible extinction spectra of

AuNPs-decorated MDs with DDAB-DexMA shell
before (orange) and after (red) laser stimulation
(34 mW/cmZ, 3 min), compared with the plas-
monic peak of free AuNPs (red); spectra are
normalised to the maximum band intensity of
the AuNPs LSPR. (B) Turbidimetric study of the
ODV process: the measured values of the
extinction at 400 nm are reported as a function
of temperature. (For interpretation of the ref-
erences to colour in this figure, the reader is
referred to the web version of this article.)
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further shifted to 543.5 + 0.5 nm, suggesting that part of the shell
components (DDAB and DexMA) adsorbs to AuNPs after MDs rupture.

The extinction spectra acquired as a function of temperature are
reported in Fig. S15. To decouple the contribution of the MDs scattering
to the extinction from the scattering and absorption of AuNPs, we report
in panel B of Fig. 8 the extinction measured at 400 nm as a function of
temperature. At this wavelength the contribution of AuNPs to the
extinction is mainly due to inter-band transitions (i.e., proportional to
the molar concentration of Au in the sample) and therefore can be
assumed constant for the overall temperature range [57]. The trend is
characterised by an evident drop at ~45 °C, in correspondence of MDs
rupture (see for comparison the DSC analyses of section S3).

The comparison between optically and temperature induced MDs
burst highlights the possibility of exploiting the localised thermo-
plasmonic effect for the targeted release at physiological temperature of
drugs or other agents previously embedded in MDs core. It is worth
noting that the transition of the DDAB shell, that causes the MDs
rupture, occurs well below the liquid-vapour transition temperature of
the DFP core (increased from 55 °C to more than 70 °C when encapsu-
lated within the double layer shell [26]). On the other hand, the opti-
cally induced vaporisation of MDs is mediated by AuNPs that are not
directly in contact with the liquid core, meaning that an efficient heat
transfer occurs thorough the DDAB-DexMA shell. This hypothesis is
consistent if considering a shell thickness of ~300 nm [26] and an action
distance for the heat transfer from plasmonic nanoparticles that can
reach several hundred nanometres [68], while maintaining small the
perturbed portion of the shell surface. This represents a promising asset
of our system, in fact despite the easy synthesis procedure, the posi-
tioning of AuNPs at the external interface of the MDs shell, opens to their
chemical derivatisation for targeting and efficient photothermal transfer
against cancer cells [68].

4. Conclusions

In this work we developed two novel phase-change contrast agents
using a single DDAB surfactant shell or double-layer shell made up of
DDAB and crosslinked DexMA. Proceeding from the preparative previ-
ously developed for producing biodegradable phase-change contrast
agents with hybrid interfaces [16], we modified and optimised the key
parameters involved in the synthesis protocol to maximise the MDs
stability against coalescence and rupture, and to select the best size
distribution suitable for actual application of the produced MDs as ul-
trasound contrast agents or carriers. Specifically, we were able to ach-
ieve diameter distributions centred around 1.3 pm, suitable for reaching
the smallest capillaries without inducing obstruction, with extremely
narrow width, that ensures uniform acoustic response of the MBs formed
after vaporisation of the MDs core. Moreover, the highly positive surface
potential provided by DDAB ensures high colloidal stability to MDs. The
structural stability and stiffness of the DDAB monolayer together with
the elasticity of the polymer contribute to the high robustness of the
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DDAB-DexMA shelled MDs, which are still intact at physiological tem-
perature and up to ~ 40 °C.

Our study results on the one hand in a novel formulation of robust
DDAB-DexMA-shelled MDs with significant responsivity to ADV. The
produced MBs resonate at the acoustic frequency of 15 MHz. The anal-
ysis of their acoustic response provided the characterisation of the
viscoelastic properties of the two layers of the shell. Preliminary ex-
periments on the obtained MBs showed very good echogenicity (see
section S7 and Video S1) that makes our system interesting for designing
novel contrast agents for echography imaging. On the other hand, the
lower robustness of DDAB-shelled MDs may be employed for developing
drug release strategies based on the acoustically triggered burst.

Supplementary material related to this article can be found online at
doi:10.1016/j.colsurfa.2022.128522.

On this basis, we developed a multi-responsive system by decorating
DDAB-DexMA-shelled MDs with AuNPs. The obtained hybrid system
showed good stability and can be successfully vaporised by both
acoustic and optical stimuli. These results open for promising applica-
tion in combined biomedical approaches of theranostic relevance.
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