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ABSTRACT: Phase change contrast agents for ultrasound
(US) imaging consist of nanodroplets (NDs) with a
perfluorocarbon (PFC) liquid core stabilized with a lipid or
a polymer shell. Liquid < gas transition, occurring in the core,
can be triggered by US to produce acoustically active
microbubbles (MBs) in a process named acoustic droplet
vaporization (ADV). MB shells containing polymerized
diacetylene moiety were considered as a good trade off
between the lipid MBs, showing optimal attenuation, and the
polymeric ones, displaying enhanced stability. This work
reports on novel perfluoropentane and perfluorobutane NDs
stabilized with a monolayer of an amphiphilic fatty acid, i.e.
10,12-pentacosadiynoic acid (PCDA), cured with ultraviolet
(UV) irradiation. The photopolymerization of the diacetylene

PFC
LiQuID

groups, evidenced by the appearance of a blue color due to the conjugation of ene-yne sequences, exhibits a chromatic transition
from the nonfluorescent blue color to a fluorescent red color when the NDs are heated or the pH of the suspension is basic. An
estimate of the molecular weights reached by the polymerized PCDA in the shell, poly(PCDA), has been obtained using gel
permeation chromatography and MALDI-TOF mass spectrometry. The poly(PCDA)/PFC NDs show good biocompatibility
with fibroblast cells. ADV efficiency and acoustic properties before and after the transition were tested using a 1 MHz probe,
revealing a resonance frequency between 1 and 2 MHz similar to other lipidic MBs. The surface of PCDA shelled NDs can be
easily modified without influencing the stability and the acoustic performances of droplets. As a proof of concept we report on
the conjugation of cyclic RGD and PEG chains of the particles to support targeting ability toward endothelial cells.

1. INTRODUCTION

Microbubbles (MBs) are micron-sized particles encapsulating a
gas core and can be regarded as a colloidal system with unique
mechanical properties. MBs are able to resonate in the
ultrasound frequency range,”” making them a powerful
injectable contrast agent for ultrasound imaging.”* Recently,
MBs have been considered a potential multifunctional platform
supporting therapeutics and diagnostics with the capability to
target specifically pathological tissues and cells.” The structural
element characterizing the overall behavior and properties of
MBs is the shell confining the gas core from the dispersing
medium which can be made of proteins, lipids, or polymers.°
The shell of a lipid MB is a spherical surfactant monolayer,
with a thickness of few nanometers, stabilized by weak
interactions. Differently from lipid MBs, a layer of cross-linked
polymer chains with varying extent of water permeation results
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in MBs having a shell thickness of some hundreds of
nanometers.”~ Surprisingly, in some cases, the difference in
shell thickness does not cause a huge change of the acoustic
properties of the two types of MBs.'” Lipid MBs are much
easier to drive up to inertial cavitation by ultrasound (US)
irradiation and have much shorter lifetime than polymer
shelled MBs, reflected also in a dramatic shortening of the
circulation life in a hostile environment for exogenous particles
such as blood."' ~'® Moreover, lipid shelled MBs are less prone
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for conjugating moieties enabling the active targeting or drug
delivery because of the delicate packing at the basis of the
surfactant shell layer.'” Recently, phase change nanodroplets
(NDs) stabilized by lipid, polymeric, or surfactant-based shells
have been regarded as another way to obtain MBs by in situ US
activation. This process, known as acoustic droplet vapor-
ization (ADV), implies the transformation of NDs to MBs as
final product and entails interesting features, which can be
exploited in biomedicine:'*™>' (i) in the perfluorocarbon
(PFC) core, hydrophobic drugs can be dispersed or
solubilized;** (i) phase change systems, subjected to ADV,
have been also considered for the delivery of drugs previously
loaded in the liquid core of the starting NDs;** (iii) the
nanometric size of systemically administered droplets, is a
remarkable feature in the presence of enhanced permeability
and retention (EPR) effect, typically affecting tumor tissues,
and can play a role in the penetration of biological barriers due
to the vasculature leakiness.”*~>* Once the biological barrier is
overcome after extravasation, the NDs engineered for active
tumor targeting, can be converted into MBs by a US-triggered
phase transition.”” At this point MBs can be used both to
support an enhanced ultrasound imaging and as therapeutic
drug carrier and delivery device, bringing MBs to inertial
cavitation and causing the local release of drug to the
pathological tissue. From the literature it emerges that the
energy threshold needed to trigger ADV is linked in a complex
manner to the composition and structure of the NDs shell, its
elasticity, and surface tension. Poly(lactic-glycolic) acid, PLGA,
shelled NDs encapsulating perfluoropentane were used for
carrying doxorubicin in the liquid core. A power of 8 W for 3
min was necessary for vaporizing the core of these NDs, a
threshold much higher than the 3 W for few seconds used
when the shell is lipidic.”> Among lipid shelled NDs, we report
here on a particular type which combines the features of the
lipid ones with the robustness of a cross-linked structure. Park
et al. reported on the incorporation of photopolymerizable
diacetylenes into the formulation of phospholipidic MBs as a
mean to accomplish tunable shell zpolymerization and
enhanced stability of the microbubbles.”’ With this scenario
in mind, we designed novel submicron-size, phase-change NDs
to obtain MBs exhibiting features of both the lipid and the
polymer MBs together. The shell encapsulating low boiling
point PECs, i.e. perfluoropentane (PFP) and perfluorobutane
(PFB) with boiling points of 29 and —2 °C, respectively, is
formed by a fatty acid monolayer consisting in 10,12-
pentacosadiynoic acid (PCDA). A PCDA molecule exhibits
interesting surfactant features with a carboxyl group as polar
head and an aliphatic tail bearing two alkyne groups in
positions 10 and 12, respectively. The diacetylene moiety
during UV curing is subjected to an intermolecular topo-tactic
free radical photopolymerization, yielding an alternate
sequence of double and triple conjugated bonds transverse
to the PCDA tails and connecting several single PCDA
molecules, i.e. a poly(PCDA); the conjugation is evidenced by
the appearance of a blue color. The result of the photo-
polymerization is a nanodroplet encapsulating a liquid PFC
with a shell being intermediate between a lipid and a polymeric
one (see Scheme 1) and exhibiting interesting optical
properties alreadI reported in the literature for UV cured
PCDA films.”* ™

Our investigation concerns the stability and the structure of
the PCDA shelled nanodroplets after UV curing, the
responsiveness to US irradiation, and ADV efficiency. We

Scheme 1. 1-4 Addition Polymerization of PCDA during UV
Curing

poly(PCDA)

used poly(PCDA) shelled NDs with unusual stability and
chemical versatility of the surface, for lipid NDs, as proof of
concept to show new specific cells recognition ability and
labeling of fluorescence probes. In this respect, the presence of
functional diacetylenic and carboxylic moieties on one single
PCDA molecule is functional to obtain a great variety of
engineered phase shift hybrid devices incorporating near-
infrared (NIR) absorbing nanomaterials.*>~*’

2. EXPERIMENTAL SECTION

2.1. Materials. The following materials were purchased from
Sigma-Aldrich (Milan, Italy) and used without further purification:
10,12-pentacosadiynoic acid (PCDA), poly(ethylene glycol) 2-
aminoethyl ether acetic acid (3000) (amino-PEG-COOH), pluronic
F127, fluorescinamine isomer I, 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide hydrochloride (EDC), N-hydroxy-succinimide (NHS),
2-morpholinoethanesulfonic acid buffer (MES), acetic acid, 1,8,9-
anthracenetriol (Dithranol), sodium chloride (NaCl), thiazolyl blue
tetrazolium bromide (MTT), Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), L-glutamine, penicillin/
streptomycin, and human serum. Perfluoropentane (PFP) and
perfluobutane (PFB) were purchased from Apollo Scientific, UK;
Irgacure 2959 and chloroform were purchased from BASF (Milan,
Italy) and Alfa Aesar, respectively. Cyclo(Arg-Gly-Asp-p-Phe-Lys)
(cRGD) was purchased from Avanti Polar (Milan, Italy). Methanol
(MeOH) and dimethyl sulfoxide (DMSO) were purchased from
Carlo Erba, Milan, Italy. Milli-Q (mQ) quality water (18.2 MQ-cm)
was produced by a Pure Lab deionization apparatus from USF
(Perugia, Italy). Murine fibroblast cell line, NIH 3T3, was purchased
from Istituto Zooprofilattico della Lombardia e dell’Emilia Romagna
(Milan, Italy).

2.2. Methods. 2.2.1. Poly(PCDA)/PFC ND Formulation. First, a 1
mM aqueous suspension of PCDA monomeric vesicles is prepared
(see the Supporting Information). Then PCDA/PFP droplets were
prepared by adding SO L of liquid PFP to 1 mL of PCDA monomer
aqueous suspension cooled at 4 °C. The mixture is sonicated using a
sonication bath cleaner (Ceia CP104, Florence, Italy) at full power for
about 10 min (two iterations of S min each), until all PFP is
incorporated into PCDA, leading to a milky solution. Then 10 uL of
Pluronic F127 aqueous solution (10 mg/mL) is added as a stabilizer
prior to polymerization. The droplets are immersed in an ice bath and
photopolymerized under 365 nm UV light for 15 min using a UV
lamp (7 W/cm?) in the presence of Irgacure 2959 photoiniator
(0.15% w/v). The development of a blue color in the suspension is
taken as the visual evidence that the cross-linking reaction occurred.
The UV cured droplets are washed with mQ _water by centrifugation
at 5200 rpm (2358 g-force) for 4 min.

As for PCDA/PFB droplets, first an empty vial sealed with a rubber
septum is immersed in liquid nitrogen, then PFB gas is fluxed for few
seconds inside the vial. As soon as the gas is liquefied, the vial is
removed from the liquid nitrogen. Quickly 1 mL of PCDA aqueous
suspension (1 mM) is added with a syringe and the mixture is
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immediately placed in a sonication bath for 10 min at RT until
obtaining a milky suspension. A fraction of PFB in the liquid state is
incorporated by the PCDA molecules, while the remaining PFB
evaporates in the empty volume of the vial, creating a pressure head
over the liquid suspension. The droplets are subsequently UV cured
for 15 min under 365 nm light, in the presence of Pluronic F127 and
Irgacure 2959 at concentrations of 0.01% and 0.15% (w/v),
respectively.

Both poly(PCDA)/PFP and poly(PCDA)/PFB samples were
stored at 4 °C for further analysis and stability study.

2.2.2. PCDA Molecular Shell Density Determination. An estimate
of the surface density number of surfactant molecules in the shell of
poly(PCDA)/PFP NDs is carried out on a sample fraction with
dimensions above 800 nm. Typically, S mL of poly(PCDA)/PFP were
prepared as described previously and the largest NDs fraction was
separated by centrifugation (2000 rpm, 360 g-force, S min). This
fraction can be easily detectable and countable in a Neubauer
chamber by bright field microscopy (40x). After elution in a column
packed with Amberlite IR-120, (Merck, GE) proton exchange resin,
the carboxyl groups of the PCDA shell in the selected fraction are
titrated potentiometrically with a glass combined pH semimicroelec-
trode, (Crison, SP). Further details of this procedure are provided in
the Supporting Information experimental section S2.

2.2.3. Chromatic Transition Study of poly(PCDA) Droplets. The
chromatic transition of poly(PCDA) NDs upon heating is followed
with an UV—vis double beam JASCO V-630 (Milan, Italy) UV—vis
spectrophotometer with a 1 cm quartz cell (Hellma, GE) equipped
with a Peltier unit (Jasco EHC-716, Milan, Italy), between 25 and 80
°C. The measurements were recorded taking water as reference and
subtracting the spectra of PCDA NDs, before UV curing, to remove
the scattering.

2.2.4. Dynamic Light Scattering (DLS). The size distribution of
poly(PCDA)/PFC NDs is determined by DLS. A 1 mL portion of a
100 fold diluted solution of PFC encapsulated poly(PCDA) NDs is
filled into a cylindrical quartz cuvette. The measurements are carried
out at 90° using a photometer equipped with a BI-200SM
goniometer, a BI-9000AT (Brookhaven Instruments Co.) correlation
board and a solid state laser source emitting at 532 nm. Analysis of the
autocorrelation function, g, (g, t), of the scattered intensity was
carried out using the cumulants algorithm provided as part of the
standard software package of the instrument.

2.2.5. Z-Potential. The Z potential of “blue” and “red” NDs (see
section 2.2.2) suspended in mQ water is measured at 25.0 + 0.1 °C
with or without Pluronic F127 at a concentration of 0.1 mg/mL, used
in the PCDA polymerization. A Phase Analysis Light Scattering
(PALS) technique with a Malvern Nano ZetaSizer apparatus
(Malvern Instruments Ltd., UK) equipped with palladium electrode
dip cell ZEN 1002 (Malvern, UK) has been used for the measurement
of the electrophoretic mobility and the related Z potential, provided
herein in the Helmholtz—Smoluchowski approximation.*'

2.2.6. Gel Permeation Chromatography (GPC). 2.2.6.1. Sample
Preparation. A 12 mL portion of freshly generated poly(PCDA)/
PFC NDs is freeze-dried, and the resulting powder is suspended just
before measurement in DMSO containing 0.1% (w/v) lithium
chloride, yielding a final concentration of 2 mg/mL.

2.2.6.2. Measurement. GPC analysis of polymerized NDs is
performed using a Shimadzu instrument consisting of a controller unit
(CBM-20A), a pumping unit (LC 20AT) equipped with a 20 uL
sample loop, a degasser unit (DGU-20A3), a column oven (CTO-
20AC), a diode array detector (SPD-M20A), and a refractive index
detector (RID-10A); a Shimadzu Lab Solution software package
(Version 5.42 SP3) allowed for the system control. APLgel S ym Mini
MIX-C column (Agilent, 250 X 4.6 mm) eluted at 70 °C with DMSO
containing 0.1% (m/v) lithium chloride was used, with a run-time of
20 min at 0.25 mL min~" flow rate.

Molecular weights are calculated from a linear calibration (R* =
0.999) based on poly(styrene sulfonic acid) polymer fractions ranging
from 4.3 to 2600 kDa using a dedicated excel-file reported
previously.*”

2.2.7. Matrix-Assisted Laser Desorption/lonization—Time of
Flight (MALDI-ToF) Mass Analysis. 2.2.7.1. Sample Preparation.
One mL of freshly generated poly(PCDA)/PFC NDs is centrifuged at
3900 rpm (1326 g-force) for 4 min, and the recovered pellet is
suspended in aqueous buffer solutions, i.e., acetate buffer (0.1 M, pH
4.5) or phosphate buffer (0.1 M, pH 8) at a final concentration of 4
mg/mL. The buffer suspensions of NDs are mixed (1:1 v/v) with a
matrix solution of dithranol at 2 mg/mL in NaCl aqueous solution
(10 mg/mL) just before measurement. A 2 uL portion of the resulting
analysis solution is placed on the MALDI-TOF sample holder and left
for drying in the dark.

2.2.7.2. Measurement. Measurements are performed on a
Voyager-DE PRO Biospectrometry Workstation MALDI-TOF mass
spectrometer by Applied Biosystems (USA), equipped with a nitrogen
laser (337 nm) using the Applied Biosystems operating and analysis
software, monitoring a mass range between 200—5000 Da in positive
linear mode. The delayed extraction technique is used applying delay
times of 200 ns. An accelerating voltage of 25.0 kV, a laser intensity of
around 2000 eV, a grid voltage of 95%, and a guide wire voltage rate
of 0.2% were used for generation of optimum spectra. Spectra were
collected in positive and negative mode, adjusting laser intensity as
necessary. Analyzed spectra are the sum of 50 to 250 shots. The
instrument was calibrated using commercially available PEG standards
in the range between 500 and 10 000 Da.

Mass analysis and spectra interpretation was achieved using
Applied Biosystems Data Explorer and a combinatorial excel-based
analysis.

2.2.8. Bright Field, Transmission, and CLSM Microscopies.
Although close to instrumental resolution, an overall view of the
different droplet samples is carried out using an inverted Eclipse
model Ti-E microscope (Nikon Instruments, Japan) equipped with a
40X long-working distance objective, a 60X/1.4 oil immersion Plan
Apo objective, an Ar" green laser (1, = 488 nm) (Melles Griot,
Carlsbad, CA), and a He—Ne laser (4., = 543 nm) (Spectra Physics,
Mountain View, CA). An estimation of the poly(PCDA)/PFC
droplets concentrations is assessed by bright field microscopy using a
Nauber chamber 0.25 ym X 0.25 ym X 0.1 um and image]J software
(freeware) to analyze micrographs. ADV is monitored by fluorescence
and confocal microscopy for fluoresceinamine conjugated PCDA/
PFP droplets (4 exc 488 nm).

2.2.9. Acoustic Droplet Vaporization (ADV). The ADV experi-
ments are performed using a SP100 sonoporator (1 MHz) from
SONIDEL (Dublin, IE). Typically, for each polymerized droplets
systems described above, an “Ibidi” channel slide 50 mm X S mm X
0.4 mm (Milan, Italy) is filled with 200 L of 10-fold diluted droplets
suspension and fixed in a polystyrene flask degassed water bath placed
on the microscope. An ultrasound probe is placed in the water bath at
37 °C and at 2 cm height. Acoustic vaporization is carried out at 1
MHz central frequency, 100% duty cycle for 30 s and at different US
powers to assess the efficiency of each type of PFC filled poly(PCDA)
droplets. The transition NDs — MBs is followed by bright field
microscopy. For these experiments droplets in the channel were
diluted in human serum.

2.2.10. Acoustic Attenuation Measurements. The experimental
setup is described in Scheme SI1 in the Supporting Information.
Typically, a glass cell (2 cm X 2 cm X 4 cm) is filled with aqueous
droplet suspensions in degassed DMEM (at an estimated concen-
tration of 3 X 107 NDs/mL). The latter features two openings at
opposite sides separated by a distance of 2 cm allowing contact with
the emitting and receiving transducers. Two flat 10 MHz transducers
(Olympus V311) as emitter and receiver and a waveform generator
producing consecutive sinusoidal ultrasound bursts at frequencies
ranging from 0.5 to 20 MHz (in steps of 0.25 MHz) are used. A
constant input voltage of 6 V was applied at each frequency, resulting
in acoustic pressure levels below 60 kPa. The attenuation was
deduced from the transmitted signals detected by the receiver by
means of a reference method, where the reference is the DMEM
medium. Acoustic attenuation measurements of poly(PCDA)/PFP
and poly(PCDA)/PFB NDs are performed before and after ADV. For
the ADV attenuation measurements, the sonoporator head is carefully
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immersed on the top of the cell, and the droplets are irradiated with
the same parameters described in the ADV section above (duty cycle
100, 0.1—3.6 W/cm?, 30 s).

2.2.11. MTT Cytotoxicity Evaluation of poly(PCDA)PFP Droplets.
For MTT assays, typically, 5 X 10* of fibroblasts NIH 3T3 are seeded
in 24-well plates and cultured in DMEM supplemented with 2 mM L-
glutamine, 1% penicillin/streptomycin, and 10% FBS at 37 °C in a
humidified atmosphere containing 5% CO,. The multiwell plates
containing the cells were left for 12 h in incubator (HeraCell 150i,
Thermo-Scientific) to allow cell adhesion. Afterward, 900 uL of
DMEM and 100 pL corresponding to amounts ranging from about
10° to § X 10° (droplets/mL) of poly(PCDA)/PFP droplets were
added. After 24 h contact, the cells are washed twice with PBS and
incubated for 4 h with MTT at a final concentration of 0.5 mg/mL in
serum-free DMEM, at 37 °C under 5% CO,. Then, MTT is removed
and the water-insoluble formazan crystals formed as byproduct of the
test are dissolved in DMSO. Spectrophotometer absorbance measure-
ments at 570 and 650 nm wavelengths were carried out. The cell
viability is expressed according to eq 1 as percentage value
representing mitochondrial activity. Untreated cells (NT), i.e. without
being in contact with the droplets, are used as control.

(AbsNDs)s,, —
(AbsNT),, —

AbsNDs
( Jeso x 100

cell viability (%) =

7 (%) (AbsNT)g, (1)
where Abs is the absorbance and NDs represents a poly(PCDA)/PFP
droplets treated cells. Data were statistically analyzed using the paired
Student ¢t test within the groups.”

2.2.12. Functionalization of poly(PCDA)/PFP NDs. 2.2.12.1. Poly-
(PCDA)/PFP Fluoresceinamine Labeled Droplets. Fluoresceinamine
dye is conjugated to the poly(PCDA)/PFP (blue) submicron droplets
by EDC/NHS chemistry through the carboxylic moiety of the PCDA
monolayer at the PFP/water interface and the —NH, group of the
fluorescent label (see Scheme S3 in the Supporting Information).
Typically, the carboxylic groups of the polymerized droplets, prepared
as described in section 2.2.1, are activated with an equimolar amount
of EDC/NHS (approximately 2 ymol) at pH fixed to 6.5 with MES
buffer (0.1 M). The suspension is kept under stirring in the dark at
RT for 30 min. Then 2 pmol of dye solution in MeOH/H,0 (1:1 v/
v) are added and the suspension is further kept under stirring for 2 h.
Finally the covalently labeled droplets are washed with mQ water by a
multistep centrifugation at 5200 rpm (2358 g-force) for 4 min to
remove unbound dye.

2.2.12.2. RGD-Functionalized PCDA/PFC Droplets for in Vitro
Cell Targeting. Preparation. The strategy for the tagging of
poly(PCDA) NDs with ¢(RGD peptide consists in a double EDC/
NHS chemistry. In a first step, a PEG chain bearing NH, and COOH
as end groups is tethered on the shell of the NDs via EDC/NHS
leading to an amide bond through the primary amine group of PEG
and the carboxyl groups on the NDs surface. Typically 1 gmol of NDs
is suspended in a MES buffer (0.1 M, pH 6.5) and activated by EDC/
NHS (2 pmol) for 30 min following the addition of 2 gmol of amino-
PEG-COOH. The reaction is carried out for 2 h at RT under gentle
stirring. Then NDs are washed with MES buffer to eliminate unbound
PEG chains by centrifugation (5000 rpm/2180 g-force). In a second
step, the resulting droplets are activated by 0.5 gmol EDC/NHS for
30 min following the addition of cRGD bearing a p-Phe-Lys moiety
(0.5 ymol). Thereafter, the functionalized cRGD NDs (poly(PCDA)-
PEG-cRGD/PFP) are washed by centrifugation (5000 rpm/2180 g-
force, 4 min) and heated at 70 °C to pass from the blue to the red
form, with a partial decrease of the average dimensions. This step is
necessary in order to attribute fluorescence to the NDs for an easy
detection in the adhesion tests, which avoids a further labeling step of
NDs.

In wvitro cell targeting. HUVEC cells were cultured in DMEM
supplemented with 2 mM L-glutamine, 10% FBS, and 1% penicillin/
streptomycin at 37 °C in a humidified atmosphere containing 5%
CO,. In a typical flow experiment, flow chamber slides (u-Slides I 0.4)
are coated with 2% gelatin solution according to the Ibidi protocol,
after which 10° of HUVEC cells are seeded. To allow cells to grow

and adhere on the bottom of the chamber slides, y-Slides I 0.4 were
put in the incubator (HeraCell 150i, Thermo Fisher Scientific) and
left overnight. Afterward, cells are washed three times with PBS/FBS/
DMEM (40%, 40%, 10%) (v/v) and placed under an inverted
microscope (Nikon Inverted Microscope Eclipse Ti-E) equipped with
a 40X objective (Nikon, Japan), a motorized stage, and the Zylas
CMOS camera 4.2 (Andor, Belfast, UK). The setup, assembled as
described in Scheme 2, consists of an infusion pump with a 10 mL

Scheme 2. In Vitro Cell Targeting Setup
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syringe filled with the NDs (0.1 mM) suspension in the PBS/FBS/
DMEM mixture and connected by silicon tubing (20 cm, internal
diameter 1.6 mm, and outer diameter 3.2 mm) and Luer-lock
connector adapters to the u-Slide. HUVEC cells were grown at
confluence on the bottom side of the channel slide. The poly(PCDA)-
PEG/PFP and poly(PCDA)PEG-cRGD/PFP NDs, suspended in cell
medium containing FBS, were fluxed for 10 min at a shear stress
corresponding to 1 dyrx/cm2 (flow rate 1.12 mL/min) allowing for
interaction with cells.

The channel slide is then upside down inverted for 5 min, then
placed under the microscope, and fluxed for 10 min with PBS to wash
out any unspecifically adhered and easily detachable NDs. To image
the NDs in fluorescence microscopy we took advantage of the
intrinsic fluorescence of the NDs after conversion into the red form
(Aex 543 nm). Pictures corresponding to the five different fields of
view are recorded after the washing. For image capturing and data
analysis, Nikon NIS-Element AR software is used.

3. RESULTS AND DISCUSSION
3.1. Poly(PCDA)/PFC Droplet Formulation Mecha-

nism. PCDA monomers can form vesicles with a bilayer
arrangement in aqueous solutions with the polar heads
oriented toward the water interface.**™** In the case of PFC
NDs, possible shell forming self-assembly of the PCDA units
can result in a monolayer, triple layer or more, as described in
Scheme S2 of the Supporting Information. Counting NDs with
an average diameter larger than 800 nm, detectable by bright
field microscopy, the average surface occupied per PCDA
molecules, i.e. 45 A% was determined by titrating the carboxyl
moiety of the NDs shells (see Figure S1 of the Supporting
Information). Considering the curvature of the ND surface,
this value is in line with the reported value, 26 A%, for
Langmuir—Blodgett (LB) films of PCDA.* An overcompres-
sion of an LB monolayer film by applying a surface pressure of
20 mM/m causes a film reorganization into a triple layer one
with a molecular area of 7 A2>° Therefore, the molecular area
of UV cured NDs measured in this work, although affected by
a large error, up to 30%, essentially due to the counting
procedure, suggests that the PCDA shell of NDs is a
monolayer analogous to LB film assembly.

Thus, the PCDA monolayer shells encapsulating a PFC
liquid core in aqueous medium, are oriented with the lipophilic
tail toward PFC, whereas the hydrophilic carboxylic head
points toward the aqueous phase (see Scheme 3). PCDA shells
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Scheme 3. Poly(PCDA)/PFP Nanodroplet Formulation and Chromatism
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Figure 1. (a) Average size variation of poly(PCDA)/PFP (black) and poly(PCDA)/PFB (green) over time by DLS. The filled and empty symbols
represent NDs with initially larger and smaller size, respectively. (b) Poly(PCDA)/PFP (black) and poly(PCDA)/PFB (green) concentration over
time (the lines represent guides for the eyes). Fractions of NDs with selected dimensions are obtained by separating pellet and supernatant,

respectively, upon centrifugation at 3200 rpm/973 g-force for 4 min.

can encapsulate different PFC already available on the market
and, among them, some are FDA approved. PFC boiling points
are found in a wide temperature range, depending on the
carbon chain length and the fluorine/hydrogen ratio.
Accordingly, PFCs can be liquid or gas in standard conditions,
ie. 1 atm. A milky PCDA/PFP droplets dispersion can be
easily formed by sonicating a mixture of PCDA aqueous
suspension and liquid PFP. However, to obtain stable droplets
with PFB (bp = —2 °C), the latter needs to be liquefied under
pressure or at very low temperatures. Sheeran et al. showed an
interesting route to obtain PFB encapsulated droplets by
condensing commercially available microbubbles, known as
Micro-Marker (VisualSonics, Canada). This was achieved by
cooling the MBs and applying a pressure of 170 kPa.’'
Therefore, PFB NDs can be directly obtained once PFB is
liquefied at low temperature, under pressure, or both. In our
case, the PFB was brought to liquid nitrogen temperature in
order to limit the evaporation during further manipulations
carried out at room temperature in a closed vessel, as described
in the Experimental Section. Additionally, the Laplace pressure
contributes in stabilizing the nanodroplets by increasing the
boiling temperature of PFB liquid core. Using the PFB
Antoine’s parameters,”” a boiling temperature of about 60 °C
is obtained when the external pressure is 3.4 atm,
corresponding to the vapor pressure of PFB at room
temperature. This explains also why the majority of the NDs
encapsulating PFB have diameter values around 250 nm.
Those with larger diameters, i.e. having less surface curvature,
are less stable, and most of them are bound to burst.

The photopolymerization of PCDA increases the stability of
the formed NDs. During UV curing on the shell of the NDs,
the hydrophobic tails of the PCDA molecules bearing
diacetylene moieties are subjected to free radical polymer-
ization. Strict PCDA molecular orientation is required to
accomplish a topo-tactic sequence of alternating ene-yne bonds
connecting transversally several PCDA tails, forming poly-
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merized PCDA species of different lengths and molecular
weights in the shell. The aqueous suspension of polymerized
poly(PCDA)/PFC NDs is characterized by an intense blue
color due to the conjugation of the double—triple bonds
alternating sequences, whose intensity depends on the
irradiation time and therefore on the polymerization degree.
Moreover, the “blue” species can undergo a chromatic
transition to a fluorescent red color upon heating,*® as
illustrated in Scheme 3 and Figures S2 and S3 of the
Supporting Information.

3.2. Stability of poly(PCDA)/PFP and poly(PCDA)/PFB
Droplets. Both PFP and PFB poly(PCDA) shelled droplets
exhibit a large size distribution in the submicron range of 200—
1000 nm, which can be tuned by centrifugation (see Figure S4
and Table S1 in the Supporting Information). However, for the
PEB based droplets, in agreement with the findings reported by
Sheeran et al, only those with a size below 500 nm remain
stable once subjected to atmospheric pressure and RT.>
Average sizes of PFB and PFP encapsulating NDs, are
monitored by DLS and reported as a function of time in
Figure 1a. Sizes below 600 nm for both PFP and PFB NDs stay
constant for more than a month, while the larger sizes in the
case of PFP NDs increase by a factor of 2 within the first 5
days. NDs counts, estimated by optical microscopy over the
same period of time, show as indicated in Figure 1b a
pronounced decrease for poly(PCDA)/PFP of the NDs
number, occurring again in the first $ days. The time evolution
of the NDs highlights a good NDs stability over a month, with
a size increase and a numerical concentration drop occurring in
the first 5 days. The lower stability of NDs with an initial larger
size could be explained by a limited polymerization of PCDA,
due to the larger distance separating the PCDA molecules as
consequence of a lower density of monomers over the larger
PFP core.

Moreover poly(PCDA)/PFC samples exhibit strong neg-
ative Z-potential, stabilizing the colloidal system, with no
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significant difference for both blue and red forms (—32 + 2
and —33 + 2 mV, respectively). Therefore, the heat treatment
maintains the ionization of the carboxyl moiety at the
poly(PCDA) shell surface unchanged, suggesting that the
chromatic transition is attributed to minor structural variations
limited to the orientation of the carboxyl groups.

3.3. Poly(PCDA)/PFC ND Shell Characterization by
GPC and MALDI-ToF. The degree of polymerization of the
shell of poly(PCDA)/PFC NDs is investigated by GPC and
MALDI-ToF for samples treated with different UV curing
times. Figure 2 shows the MW distributions obtained for
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Figure 2. Molecular weight distribution of freeze-dried NDs
polymerized for S min (red) and for 15 min (blue). Chromatograms
were normalized to the area of the peaks.

poly(PCDA) shells with UV curing of S and 1S min,
respectively, in comparison to the PCDA monomer. The
chromatograms display a higher peak at around 5800 Da and a
lower peak at 15500 Da corresponding to a polymerization
degree of 16 and 41, respectively.

The UV curing time has a deep influence on the
chromatogram shapes, changing the relative heights of the
two peaks. The intensity of the peak of the low molecular
weight species decreases when the curing time changes from 5
to 15 min, whereas the opposite behavior is observed for the
high molecular weight peak. Moreover, a shoulder is observed
at around 20000 Da, highlighting the presence of higher
molecular weight species. These findings confirm that the UV
triggered radical polymerization is responsible for the polymer-
ization of PCDA and that the time frame characteristic of this
reaction covers several minutes. MALDI-ToF based mass
analyses confirm the GPC results. Spectra are recorded after
redispersing poly(PCDA)/PFC samples in acetate buffer
(positive mode) and in phosphate buffer (negative mode).
Combinatorial analysis performed to quantify the primary
MALDI-ToF MW-distributions indicates molecular weights as
high as those found by the GPC analysis as described Figures 3
and SS (Supporting Information).

Based on the chemical nature of the poly(PCDA) chains
investigated in this study, a multiple charging process is likely
to occur in acetate buffer by multiple addition of protons and
sodium cations or, in phosphate buffer, by multiple
deprotonation combined with a partial charge compensation
by proton and sodium addition, which should explain the low
mass/charge values reported in Figures 3 and SS. Moreover, it
can be assumed that the rather hydrophobic nature of the
poly(PCDA) chains allowed for observation of poly(PCDA)-
dithranol complexes. Significant results of the combinatorial
analyses are summarized in Tables S2 and S3 of the Supporting
Information for negative and positive mode, respectively. In
this analysis, also the mentioned possible stacking complexes
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Figure 3. Representative MALDI-ToF spectrum obtained in negative
mode for poly(PCDA)/PFC NDs polymerized under UV irradiation
for 15 min dispersed in phosphate buffer in the presence of dithranol
as a matrix reagent.

between the poly(PCDA) and the matrix molecules have been
considered. Structural representations of selected identified
polydiacetylene species are illustrated in Scheme S4 of the
Supporting Information. Such analysis suggests that high
degrees of polymerization are obtained when polymerizing
PCDA by UV curing. The identified polymer sizes fit in the
bulk of the chromatogram of Figure 2, confirming a bimodal
distribution of the poly(PCDA) molecular weights with a
prevailing peak at around 8000 Da (DP = 22) and a minor
peak at about 15000 Da (DP = 39). According to our GPC
and MALDI-ToF results, about 40 PCDA molecules have been
polymerized by UV curing organized in patches of surfactant
cross-linked molecules with a 2D size of about 200 nm™

3.4. Acoustic Droplet Vaporization (ADV) of poly-
(PCDA)/PFC. ADV experiments are carried out in vitro at 37
°C, with nanodroplets dispersed in human serum in order to
mimic as much as possible the physiological conditions.
Indeed, the presence of proteins in blood serum such as
albumin lowers the surface tension of droplets and therefore
impacts favorably on the ADV efficiency by rendering the
process more efficient. Droplets of encapsulated PFP or PFB
required different conditions to achieve ADV, according to
their different boiling points. In our tests, US intensities of 3.6
and 0.5 W/cm?® are applied on the PFP and PFB NDs,
respectively. The most direct evidence supporting the
occurrence of the liquid < vapor transition of the core is
the observation of an abrupt change of size of the insonified
NDs, passing from submicron to MBs with diameters of few
microns. Micrographs in Figure 4a and ¢ show that, before US
activation, both PFP and PFB NDs are hardly detectable in
bright field modality, as their size is below or at the most
approaching the resolution limit of the microscope.

Moreover, in the same region of interest, ROI, or in different
zones of the channel micron-sized particles, i.e. MBs, were not
visualized. This finding confirms the stability of the NDs and
rules out the hypothesis of a spontaneous phase transition
process slowly progressing during the observation. After US
irradiation a relevant number of MBs appears (see Figures 4b
and d). The size of the ADV generated MBs does not exceed
10 pum in size as required for a systemically injectable device.
The average size of the MBs depends on the size of the parent
NDs but also on the PFC core, as highlighted in Table 1. After
ADV, the average size of poly(PCDA)/PFP NDs increased by
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Figure 4. Poly(PCDA)/PFP nanodroplets before (a) and after (b)
ADV at 3.6 W/cm? respectively; poly(PCDA)/PFB nanodroplets
before (c) and after (d) ADV at 0.5 W/cm?, respectively. Micrographs
(b and d) were taken after 10 min from the US activation.

a factor of 10, whereas poly(PCDA)/PFB MBs displayed an
average size 30-fold larger than the parent NDs.

Table 1. Poly(PCDA)/PFC Size before and after ADV

NDs diameter (nm)  MBs diameter (ym)

type [before ADV] [after ADV]
Poly(PCDA)/PE 400 + 20 s+l
700 + 120 8+3
Poly(PCDA)/PFP “red” 760 + 100 94 +27
POly(PCDA)/PFB 250 + 10 7.5 £ 2.7

It was reported that ADV promotes a size increase of about
5- to 6-fold over a millisecond time lapse for phospholipidic
NDs, in agreement with simple considerations based on ideal
gas.** However, MB 51ze has a complex dependence, not yet
completely elucidated,”” on medium, perfluorocarbon charac-
teristics, shell type.*” Time is a factor to take into account in
analyzing NDs <> MBs transition. Reznik et al. reported on
400 nm PFC encapsulating droplets which expand into MBs

with a diameter of 1.4 yum after 1 ms and 5.6 ym after 1s from
ADV.** Sheeran et al. have shown that there is a significant
difference in the size increase between degassed and
undegassed samples upon ADV, suggesting that undegassed
samples tend to increase more in size over time,** excluding a
coalescence effect between MBs. An increase of about 25 times
of the particle diameter, after ADV, is reported for droplets of
PFP stabilized in a suspension of saline containing bovine
serum albumin. This further expansion was explained by
accounting for an uptake of gases from the air-saturated host
medium into the MBs.>> These conditions apply also to our
experiments, performed in undegassed medium containing
human serum to mimic as much as possible the physiological
conditions. Our results indicate that the behavior of the
microbubbles after ADV depends on the boiling point of the
liquid core of the parent nanodroplets. If the latter is
superheated (as in the case of PFB), the microbubble lifetime
could be surprisingly long. It has been reported that lipid
coated microbubbles with a size range of 1-S5 um
encapsulating air lasted for up to one year dispersed in
degassed water.”® Such prolonged lifetime was attributed to the
surfactant coating of the MBs due to the shell resistance to gas
permeation. In our systems the stability conditions are more
favorable than in the reported example, due to the marked
hydrophobicity of the encapsulated gas (more than the air),
resulting in a very little tendency to diffuse out in an aqueous
environment. No evidence of bursts or inertial cavitation, IC,
in the form of broken shells or debris were observed after US
irradiation. ADV proceeded without accompanying IC events,
in agreement with studies reporting that the thresholds of these
two processes are not governed by the same parameters nor
have the same dependence from the US frequency of
irradiation.”” With liquid PFCs, boiling higher than 37 °C,
not considered in this work, microbubbles revert to nano-
droplets within few minutes, indicating that the hydrophobic
gas core remains encapsulated in the poly(PCDA) shell during
microbubbles’ life. However, we cannot exclude that, with low
boiling point perfluorocarbons, the occurrence of gas leaks
from the shell could be a mechanism leading to a decrease of
the number of microbubbles as we cannot detect a recovery to
the nanodroplets state. The permeation of highly hydrophobic
perfluorocarbons in the dispersing aqueous medium is
discouraged, even for partially cross-linked poly(PCDA)
shell, delaying the escape from the microbubbles.
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Figure 5. (a) Acoustic attenuation at 1 MHz as a function of applied US intensity for poly(PCDA)/PFP (black) and poly(PCDA)/PFB (green);
(b) acoustic attenuation spectra of poly(PCDA)/PFP (black) and poly(PCDA)/PFB (green) nanodroplets before (empty markers) and after ADV
(filled markers) at 3.6 and 0.5 W/cm?, respectively (lines are a guide for the eyes).
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3.5. Acoustic Attenuation of poly(PCDA)/PFC NDs.
The acoustic attenuation measurements of nanodroplets before
and after irradiation with US at 1 MHz were performed at 37
°C, in a degassed cell culture medium containing FBS. Figure
Sa shows that the attenuation of PFP NDs measured at 1 MHz
increases by increasing the intensity of the applied US up to
3.6 W/cm?, whereas the poly(PCDA)/PFB NDs attenuation
reaches a maximum when the power of the incident US
irradiation is only 0.5 W/cm? consistently with the lower
boiling point of PFB (=2 °C). The dramatic change of
attenuation before and after US irradiation indicates that the
process is a liquid—vapor transition and not an aggregation/
coalescence effect where the absence of a phase transition
could not justify such a remarkable attenuation increase.
Moreover, the poly(PCDA)/PFP NDs do not exhibit any
acoustic response before their activation, even at the
physiological temperature of 37 °C. The behavior of the
poly(PCDA)/PFB NDs, which show a very low, but
detectable, acoustic attenuation (see Figure Sb), is attributed
to a small fraction of larger PFB droplets with the core partially
or already completely vaporized, although not detected in
bright field microscopy. This is supported by the attenuation
spectra of PFB encapsulated NDs without US activation as a
function of the time. The results reported in Figure S6 of the
Supporting Information show that attenuation is absent for
NDs with small size (300 nm), suggesting that no spontaneous
vaporization occurred. PFB NDs with larger size (700 nm as
average) display vaporization as indicated by the low but not
negligible attenuation recorded within 1 min. It is worth
noticing that the attenuation spectra after ADV for both types
of NDs, i.e., the PFP and PFB based poly(PCDA), reveal an
acoustic resonance between 1 and 2 MHz similar to the peak
resonance of lipid shelled MBs.”* "

3.6. Cytotoxicity Evaluation of poly(PCDA)/PFC
Droplets. Many studies reported the use of PCDA for drug
delivery applications in the form of liposomes or monolayer
films for biosensing applications due to its optical features and
sensitivity to external stimuli once polymerized.*”®> Hybrid
systems incorporating PCDA have been investigated for their
cytotoxicity. However, as far as we know, no data are available
concerning the impact of the poly(PCDA) combined with
PECs on living tissues. Studying the viability of NIH 3T3
fibroblasts after 24 h of incubation with different ND
concentrations, we demonstrate the biocompatibility of
poly(PCDA). The test is performed only on PFP based
droplets since NDs encapsulating PFB do not allow viability
tests at high concentrations at 37 °C for 24 h, due to their
limited stability in these conditions. Figure 6 shows that, within
the error of MTT tests, no significant decrease in cells viability
occurs, when compared with the control even for the highest
amount estimated as S X 10° droplets/mL.

3.7. Poly(PCDA)/PFP ND Surface Modifications.
3.7.1. Functionalization with Fluoresceinamine. The pres-
ence of carboxyl groups as polar head exposed on the surface of
PCDA/PEC NDs offers the possibility to tailor the chemistry
at the water interface of the construct after UV curing and
allows for easy surface modifications to implement their
functionalities by attaching ligand molecules, small dyes,
nanoparticles, etc.”>"* Molecules with primary amine groups
can be coupled to the carboxyl groups of PCDA NDs in
aqueous media via zero length spacer EDC/NHS chemistry. As
a proof of concept, the fluoresceinamine dye is conjugated to
poly(PCDA)/PFP NDs for labeling the shell (see Scheme S3
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Figure 6. Cytotoxicity evaluation of poly(PCDA)/PFP droplets by
MTT tests on fibroblasts NTH 3T3: (a) control cells (in the absence
of poly(PCDA)/PFP NDs) and cells exposed to an indicative amount
of 5 x 107 NDs; (b) cell viability histogram as a function of droplet
concentration.

in the Supporting Information). The resulting NDs appear as
single fluorescent green pixels when excited with an Ar" laser at
488 nm. The shell modification did not hinder ADV for
converting the NDs into MBs, as highlighted in Figure 7d. It

Figure 7. Poly(PCDA)/PFP-Fluoresceinamine before ADV: (a and
b) transmission microscopy and confocal microscopies, respectively.
After ADV: (c and d) transmission and confocal microscopies,
respectively. In d, gain was increased from 145 to 150 (pinhole: small
30 pm).

can be noticed that the fluorescence emission decreases due to
both the expansion of the shell and the corresponding decrease
of the fluorophore density; visualization is nevertheless
possible increasing the gain (see Figure 7).

3.7.2. Functionalization with Cyclo-RGD and in Vitro
HUVEC Cell Targeting. Various peptides can provide specific
interactions with cells and promote bioadhesion by recognition
of specific receptors present on target sites. RGD is a sequence
of arginine, glycine, and aspartic acid, commonly known for
targeting av[)’g integrins overexpressed in tumor cells during
angiogenesis. 769 A pentapeptide, which includes the RGD
sequence followed by a D-Phe-Lys moiety to close the cyclic
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Scheme 4. PEGylation and Conjugation with cRGD Peptide of Poly(PCDA)/PFC NDs
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structure, ie. cyclo (Arg-Gly-Asp-D-Phe-Lys) or ¢RGD, has
been chosen in order to enable tethering onto the surface of
the poly(PCDA) NDs via EDC/NHS chemistry, as described
in Scheme 4. In this study we are focused on the biointerface
properties of the NDs as this is the form designed to target and
tether pathological cells. It should be considered that, in vivo, a
factor which interferes with the tethering of NDs to cells is the
buildup of a plasma protein corona on the NDs shell once the
construct is injected in the blood pool.”””® We found a marked
adhesion of NDs without ¢cRGD functionalization on
HUVECs. Another factor perturbing the efficacy of the active
targeting of integrins rich cells is the high density of carboxyl
groups on the NDs surface, which can promote a strong,
although nonspecific, tendency to interact with cells. The
presence of such additional interaction with cells masks and
competes with the efficiency of the active cRGD promoted
targeting of integrin receptors. In an effort to prevent or limit
the establishment of a protein corona and the nonspecific
targeting, cRGD has been tethered to the surface of the
poly(PCDA) NDs via a PEG spacer to facilitate the spatial
orientation of cRGD by the enhanced linker flexibility and to
increase the distance of the cRGD from the NDs surface to
avoid nonspecific interactions of the polar heads of PCDA with
the cell membrane and to place the cRGD ligand molecules
above any potential protein corona.

Figure 8 illustrates the bioadhesion study in dynamic
conditions, i.e. steadily perfusing the suspension of targeted
and PEGylated “red” form of poly(PCDA) NDs through
microchannels in which HUVEC cells have been previously
seeded and brought to confluence. Pegylation is an efficient
method to limit the unspecific interactions of NDs with
HUVEC cells, promoted by the presence on the shells of a
large number of carboxyl groups.”' NDs, converted into the
red fluorescent form for immediate optical and fluorescence
microscopy detection without the addition of any external
fluorescence labels, appear as “red pixels” due to the ND
dimensions below the microscope optical resolution. Compar-
ison on the number of bioadhered pegylated NDs with and
without RGD modification over the HUVEC cells cultured in
the microchannel slide suggests an enhanced targeting
specificity of RGD modified NDs surfaces. The channel slide

Figure 8. Adhesion of pegylated poly(PCDA) NDs to HUVEC.
Micrographs (40x) after 10 min NDs flowing, S min inversion, and
10 min PBS washing: (a and c) cells treated with poly(PCDA)-PEG/
PFP NDs (control) in bright field and fluorescence microscopy,
respectively; (b and d) cells treated with poly(PCDA)PEG-cRGD/
PFEP in bright field and fluorescence microscopy, respectively.

was then inverted to detach the weakly bound NDs by washing
them out with PBS. The persisting cell-bound NDs, considered
as the fraction of particles specifically interacting with the cells
surface, were subsequently counted and results were
normalized to the number of cells present in the ROIL With
cRGD conjugated to the surface via PEG spacer, the
bioadhesion of NDs is significantly enhanced (0.6 = 0.15
ND/cell) as compared to the plain poly(PCDA)-PEG/PFP
NDs used as control (0.25 & 0.06 ND/cell). The specificity of
bioadhesion to endothelial cells decreases in the case of non-
PEGylated poly(PCDA)-cRGD NDs (see Figure S6 in the
Supporting Information). As anticipated, the enhanced
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targeting efficacy and specificity can be attributed to the
flexibility of PEG chains hindering nonspecific bindings and
bringing the cRGD moiety attached to the PEG chain end over
the accumulated protein corona. These results are promising in
the general perspective of an active targeting of poly(PCDA)
NDs based on ligand—receptor interaction

4. CONCLUSION

Polymerized PCDA nanodroplets encapsulating low boiling
point perfluorocarbon liquids represent a hybrid construct
intermediate between lipid and polymer shelled NDs,
combining the advantages of both classes of NDs. In this
exploratory study optical, acoustic, and ADV properties of this
assembly were evaluated as well as cytoxicity and targeting
efficacy toward endothelial angiogenic cells. UV curing of the
PCDA shell can involve more than 40 diacetylenic molecules
on the shell although a study of the factors influencing the
radical polymerization, i.e. droplet size, surface curvature as
well as curing time, has to be specifically addressed in a future
work. We showed that the curing provides a good colloidal
stability with both encapsulated PFP and PFB introducing 200
nm? patches of 40 polymerized PCDA molecules, dispersed on
a monolayer of unbound PCDA molecules. As liquids these
perfluorocarbons make the particles active for magnetic
resonance detection and represent a reservoir where hydro-
phobic drug molecules could be dissolved, opening the
possibility to used the poly(PCDA) NDs for targeted drug
delivery. The same particles once converted into MBs by
means of ADV, behave as US contrast agents supporting a dual
imaging modality. These results indicate a promising system on
the basis of self-assembled and subsequently polymerized
diacetylenic particles capable of penetrating the biological
barriers based on the nano size of the droplets and the US
triggered liquid <> gas transition. The characteristics indicate a
good potential for the assembly for imaging and drug delivery
applications. ADV based systems revert the use of ultrasounds,
so far considered almost exclusively the carrier of the
diagnostic information. As a consequence, the transformed
droplets allow for several options, from already known imaging
capability to transport of drugs dissolved in the hydrophobic
core of the particles, localized in a tissue area presenting
pathology. Formulation of small nanodroplets, smaller than the
ones reported here, is possible by tuning the vapor pressure of
the PFC core liquid, stirring speed, or sonication power. With
such systems made available, the crossing of biological barriers
will be feasible and delivery of drug more localized and
powerful.

Whether the core phase transition could be triggered by
other nonmechanical excitations, as for example by ionizing
radiation, has to be investigated. Such a possibility would open
the road to the use of NDs as injectable and tumor addressable
in situ dosimetric devices for personalized medicine.
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