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Hypothesis

One of the main assets of crosslinked polymer-shelled microbubbles (MBs) as ultrasound-active theranos-
tic agents is the robustness of the shells, combined with the chemical versatility in modifying the surface with
ligands and/or drugs. Despite the long shelf-life, subtle modifications occur in the MB shells involving shifts
in acoustic, mechanical and structural properties.
Experiments

We carried out a long-term morphological and acoustic evolution analysis on elastomeric polyvinyl-al-
cohol (PVA)-shelled MBs, a novel platform accomplishing good acoustic and surface performances in one
agent. Confocal laser scanning microscopy, acoustic spectroscopy and AFM nanomechanics were integrated
to understand the mechanism of PVA MBs ageing. The changes in the MB acoustic properties were framed
in terms of shell thickness and viscoelasticity using a linearised oscillation theory, and compared to MB mor-
phology and to nanomechanical analysis.
Findings

We enlightened a novel, intriguing ageing time evolution of the PVA MBs with double behaviour with
respect to a crossover time of ~50 days. Before, significant changes occur in MB stiffness and shell thickness,
mainly due to a massive release of entangled PVA chains. Then, the MB resonance frequency increases to-
gether with shell thickening and softening. Our benchmark study is of general interest for emerging viscoelas-
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tomeric bubbles towards personalised medicine.
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1. Introduction

Since their discovery, ultrasound contrast agents (UCAs) have ex-
panded remarkably. Some of them are presently employed as invalu-
able and minimally invasive intravenous imaging tools which support
early diagnosis [1-3]. Many developments have addressed the optimi-
sation of their acoustic behaviour, targeting properties, cargo and re-
lease capacity as drug delivery systems, and their ability to support
other imaging methods [1,4-7]. The complexity of tasks that have re-
quested to turn UCAs into next-generation theranostic tools [1] repre-
sents the challenge to be tackled with an integrated approach, which
requires expertise in medical imaging, biology, physics, and chem-
istry. From the physico-chemical standpoint, an UCA is a colloidal
system that consists of a few micrometer-sized bubble encapsulat-
ing air or other functional gasses, suspended in an aqueous medium,
and suitable for resonating at the megasonic fields. In this scenario,
the platforms available to date are the following: protein-, lipid-, and
polymer-shelled microbubbles (MBs) [1]. Since the albumin-shelled
MB’s development for purposes related to medical diagnostics [8],
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several progresses have been made in the design of MBs, which are
always aimed at increasing the stability and the mechanical proper-
ties offered by the MB shell. Lipid MBs are considered the most
echogenic due to the elasticity of the monolayer shell that stabilises
the hydrophobic gas in their core, although their shelf life is estimated
to range from 6 h to 10 min (depending on the composition and the gas
pressure of the physiological medium) due to processes involving gas
leakage and colloidal instability [1,9]. The use of lipid MBs as drug
carriers has also recently been proposed [1,9].

Usually, polymeric MBs show low US responsiveness, and in spite
of a comparatively less flexible shell, they are considered more sta-
ble and suited to modifications of the shell, transforming a plain diag-
nostic tool into a theranostic system which is able to carry a drug and
targeting molecules which comprise personalised medicine. Recently,
biodegradable Poly (D,L-lactic acid)- and poly (D,L-lactic-co-glycolic
acid)-shelled MBs have been developed, which show both high load-
ing and release capacity of anthracyclines in tumoral cells [5,10]. Fur-
thermore, it has been shown that such cavitating contrast agents can
interact with cells in the vicinity of a plasma membrane, thus fur-
ther increasing the release and the cell uptake of the drug [5]. A
main issue concerning the polymer-shelled MBs is represented by the
potential structural and chemical transformations [10], briefly sum-
marised as an ageing process, that they undergo during their pro-
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longed shelf life. The ageing of polymer MBs mainly involves some
changes in the polymer network which surrounds and sustains the MB
during storing time and cavitation. Undoubtedly, the understanding of
ageing is pivotal for the optimisation of the acoustic properties, in-
jectability, and biodistribution of UCAs [2,10,11]. To this end, valu-
able methodologies such as confocal [12] and near-field microscopies
[13-15], together with acoustic spectroscopy [16,17], can be used and
combined to detect morphological, structural, and, thus, functional
fine alterations on the MB’s wall at the liquid interface. Nevertheless,
the literature has still been found to lack long-term studies in this re-
spect.

In this work, the experimental and theoretical efforts have been fo-
cused on a novel polymeric UCA based on poly(vinyl alcohol) PVA
shells that encapsulate air, which have been recently developed [18].
The PVA-shelled MBs are the product of a site-specific splitting re-
action of the head-to-head sequences of the polymer backbone that
gives rise to polymer sub-chains having reactive aldehydes, followed
by an acetalisation reaction, thus enabling the crosslinking of the PVA
chain. By running the reaction at the water/air interface that is ob-
tained by foaming the solution of PVA, it is possible to separate a
floating material made of air-encapsulated PVA shells. In previous
works, it has been highlighted that despite exhibiting a thick shell of
a few hundred nanometres, these MBs have an echogenicity compara-
ble to SonoVue® UCAs [19], which is often taken as reference UCA
in similar studies. The reason behind this is the chemical cross-linking
of PVA, which transforms the polymer MB into an elastomer that is
suitable for use in linear as well as nonlinear ultrasound (US) imag-
ing methods. The resonant frequency falls to ~10 MHz (against about
1-2 MHz of lipid ones), which is useful for diagnostics [20]. In com-
bination with the much higher stability in the blood pool as compared
with the respective lipid counterpart, PVA-shelled MBs have been
gaining interest as valuable UCAs with great potential as multifunc-
tional devices. In this respect, the strict interconnection between some
pivotal multifunctional applications of our PVA MBs and their own
peculiar crosslinked-PVA structure has been proven (e.g. the possibil-
ity of modifying the external surface of the shell, the targeting abil-
ity, and the biodistribution) [7,21]. From the compelling translational
opportunities that the class of micro-structured PVA materials offers
in biomedical engineering and theranostics, what emerged was the es-
sential need to clarify how ageing affects the acoustic and structural
properties of PVA-shelled MBs.

The main focal point of the work addressed herein lies in integrat-
ing the attenuation and the phase velocity of US that interacts with
PV A MBs, together with optical and atomic force micro-spectroscopy,
to probe and successfully figure out the geometrical, viscoelastic, and
surface morphology of the shells over time. Our results have allowed
to assess a time window for the optimal use and storage of PVA MBs
as UCAs.

2. Materials and methods
2.1. Materials

Poly(vinyl alcohol) (PVA) with a number-average molecular
weight, determined by membrane osmometry, of 30,000+ 5000 g/mol,
and a weight-average molecular weight of 70,000+ 10,000 g/mol, de-
termined by static light scattering were taken; sodium (meta)periodate
(NalO,), fluorescein isothiocyanate isomer I (FITC), and dimethylsul-
foxide (DMSO) were also taken as Sigma-Aldrich (Milan, IT) prod-
ucts. Water with Milli-Q purity grade (18.2 MQ-cm) was produced us-
ing a PureLab Classic (ELGA LabWater, High Wycombe, UK) deion-
isation/purificaton apparatus.

2.2. Microbubble synthesis

In accordance with the previous literature [22], air-filled elas-
tomeric PVA MBs were prepared by cross-linking telechelic PVA,
whose chain terminals consist of aldehyde groups, in order to obtain
cyclic acetals that would provide high stability to the shell [23-26].
Briefly, 4g of PVA was added in 200ml of Milli-Q water. The sus-
pension was stirred at 80 °C until complete PVA dissolution was ob-
served. 0.380 g of sodium (meta)periodate was added to the solution
and the oxidation reaction was carried out at 80 °C for 1h with con-
stant stirring. After cooling the solution to room temperature, vig-
orous stirring for 2h at 8000rpm by an Ultra-Turrax T-25 (IKA,
Staufen, D) equipped with a Teflon-coated tip generated a fine foam
of cross-linked telechelic PVA, which acts both as colloidal stabiliser
and air-encapsulating agent. This avoids the coalescence phenom-
ena and the need of constant pressurisation (while using hydrophobic
gases such as SF, or perfluorocarbons), both of which affect the width
of the MB’s size distribution. Floating MBs were separated from solid
polymer debris (see also ESI, Fig. S1) by repeated washings in separa-
tory funnels and stored without size filtering in Milli-Q water for fur-
ther use. These washing steps were carried out till the 15th day from
the start of the synthesis. Control measurements showed that in this
period the acoustic response of the MBs was unstable (see also Section
2.4); the acoustic monitoring of the system as a function of the age-
ing time was therefore performed starting from the end of the washing
steps. Thus, a homogeneous population of MBs was obtained (see also
Section 4.1).

2.3. Fluorescent labelled microbubbles

FITC was used for the fluorescent tagging of the PVA MBs. In a
typical labelling reaction, 40pl of the dye (Smg/ml in DMSO) was
added to 1 mlMB suspension, whose number density varied between
1x10°ml™" and 5% 10° mI"'. MBs were gently shaken and, after being
left for 1h in the dark at room temperature, were washed by centrifu-
gation (1000rpm, 10 min). After the reaction, FITC was found to be
covalently bound to the PVA shell by forming thiocarbamate groups.
The floating MBs were resuspended in Milli-Q water. This purifica-
tion step was repeated several times until excess FITC was removed.

2.4. Optical microscopy

The number density and the size distribution of PVA MBs were
assessed at varying times by phase contrast and confocal microscopy,
respectively (see Fig. S2 and Table S1). In order to determine the
MB’s number density, a Neubauer cell counting chamber (BRAND,
Wertheim, D) was used and the counting method was adopted for
MBs. An Eclipse Ti-E inverted optical microscope (Nikon, Florence,
IT) with a Plan Fluor 20x objective (Nikon) was focused on the MBs
inside the counting chamber. The number density was calculated by
dividing the number of counted MBs by the volume of the chamber.
MBs were counted with the aid of the freeware software Image J (http:
//imagej.nih.gov/ij/).

To determine the MBs’ size distribution, PVA shells were tagged
with FITC and confocal images of the equatorial plane were col-
lected by a Confocal Laser Scanning Microscope (CLSM, Eclipse
Ti-E, Nikon, Tokyo, Japan) using a Plan Apo 60x oil immersion
objective (Nikon) and a Spectra Physics (Santa Clara, California,
USA) Ar+ ion laser (488nm) as the excitation source. The aver-
age outer diameter and the standard deviation were determined for
each ageing day, analysed on a population of ~200 MBs using the
Nikon software EZ-C1 (version 3.9). The effect of ageing on the
shell thickness t, which
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is independent of the MB radius R, as previously reported [27], was
also estimated by comparative analysis of the fluorescence intensity
spatial profiles acquired on the newer (day 15) and the older (day 75)
MB populations (see Fig. S3).

2.5. Acoustic response

Measurements of attenuation and phase velocity were carried out
in triplicate using the setup shown in Fig. S4. In this configuration, a
liquid sample of pure water, saline water, or contrast agent suspension
was placed in a 2x2 x4 cm glass chamber at room temperature. The
suspension was continuously and gently stirred by the action of a mag-
netic stirrer. The chamber had a liquid-tight opening on two opposite
sides, so that an emitting and a receiving transducer could be placed
in the liquid for the test. All measurements were taken using two flat
wide-band V311 (Olympus, Milan, IT) transducers for emission and
reception. The two transducers were separated by a distance z=2cm.
To investigate the dispersion characteristics, ultrasonic signals were
produced by means of a waveform generator with frequencies rang-
ing from 0.5 to 20 MHz, in the form of consecutive sinusoidal bursts
with 4 us steps (250kHz burst frequency). The received signals were
digitised at 1 GS/s by random interleaved sampling and processed by
comparison with the signals coming from a Milli-Q water reference
medium. The normalised MBs attenuation coefficient a(w), defined
according to Eq. (1), was determined as a function of frequency by
subtracting the reference signal from that of the inspecting beam while
propagating through the MBs’ suspension:

az—lln (i), (1
z Iy

where / is the measured acoustic intensity and /, is the intensity at
z=0. Since the signal differed from the reference only because of the
presence of MBs in the sound path, contributions from the glass cham-
ber and the effects of the transducer’s frequency response were com-
pensated. All steps were controlled by the software platform LabView
Transmission (National Instruments, Austin, Texas, USA). Both the
emitting and the receiving transducer were calibrated by means of a
needle hydrophone (Precision Acoustics, Dorchester, UK) with sensi-
tivity between 371 mV/kPa and 496 mV/kPa in the range of the con-
sidered frequencies. For each frequency, the signal was driven by an
input voltage of 6 V .. The output, measured in water at a distance of
2cm from the transducer (the same as the distance between the trans-
ducers in the sample chamber), showed that the generated peak nega-
tive pressure (PNP) was never higher than 14kPa. In terms of the or-
ders of magnitude, this value was twice lower than the pressure frac-
ture threshold of PVA MBs (~1.2MPa) [28], and it was chosen to
work under a very low and linear MB oscillation regime. It was in-
deed demonstrated [29] that such a linear regime was also maintained
by working at higher pressures of one order of magnitude (~160kPa).
The maxima values of the spatial peak temporal average intensity
(Ispry) and the mechanical index (MI) were 1.5mW/cm? and 0.0047,
respectively.

Before each measurement, the MB dispersion under investigation
was kept again overnight in a separatory funnel which allowed the
bubbles to float. In this way, any precipitated pellet was discarded
to avoid interferences in the acoustic measurements and the floating
MBs were resuspended in fresh Milli-Q water. After this washing step
and prior to performing the experiments, ny;z was determined using
the counting method described in Section 2.3 (see Fig. S2). The sam-
ple chamber was therefore filled with 17ml Milli-Q water and ap-
propriate amounts of freshly washed MBs’ stock suspension (gener-
ally nyp~2x% 108 mlfl) were pipetted into the chamber to obtain a

series of dilutions with increasing number density of the MBs, typi-
cally from 4 x 10*mI™" to 1x10% mI ™"

Preliminary control measurements (not shown) pointed out that
MBs exhibit highly variable attenuation response to the applied US
field up to the 15th day from their synthesis. This means that for sev-
eral days a prolonged washing protocol is needed to extract a popu-
lation of MBs having reproducible properties. The washing steps de-
scribed in Section 2.1 were therefore scheduled and the acoustic atten-
uation of PVA MBs was monitored afterwards over a time period of
60days (from day 15th to day 75th) (see also Section 2 of ESI, Figs.
S5 and S6). Each attenuation profile shows the average of seven con-
secutive measurements. The repeatability of measurements under US
stimulation was successfully assessed by the small standard deviation
of the average profile (see Section 4.2). It accounts for the high stabil-
ity of the MBs under low US stress and their instrumental sensitivity.

The measured phase velocities were analysed at the frequency of
0.5MHz. As stated in Section 3.2, under these conditions the acoustic
response of the system is dominated by the elastic properties of the
polymeric shell and the velocity scales linearly with the volume frac-
tion ¢ of the dispersed MBs. The PVA bulk modulus, K., can be
therefore extracted by a linear fit of the phase velocity as a function
of ¢ and converted into the shear modulus, G,. According to Section
3.1, acoustic attenuation profiles were analysed using the Hoff model
[30] to extrapolate the resonance frequency w, and the viscous damp-
ing coefficient § of the MBs. Using the PVA shear modulus obtained
from the phase velocity analysis and the MB size measured by CLSM,
it was therefore possible to evaluate the shell thickness ¢ and the vis-
cosity u.

The fitting of phase velocity and attenuation curves was performed
using the Wolfram Mathematica V10.1 software. The goodness of the
parameters of each fit was evaluated in terms of the reduced y° of the
nonlinear solutions.

2.6. Atomic force microscopy

PVA MBs dispersed in water were deposited onto cleaned flat hy-
drophilic silicon substrates. If not stated otherwise in Section 4.3, the
samples were washed before deposition to avoid the coating of the
eventual PVA debris. Atomic Force Microscopy (AFM) analysis on
plain PVA MBs was performed using a Dimension Icon microscope
equipped with a Nanoscope V Controller (Bruker AXS, Fitchburg,
Wisconsin, USA), CNIS, Sapienza University of Rome.

Images of different sizes with a resolution of 512 x 512 pixel were
acquired in tapping mode at room temperature both in air and water
environments, using a cantilever with a spring constant (k) of 40N/
m and 5N/m, respectively. The MBs’ size measured by AFM corre-
sponds to the height with respect to the silicon surface.

Point-shoot force curve profiles were acquired in water with force
thresholds ranging from ~1 nN to ~30 nN and a drive frequency of
~200kHz. Measurements were based on the proportionality between
the cantilever deflection .. and the z-piezo displacement Z [31,32]:

6,= ——7, )

where £, is the spring constant of the sample. Force-distance measure-
ments on the hard silicon substrate (k, > k., hence 6, ~ Z) allowed us
to directly measure the lever deflection and calibrate its sensitivity to
64.6nm/V. Afterwards, the spring constant of the sample was deter-
mined using Eq. (2), and & could be expressed in terms of the tip-sam-
ple contact area, the Young modulus (£), and the Poisson ratio (v) of
the sample [33]:
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where a is the radius of the contact area. An exact estimate of v should
account for the polymer structure that is actually involved and, more
importantly, for the elastomer share of the operating compression,
which in turn depends on the polymer shape as well as on the entity
of the stress involved. For an isotropic elastomer undergoing low so-
licitation, such as the shell of our MBs under the stress condition ap-
plied by the AFM measurement, the Poisson ratio can be reasonably
assumed to be equal to that of a rubbery material with v=0.48 [34].

A model is therefore required to express a as a function of the ap-
plied force and, therefore, to extrapolate £ values from force curves.
We employed the Derjaguin-Miiller-Toporov (DMT) model [35], de-
scribed in Section 3.3, to this end. Each value reported is the average
of at least three independent measurements that are acquired on differ-
ent MBs. The Young modulus of MBs, extrapolated by AFM, is re-
lated to the shear modulus G, of the PVA shell through the following
equation [36]:

R
%= 30w )

Images and force curves were acquired by Nanoscope 8.1 in trip-
licate. 6 to 10 frames per measurement were analysed by NanoScope
Analysis software (Bruker AXS).

3. Theoretical background
3.1. Acoustic attenuation model

A simple analytical model is used to interpret the MBs’ attenua-
tion curves in terms of the morphological and mechanical properties of
the PVA shell and, thereby, to explain the evolution in terms of their
echogenicity levels. In this regard, according to our experimental con-
ditions (see Section 2.5), we assumed that the PVA shell behaves as
a pure elastomer in a linear regime. In this framework, the MB shell
undergoing US exhibits minor radial oscillations and a fundamental
harmonic response only. Variations of the shell thickness ¢ in the lin-
ear regime are very small and, through both the constant shell volume
constrain and the radial symmetry, they coherently follow those of the
MBs’ external radius R,. In other words, we hypothesise that the dy-
namics of MB oscillation is well described by a single independent
variable R. In this respect, to employ a mathematically convenient lim-
iting model, we invoked the linearized Hoff acoustic theory [30] that
accounts for the small oscillation dynamics of MBs with thin shells
[37,38]. In order to account for the thick PVA shells of our MBs, we
removed the thin shell approximation ¢ <« Ry, yielding V;,.;/ Voo = 31/
Ry), where V;,; and V,,,, are the volumes of the PVA shell and the gas
core, respectively [30,37]. In this way, it was possible to derive a more
rigorous analytical expression that could fit our experimental results.
As reported in Section 4.2, the shell thickness values provided using
this model fall between 200 nm and 400 nm, in striking similarity with
existing literature [12,27,40,41]. Interestingly enough, the comparison
with the linearized Hoff model shows that the viscoelastic values are
not affected significantly by the thin shell approximation except for ¢
(see Fig. S7 of ESI). As a result, the overall values of  became a little
oversized when the thin shell model was employed.

According to such a linearized “thick shell model”, the MB shell is
characterised by a shear modulus G, and a viscosity u,. The linear os-
cillations in a liquid with density p, and viscosity y, (for water, p,=1g/
cm’ and u ;~ 0.89mPa-s) are described in terms of their resonance fre-
quency w, and a viscous damping coefficient &:

1 ( Vihett
wy = 1/ —= | 3kpy +4G ), 5
\/P[RS 3 core ( )
and
Vihetl
5= 1 (/4[ y she. )
wo/’zR(z) * core (6)

where « is the polytropic exponent of air at room temperature (x=1,
reasonably supposing an isothermal process) [30] and p, is its equi-
librium pressure, considered equal to the pressure in the surrounding
liquid (p,=1atm). According to the Hoff theory, the scattering and the
thermal contributions to damping are neglected here [30]. The expres-
sion for the extinction cross section ¢ of a single MB as a function of
the normalised frequency Q = w/wy is given by the following equa-
tion:

) Q2
Ry, Q) = 4rR2 2 ,
a( 0 ) T OR()wO (1_92)2+5292 7

where ¢, is the speed of sound in the liquid, obtained by measurements
in the absence of MBs. The attenuation a(w) of a MB suspension can
be calculated by integrating the extinction cross section over the MB
population. However, as reported in Section 4.1, in our experiments
the size distribution of PVA MBs resulted as being very tight and did
not change significantly over time, allowing to properly extrapolate
cross section profiles from the measured acoustic attenuation assum-
ing that a population of MB had the same radius R

a (Q)

0(Ry, Q) = p,
MB

®)

The overall assumptions considered here lead to an adherent fitting
of the experimental data (see Fig. 2, panel A of Section 4.2) in the rel-
evant frequency range, thus allowing a reliable comparative analysis
in function of the MBs’ ageing time.

3.2. Sound velocity in a bubbly liquid

The sound velocity ¢ in a liquid is altered by the presence of MBs,
resulting, below the resonance frequency, in a significant lowering
even at small volume fraction of MBs ¢ < 1 [42]. In the inhomoge-
neous bubbly liquid, it can be expressed as follows:

=/ 5
=, ©)

where K and p, the effective bulk modulus and the density respec-
tively, are given in terms of the average of the two components (liquid,
[, and bubbles, MB) of the medium:
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In our case, the surrounding liquid is water thus p,=1 g/cm3 and
K= pfc()z, where ¢, is the velocity of sound in water. The density pyp
of MBs can be calculated by a volume-weighted average between the
densities pg,; of the PVA polymer shell (1.2 g/cm3, accounting for
water contribution) [22,43] and p,,,, of the core gas. Assuming p,,,.
< paen vields, we get the following equation:

R,—1\>
PmB = Pshenr |1 = Ry . (12)

Noteworthy is the fact that at frequencies well below the reso-
nance, the acoustic response of MBs is characterised by quite a low
level of attenuation, even for high number densities, which can be as-
cribed to the scattering process [44]. It is therefore interesting to study
the velocity of sound as a function of ¢ in this regime. According to
the analyses reported in the literature on similar systems, the presence
of an elastomeric shell characterised by high stiffness (shear modu-
lus G,~ MPa) drives the interaction of MBs with the US field [45,46].
Therefore, in the presence of both crosslinked polymer-shelled MBs
and low-frequency US, K,z can be replaced (<4% percentage error) in
Eq. (10) by the bulk modulus of the shell, K;,.;. A first-order expan-
sion in ¢ of Eq. (9), combined with Eqgs. (10) and (11), yields the fol-
lowing expression for the sound velocity in the bubbly liquid [30,47]:

_[K~ _L( K
c—\/;_c0{1+¢[1 Z(Kshell+ o >]} (13)

The MBs volume fraction can be expressed in terms of their num-
ber density n,,:

4
¢ = §7TR(3)’1MB7 (14)

while the relation between the shear modulus and the bulk modulus of
the shell is expressed by the following equation:

31-2v
S= 5Ty Kohen (15)

3.3. Derjaguin-Miiller-Toporov theory

AFM nanomechanical analysis of PVA MBs was performed ac-
cording to the DMT model, suitable for experiments with low adhe-
sion and small tip radii, which neglects plastic deformations and de-
scribes the tip and the sample as continuous elastic media [32,35].
Tip deformations are in accordance with the Hertz theory [48], where
the geometry of a spherical tip of radius R, in contact with a rigid
flat surface, is assumed. Additional adhesion forces acting between
the two bodies which lie outside the contact region are taken into ac-
count, characterised by an adhesion work w. The radius of the con-
tact area corresponding to an external load force F is expressed as fol-

lows:

a= (F +2zRyw), (16)

where E” is the effective Young modulus given in terms of the Young
moduli and the Poisson ratios of the two bodies, by the following [49]:

11—y 1=V
+

11
== A (17)

where the subscript ¢ stands for the cantilever tip. The second term in
Eq. (17) can be neglected if £ <« E,, as in the case of the surface of a
MB. Adhesion forces alone produce a finite area of contact @, even at
zero load forces, as given by the following equation:

3 37R2w
ar = S (18)

If an external load is applied, a increases, while for negative loads
it diminishes until it reaches zero, in correspondence with the pull-off
force:

Fpullout - _ZﬂROw' (19)

4. Results and discussion
4.1. Size analysis

After their synthesis, PVA MBs in aqueous suspension underwent
several washing steps, repeated for 15days, in order to remove de-
bris and the excess unbound FITC added during the fluorescent la-
belling of the shells. Colloidal stabilisation of such a system is primar-
ily due to the amphiphilic nature of the PVA (hydrophilic -OH groups
and hydrophobic —CH, groups) and the presence of polymer chains
protruding into the bulk medium, which prevents particle coagulation
[39]. These air-filled, cross-linked MBs display a shelf life of many
months, showing very low gas permeability [12]. However, with time,
a tiny amount of white precipitate can accumulate at the bottom of the
vials containing the MBs’ stock suspensions (Fig. S1). For this reason,
in order to allow the proper comparison of measurements over time,
immediately before each experiment the MBs were washed once again
and their number density was measured (see Fig. S2).

As stated by Eq. (5), the resonance frequency of a MB depends on
its radius R, and on the ratio between the volume of the shell and that
of the core. The average external MB diameters and their distribution
were therefore monitored over time for the entire period (60 days) over
which the acoustic characterisation was carried out. The obtained val-
ues are reported in Table S1 of ESI. In Fig. 1, representative CLSM
images and the corresponding size distributions are shown for the 15th
and the 75th days. The average external diameters, calculated on pop-
ulations of ~200 MBs, were found to be 4.3+0.7 and 4.2+0.8 pm, re-
spectively. This means that the MBs population holds its narrow size
distribution with no change in the average size value.

It is interesting to provide an experimental evaluation of the shell
thickness of the MBs as a function of their ageing time. Nevertheless,
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Fig. 1. Representative CLSM images on the left and corresponding size distributions on the right of the FITC-labelled PVA MBs, acquired in the 15th (A) and the 75th day (B) after
their synthesis. The average external diameters were found to be 4.3+0.7 um and 4.2+0.8 pm, respectively.

the values obtained by CLSM lie at the limit of the optical resolu-
tion (of about 180nm) and a complementary technique is, therefore,
required to extrapolate an accurate trend [50]. A comparative analy-
sis of the 15th and the 75th ageing days (see Fig. S3), corresponding
to the maximum range being studied, showed a clear and reproducible
lowering of the shell thickness by about 14%, from 640+15nm to
548+ 15nm, while the internal radius of MBs remained unchanged
(<0.5% variations). We may infer that this variation involves a loss
of material from the MBs’ wall at the water interface. As a result, the
shell thicknesses became systematically overestimated with respect to
the values obtained through other techniques [12,27], probably due to
a contribution to the fluorescence of PVA fibrils protruding outside
the shell surface [7]. A more accurate evaluation of the long-term evo-
lution of the shell thickness is reported in Section 4.2.

To understand whether the PVA MBs are destructured over time,
their number densities were followed over time and are shown in Fig.
S2. The MB count was performed according to Section 2.4. After
15 days, no significant decrease of MBs was observed over time until
55th day. Thereafter, a slight decrease may have occurred.

4.2. Acoustic attenuation and phase velocity

Despite cross-linked PVA MBs in aqueous suspension exhibiting
a longer shelf life than lipid MBs, physico-chemical modifications of
the polymer can occur, affecting the shell thickness and the viscoelas-
tic properties with consequent alteration of the bubbles’ acoustic re-
sponse. Since bubbles suspended in an acoustic field absorb as well
as scatter energy, the resulting attenuation of the incident US beam
can be measured and analysed to obtain information not only on

MBs’ acoustic behaviour but also about their viscoelastic properties.
Achieving this information over time is a prerequisite for the employ-
ment of PVA MBs as US contrast agents.

In this framework, we measured the acoustic attenuation and the
US phase velocity spectra in the 0.5-20 MHz frequency range at vary-
ing number densities of MBs dispersed in MilliQ water. Representa-
tive sets of spectra acquired at the 15th ageing day are reported in Fig.
S5. We selected the number densities which showed a linear response
of the attenuation peak maxima, as shown in Fig. S6. In this interval,
the slope of the linear plot defines the value of the acoustic extinction
cross section at the resonance o(w =w,) of the PVA MBs at a fixed
ageing time, which depends on the viscoelastic structure of the poly-
mer shell according to Eq. (7). As shown in Fig. S6, o(w =w,) varies
with ageing time, pointing out significant modifications in the me-
chanical properties that are involved in the acoustic response of MBs.

Proceeding from this observation, in order to define the effects of
the ageing time on the acoustic and mechanical properties of the sys-
tem, it is necessary to analyse the evolution of the US attenuation and
of the phase velocity spectra according to Sections 3.1 and 3.2, re-
spectively. In Fig. 2, for each ageing time ranging between 15 and
75days, the extinction cross section (panel A) and the phase veloc-
ity (panel B) experimental trends are reported, superimposed with the
correspondent analyses. From the best fit according to Egs. (7) and
(13), the overall time set of MB parameters (@), G,, u,, and ?) is car-
ried out and reported in Table 1. The bulk modulus K, of the PVA
shell can be easily extracted from the study of the US phase velocity,
which in the presence of MBs depends on the US frequency (Fig. S5,
panel B). As mentioned in Section 3.2, it is interesting to analyse the
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high stability of the MBs under low US stress.

Table 1
Fitting parameters obtained by the acoustic response analysis as a function of ageing
time.

Ageing time (days) @, (MHz) G, (MPa) 1 (mPa-s) ¢t (nm)

15 11.57+0.04 0.10£0.01 312 390+20
22 11.67+0.03 0.17£0.01 44+£3 350+20
29 12.83+0.05 0.17£0.01 41+£3 350+20
35 12.85+0.05 0.19+0.01 45+4 340+20
42 13.1240.05 0.26+0.01 59+£5 240+10
49 13.24+0.05 0.35+0.02 77+6 210+10
55 14.03+0.07 0.38+0.01 74+4 260+10
62 15.7+0.1 0.42+0.03 73+7 310+30
75 18.9+0.4 0.44+0.02 63+6 350+20

sound velocity as a function of the MBs’ volume fraction ¢ at fre-
quencies well below the resonance, where the acoustic attenuation is
very low. To this end, we extrapolated the phase velocities at 0.5 MHz,
where a significant dependence on ¢ was observed and the acoustic
response of the system was dominated by K, [30]. In these condi-
tions, the velocity scales linearly with ¢ according to Eq. (13). This
allowed us to point out the values of K;,; and, by means of Eq. (15),
calculate the shear modulus G, of the shell as a function of the ageing
time (Table 1).

Moreover, from the analysis of the evolution of the extinction cross
section profiles, given by the average of the attenuation profiles nor-
malised to the corresponding MB number density, it is possible to ex-
trapolate the resonance frequency w, and the viscous damping 6 of the
PVA shell. Combining the G, values obtained from the analysis of the
phase velocity with Egs. (5) and (6) yields the shell thickness ¢ and
the polymer viscosity u,. The calculated values (Table 1) are in line
with the Church model simulations and the experiments previously
reported in the literature [40,41,45] and show an overall decrease in
the shell thickness, which corroborates the hypothesis put forth by the
CLSM investigation (Section 4.1).

The values of the MB parameters carried out from the fit are shown
in Fig. 3 as a function of their ageing time. The time evolution ap-
pears characterised by two stages, separated by a crossover time of
~50days. Before, the resonance frequency (panel A) remains approx-
imately stable, whereas the increasing trend of G, (panel B) and y,
(panel C) reflects the lowering of the shell thickness ¢ (panel D). Ap-
parently, this indicates that the higher the ageing time of the MBs, the
stiffer the PVA shell. To understand this, it is important to stress that,
according to Section 2.5, before each measurement the samples are
washed and separated from any PVA debris. Therefore, the increase
in shell “rigidity” may be due to either the loss of a sub-population of
MBs or a change in the MB shell assembly. As shown in Fig. S2, the

number density of MBs remains constant at least until the 55th day
of ageing. Indeed, a high endurance over time is provided by the
crosslinking of PVA chains made of cyclic acetals which are stable
in water under environmental conditions (pH 6.5, at 25°C) [23-26].
Nevertheless, the existing non-crosslinked PVA fraction (called entan-
gled PVA chains) of the shell can be released from the surface of the
MBs (and removed by washing). This would entail an increase of the
weighting fraction of the crosslinked polymer and, hence, in the stiff-
ness of the effective elastomer constituting the echogenic MB shell
[51,52]. Notice that the overall thickness variation pointed out by the
acoustic analysis strongly supports both the optical analysis shown in
Fig. S3 and the AFM measurements reported in Section 4.3. Thus, the
significant decrease in the thickness of the PVA shells seems consis-
tent with a partial structural loss of mass, which might be due to the
release of a shell fraction made up of non-crosslinked PVA chains.

As the ageing proceeded after the 50th day, we observed a second
evolution stage. The rapid increase of the resonance frequency is as-
sociated with a slowing and the arrest of the increasing trend of G,
and u,, while an apparent increase of the average thickness occurs. In
recent X-ray microspectroscopy and digital holographic microscopy
studies [12,27,43] the presence of a sub-population of MBs partially
filled with water has been highlighted. We hypothesise that after about
50days after the synthesis, the release of non-crosslinked PVA chains
becomes irrelevant and the observed time evolution is mainly due to
variations in the MB population after each washing step. Specifically,
the volume fraction of MBs partially filled with water becomes sig-
nificant enough to cause a reduction of the average attenuation of the
overall sample dispersion. In other words, according to the literature
[12,27,43], we are confident that the existence of MBs with “defected”
shells (i.e., porous or partially covered PVA shells) allow the water to
access the MB nucleus and swell the polymer shells, thus behaving as
an echogenic system with limited activity. The observed increase of
the shell thickness (Fig. 3, Panel D) may be consistent with the pres-
ence of such “defected MBs”. The presence of MBs exhibiting “de-
fected” surface has found experimental support in the AFM analysis
reported in Section 4.3.

It is also worth noting that from the 62nd day the variations in
thickness and mechanical parameters shown in Fig. 3 are no longer
significant (a plateau may have been reached) (Fig. 3, panels B, C,
and D). We hypothesise that when the amount of water entering the
shell of these unstable MBs is enough to induce them to precipitate
from the water dispersion, they can be separated (removed). We as-
sume that it is at this ageing time at which the unstable MBs tend
to separate from the “population” of echogenic MBs, and can be re-
moved by washing. In support of our hypothesis, a slight reduction of
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Fig. 3. The values of the resonance frequency @, (A), the shear modulus of the PVA shell G, (B), the shell viscosity u, (C), and the shell thickness 7 (D), obtained from the analysis
of the acoustic response as a function of ageing time. The dashed line represents the crossover time between the two evolution stages: at first (until 50th day) the ageing is dominated
by the release of non-crosslinked PVA chains, and then by the removal of MBs with “defected” shells.

MBs’ number density was actually observed from the 62th day on-
wards (Fig. S2).

4.3. AFM analysis

Topographic and nanomechanical characterisation of PVA-shelled
MBs was performed by AFM according to Section 2.5, at the 15th and
75th ageing days. Representative images and force curves are shown
in Fig. 4, panel A and B respectively, and the measured quantities
are reported in Table 2. The shape and size of the MBs slightly dif-
fer from those shown in Fig. 1 that were gathered by CLSM analy-
sis. According to the literature [7], the slight distortion observed in the
MBs’ shape, from spherical to elliptical, occurs due to the MBs’ in-
teraction with the substrate surface and with the cantilever tip. In fact,
with respect to a perfectly spherical geometry observed in bulk, the
AFM topograph shows a vertical reduction (the MB height decreases
from ~4 to ~3 pm), together with a horizontal size increase.

Interesting enough, at the 75th day the polymer shell exhibited a
comparatively more irregular and rougher surface, suggesting the ap-
pearance of a heterogeneous polymer texture. The observed changes
might be linked to the release of a non-crosslinked polymer fraction
and/or to a rearrangement of the polymer chains due to the degrada-
tion of the crosslinked shells which are exposed to water. The phase
analysis (Fig. 4, panel A) highlights that the variations on the shell
surface of the 75th day depend on the presence of domains which
contain a different arrangement of the polymer (e.g. changes in den-
sity or crystallinity at the PVA shell surface) [53]. Probably, this find-
ing is the consequence of a change in the weight fraction of a het-
erogeneous, two-component structure of the MB surface. As for a

macroscopic gel, also in the case of MBs formation the mass of
PVA shell is formed by an interpenetrating polymer network where
crosslinked polymer chains (the “gel” fraction) and entangled PVA
segments (the “sol” fraction) coexist (i.e., by physical entanglements
of the fibrils in the network). The “sol” fraction, composed by single
or sparingly crosslinked chains entangled in the polymer network, is
able to separate from it by elution. We attribute the slow time release
of such adsorbed polymer chains as the reason being the change in the
weight fraction of the PVA shells. In Section 4.2, we have discussed
the possibility that the MB shell releases polymeric debris, that this re-
lease is particularly active in the first 15days after the synthesis, and
that this mass loss implies a change in the shell shear modulus G,.
A representative phase image obtained from a sample that was mea-
sured before the debris was removed is shown in Fig. S8, panel A, and
demonstrates that such a polymer residue adsorbs onto the MB shell
surface. Moreover, the presence of MBs showing a damaged shell,
which can be associated with an acoustically less active “population”
as mentioned in Section 4.2, was actually observed (Fig. S8, panel B).

The mass depletion of the MB shell is expected to influence both
its wall thickness and its response to mechanical stimuli. The re-
sponse of the MB shell to nano-mechanical solicitation was performed
by point-and-shoot tapping mode AFM in a fluid environment (see
Section 2.6). The corresponding force curves are shown in Fig. 4,
panel B. From the analysis of the force curves, we obtained Young
modulus values of 0.5+£0.1 MPa and 0.9+0.2MPa for the 15th day
and the 75th day, respectively. The corresponding PVA shear mod-
uli, calculated using Eq. (4), are 0.17+£0.03MPa (day 15) and
0.30+0.07MPa (day 75). These values are in agreement with
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Fig. 4. Representative AFM images on the left and corresponding force curves on the right of PVA MBs physisorbed onto silicon substrates, acquired in water environment in the

15th (A) and the 75th days (B) after their synthesis, respectively.

Table 2

Morphological and mechanical parameters obtained by the AFM analysis of PVA MBs
in the 15th and 75th days of ageing from three independent experiments, and at least 6
frames per measurement.

MB parameter day 15 day 75
Size [pum] 3.0+0.1 3.0+0.1
Roughness [nm] 10.0+0.4 16.0+0.7
Shell thickness [nm]* 230+1 2001
Young Modulus [MPa] 0.5+0.1 0.9+0.2

# Measured in air.

those obtained by the acoustic analysis and reported in the literature
[28,45,46]. Remarkably, this result corroborates the hypothesis that
the stiffness of the MB shells significantly increases over time, con-
sistent with the increase of the US resonance frequency reported in
Table 1. It is worth noting that the agreement between G, values ob-
tained by means of AFM and acoustic analyses is not surprising if we
consider that both the applied nano-mechanical and acoustic solicita-
tions are driven by very low amplitudes (falling within the linear elas-
tic limit) and also by quite a similar stimulus having out-of-resonance
frequency on the PVA shell. Indeed, the AFM indentation of the MB
shell surface was carried out in water by setting the cantilever oscilla-
tions at ~0.2MHz (well below the resonance frequency of the MBs).
This leads the shell stress conditions to be triggered by AFM, similar
to those which are used to extract the bulk modulus (at 0.5 MHz US
frequency, as reported in Section 4.2).

An AFM evaluation of the MB thickness was possible only in an
air environment. Under these conditions, the MBs were fractured by
applying overpressure by the cantilever tip onto the MB surface. Rep-
resentative bubbles’ images and the associated profilometry are shown
in Fig. S9. The analysis points out a thickness of the dehydrated shell
of ~230nm on day 15, which underwent a significant decrease of
~30nm on day 75. These values are only indicative and qualitatively
evaluated in accordance with an actual mass reduction of the shell
thickness that was assumed for the MBs dispersed in water.

A sketch illustrating the overall hypothesised mechanism driving
the ageing process of PVA MBs is reported in Fig. 5. Undoubtedly,

the shell hydration, that causes the swelling of the PVA structure
[12,27,43], also contributes to the actual MBs’ shell thickness as well
as to the rheology and acoustics of aged PVA MBs. It has been re-
ported that the water structured among crosslinked PVA chains can
exert a significant influence on the stiffness and the stability of the
polymer matrix [54-56]. The way in which the long-term modifica-
tions in the structural and mechanical properties of the PVA MBs dis-
closed here reflect a different dynamic of the water confined on the
shell surface is an aspect that remains unclarified. Whether these con-
siderations deserve some biomedical attention can be matter of debate,
insofar as the MB surface is considered as a scaffold for controlled
drug delivery.

We are confident that the morphological, viscoelastic, and acoustic
characteristics and the modelling reported herein may provide a useful
comparison for the surface and the interface investigation of other MB
systems, especially those containing entangled polymers. It should be
stressed here that our results indicate that PVA MBs exhibit a stiffness
comparable to lipid MBs (16.7N/m and 14.1 N/m, respectively), with
the latter undergoing a slow stiffening in time (two months). In this
respect, we hope that the results of this work will contribute further
to the concept of elastomeric MBs as a subclass of polymer MBs, in
which the polymer shell, appropriately crosslinked, turns into an elas-
tic network. Thanks to this feature, elastomeric MBs, while maintain-
ing the advantages of the “rigid” (low echogenic) polymer MBs [1] in
the drug delivery field and in terms of structural stability can enhance
performances in term of echogenicity and acoustic response stability.

5. Conclusions

Based on recent literature, polymeric MBs are gaining growing
biomedical interest in terms of their high potential as US-active thera-
nostic agents [1,2,4,7]. In this framework, a deep understanding of the
mechanisms involved in the MB shells’ ageing was needed.

Focusing on air-filled elastomeric PVA-shelled MBs, we demon-
strated here that such agents when dispersed in water medium are
found to become strongly stable over time in terms of morphology
and structure, as compared to lipid-shelled MBs (months vs. hours).
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The system showed a good echogenicity in a range of frequencies cen-
tred at around 10 MHz, complementary to that of MBs with a lipid
shell and useful to minimise the biological risks related to high-reso-
lution imaging [11,20,57,58]. This should facilitate their use as UCAs
as well as in derivatisation protocols for drug delivery and theranostics
[1,7,18].

However, our results go beyond this aspect; we show here for the
first time that despite the full chemical stability of the shell backbone
of crosslinked PVA chains [23-26], MBs’ ageing involves structural
variations at the submicrometric level that affect the shell properties
(i.e., thickness and viscoelasticity), the acoustic response of MBs, and
their surface features at the water interface, where ligands and drugs
can be bound.

Specifically, CLSM images show that PVA MBs appear intact
as hollow spheres over time, retaining their size distribution. This
means that cyclic hemiacetals stably link the PVA chains confined at
the MB air-water interface. The combined acoustic spectroscopy in
the small-oscillations regime and AFM nanomechanical characterisa-
tion provides further and deeper details. We jointly analysed, using
linearised models, the phase velocity and the attenuation profiles of
the US propagation in the bubbly liquid to disclose the MBs’ ageing
mechanisms in terms of shell thickness, viscoelastic properties, and
surface morphology. We pointed out a crossover time of ~50 days be-
tween two MBs’ ageing regimes. The first one is driven by a low, pro-
gressive decrease of the MB shells’ thickness due to continuous leak-
age of the non-crosslinked polymeric residue (removed each time by
washing). Such release entails an increase in the number of crosslinks
per unit of polymer mass, and, in turn, of the effective shear mod-
ulus of the shell. After the 50th day, an apparent turnaround is ob-
served most likely due to the presence of a MB subpopulation of
non-echogenic systems which alter the attenuation cross section of the
overall system.

In brief, the overall results indicate that the PVA shell can be
identified as being formed by an interpenetrating polymer network of
crosslinked polymer chains and entangled PVA segments, the latter
being slowly released after washing in the water environment. This is
the cause behind the MBs’ ageing up to the 50th day. Thereafter, the
presence of a minor population of acoustically inactive MBs should be
taken into account.

The modifications in the MBs’ acoustic response to megasonic
fields reported here are not dramatic, but can also affect MBs whose
shells are made up of different polymers, particularly if they are entan-
gled [1]. We are confident that our case study will be helpful to char-
acterise the ageing processes of such systems for several weeks after
the preparation, allowing to optimise their echogenic and therapeutic
properties. In a forthcoming work, we will investigate the time-related
stability of PVA MBs in the non-linear oscillations regime, which is
employed in both second harmonic imaging and drug delivery [5,59].
The effects of shell functionalisation (with ligands and/or drugs) on
the MBs’ stability will be also accounted for, at the interface contain-
ing cells or even with other solid surfaces as echogenic devices for in
situ release. In this respect, this present study is of pivotal importance,
since the specific morphological and initial mechanical conditions of
PVA shells are undoubtedly involved in the MBs’ stability with re-
spect to either US irradiation or surface derivatisation.
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