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Microbubble Shell Stiffness Engineering Enhances
Ultrasound Imaging, Drug Delivery, and Sonoporation
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Microbubbles (MB) are widely used as contrast agents for ultrasound (US)
imaging and US-enhanced drug delivery. While the majority of studies utilize
commercial MB formulations, increasing experimental evidence indicates
that distinct MB features critically determine their diagnostic and therapeutic
performance. Here, it is shown that shell stiffness engineering of poly(alkyl
cyanoacrylate) (PACA) MB, via introducing monomers with varying alkyl chain
lengths and glass transition temperatures, preserves a narrow size distribution
~2-3 um, while enhancing MB drug loading, in vitro sonoporation capability,
and in vitro and in vivo acoustic responses. All-atom molecular dynamics
simulations and spectroscopic experiments demonstrate that MB shell
engineering increases drug diffusion rates in the shell, maximizing the loading
capacity of the formulations. Atomic force microscopy demonstrates that

the stiffness of the MB shell can be tailored by more than ten-fold, boosting
sonoporation and imaging performance. Altogether, the work provides

new insights into the control of polymeric MB structure and performance via
dedicated shell engineering, promoting applications in US imaging and therapy.

1. Introduction

Microbubbles (MB) are gas-filled particles
that are routinely used in the clinic for
ultrasound (US) imaging and therapy.l'"%!
Due to their size of 1-8 ym, MB are con-
fined within blood vessels and do not ex-
travasate into tissues. MB have been used
as intravascular contrast agents, based on
their ability to reflect US waves and pro-
vide better contrast than liquid or solid par-
ticles of the same size.l”] Originally intro-
duced into the clinic in the 1990s, MB are
utilized to assess cardiac, hepatic, and re-
nal lesions,** and first-in-human results of
molecular US imaging with targeted MB in
cancer patients were reported in 2017.5:]
For drug delivery, US-mediated MB oscil-
lations induce a multitude of effects, in-
cluding the generation of shear forces near

vessel walls and the creation of local fluid
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flow patterns (e.g., microstreams), promoting the transient open-
ing of biological barriers, such as vascular walls in tumors and
the blood-brain barrier, by a mechanism known as sonoporation,
thereby enhancing drug delivery and efficacy.l”]

The MB shell prevents rapid gas dissolution from its core.l®!
The shell furthermore dictates the MB oscillation capabilities,
hence, MB acoustic response.l®] MB formulations have been tra-
ditionally divided into two major classes, namely soft- and hard-
shelled MB, based on their coating materials and stiffness pro-
files. Soft lipid (and to a lesser extent protein) shells are thin and
promote greater US contrast signals than their hard polymeric
counterparts.!® In contrast, polymeric shells can be loaded more
efficiently with drugs, while still displaying adequate imaging
capabilities, particularly when considering their compression-
dominated behavior and associated frequency shifts.[!*!!] For in-
stance, several polymeric MB formulations for diagnostic use
have successfully completed (up to) Phase II clinical trials.[!>13]
Moreover, the characteristics of polymeric MB, e.g., acoustic re-
sponse and drug loading, can be manipulated by material selec-
tion and formulation design, for example, when the MB surface
is conjugated with targeting agents for molecular imaging and
targeted drug delivery.'*]

Among available shell materials, poly(butyl cyanoacrylate)
(PBCA) is advantageous, because it provides MB with colloidal
stability for months, adequate acoustic responses, and with a ver-
satile functionalization toolbox available, while also being bio-
compatible and approved by the American Food and Drugs Ad-
ministration as a surgical super-glue.’! Previous studies have
showcased the use of PBCA MB for molecular!!’] and mul-
timodal imaging,'®! US-mediated drug and gene delivery,[1*1]
and blood-brain barrier opening.[?°?2] However, hardly any ef-
forts have been invested in improving the imaging and therapy
performance of PBCA MB through varying the monomer com-

L. Charlton, V. Koutsos

School of Engineering

Institute for Materials and Processes
University of Edinburgh

Edinburgh EH9 3FB, UK

V. N. Khiém, M. Itskov

Department of Continuum Mechanics
RWTH Aachen University

52074 Aachen, Germany

F. Domenici, G. Paradossi

Department of Chemical Science and Technologies
University of Rome “Tor Vergata”

Rome 00133, ltaly

T. Lisson, G. Schmitz

Chair for Medical Engineering

Faculty of Electrical Engineering and Information Technology
Ruhr University Bochum

44801 Bochum, Germany

T. Vermonden

Division of Pharmaceutics

Utrecht Institute for Pharmaceutical Sciences (UIPS)
Utrecht University

Utrecht TB 3508, The Netherlands

R. Géstl

Department of Chemistry and Biology

University of Wuppertal

42119 Wuppertal, Germany

Adv. Mater. 2025, 07655 e07655 (2 of 21)

www.advmat.de

position and therewith enhancing the mechanical properties of
the MB shell.[>?*1 We have recently identified that synthetic ma-
nipulations and post-functionalization can significantly enhance
the acoustic responses of PBCA MB.['*227] However, those ap-
proaches are limited by the inherent physicochemical features
(e.g., shell thickness and stiffness) of the PBCA material.

Here, we present a new shell stiffness engineering ap-
proach that produces MB with customizable acoustic and drug-
loading features that go beyond those observed in conventional
PBCA MB. This new method relies on the copolymerization
of monomers that yield polymers with different MB shell stift-
ness profiles derived by atomic force microscopy (AFM). Three
monomers were selected based on the trend of lower polymer
rigidity (related to their glass transition temperatures, T,) with in-
creasing alkyl side chain length (Figure 1a). Ethyl, butyl, and octyl
cyanoacrylate (ECA, BCA, and OCA, respectively) are commonly
utilized monomers for surgical adhesives and nanomedicine fab-
rication, producing polymers with Tg of 132, 113, and 57 °C,
respectively, as measured for polymer chains exceeding 100
kDa.[?8] Poly (alkyl cyanoacrylate) (PACA) MB were synthe-
sized by randomly copolymerizing different alkyl cyanoacrylate
monomers with BCA in the presence of Triton X-100, which un-
der stirring acted as an MB template for the polymer to grow
on top, while keeping the total amount of monomers constant
(Figure 1b). Since polymerization of ECA or OCA did not produce
stable MB,[?l BCA-ECA and BCA-OCA mixtures were copoly-
merized in a 2:1 molar ratio. MB samples are labelled throughout
the manuscript to reflect the ratio of cyanoacrylate monomers in-
troduced during the synthesis: E; B, MB for the ECA-based sam-
ple, B, B, MB for the conventional PBCA MB previously reported
by our group,'%»! and O, B, MB for the OCA-based sample. Af-
ter the synthesis, the polymeric MB were washed and stored in a
0.02 % (w/v) Triton X-100 solution to avoid coalescence and ag-
gregation, and were assessed for drug loading, acoustic response,
and sonoporation capabilities. Together, our results demonstrate
that tailoring the composition of polymeric MB enhances their
performance for US imaging, sonoporation, and drug delivery
applications (Figure 1c).

2. Results and Discussion

2.1. Cyanoacrylate Composition Maintains Narrow Diameter
Distribution of Polymeric Microbubbles

The intact PACA MB and their polymer chains were analyzed as
schematically shown in Figure 2a. Figure 2b presents the diam-
eter distribution of PACA MB, highlighting the absence of MB
fraction smaller than 1 pm and showing that the majority fall
within the 1-3 um range. The presence of different cyanoacrylate
monomers significantly affected the final concentration of the
synthesized MB batches (Figure Sla, Supporting Information),
as E;B, MB had a 38.3 + 11.5 % higher concentration compared
to B;B, MB, while O, B, MB had a 30.2 + 6.5 % lower concentra-
tion than B, B, MB. The longer alkyl chain length of the monomer
diminishes its reactivity by introducing steric hindrance, 233
which may impede the polymerization process and the result-
ing MB yield. The introduction of cyanoacrylate monomers, how-
ever, did not have statistically significant effects on the zeta po-
tential and diameter distribution of the synthesized MB. The
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Figure 1. Experimental setup. a) Alkyl cyanoacrylate monomers with different alkyl side chain lengths were selected for PACA MB synthesis based on the
trend of glass transition temperature (T,) reduction for the resulting polymer chains with longer alkyl side chains. b) Ethyl, butyl, or octyl cyanoacrylate
monomers (ECA, BCA, or OCA, respectively) were mixed with a constant amount of BCA for anionic random copolymerization in the presence of Triton
X-100 under high-speed stirring to produce MB. c) The resulting MB formulations were evaluated for drug loading, US response, and sonoporation

performance.

zeta potential values were measured as indicators of MB inter-
facial charge, and the E;B, MB and B,;B, MB samples showed
values of —27.4 mV, whereas the O,B, MB sample exhibited a
slightly lower value of -23.0 mV (Figure S1b, Supporting Infor-
mation). This shift could be attributed to the greater steric hin-
drance and charge shielding on the MB surface by the longer
OCA side chains compared to the shorter ECA and BCA counter-
parts. The mean diameter distributions of all MB samples were
in the range of 2.2 + 0.6 um as confirmed by dynamic light scat-
tering (DLS), Coulter Counter (CC) measurements of plain MB,
and confocal laser scanning microscopy (CLSM) images of fluo-
rescent dye (coumarin 6) loaded MB (Figure 2c). In addition, poly-
dispersity index values obtained from DLS measurements were
below 0.2, indicating low polydispersity (Figure Slc, Supporting
Information).

To gain further insight into the composition of the polymeric
MB, gel permeation chromatography (GPC) and proton nuclear
magnetic resonance (NMR) spectroscopy were conducted. For
the GPC and NMR analyses, the polymeric MB were washed
against DI water to remove free Triton X-100 from the samples,
freeze-dried, and the resulting powders were dissolved in chlo-
roform. The GPC molar mass distribution profiles indicated that
the polymeric MB were composed of polymer chains with num-
ber average molar mass (M,) and weight average molar mass
(M,,) values below 40 kDa (Figure 2d), which may facilitate their
faster hydrolytic degradation compared to their longer counter-
parts once the MB are taken up by the liver and spleen.[?831] The
signal at #300 Da indicated the presence of Triton X-100 residues
in the MB shells and was comparable to that observed in the Tri-
ton X-100 solution alone. The surfactant bubbles serve as col-
loidal templates during the MB formation, suggesting that the
polymeric MB are likely to contain Triton X-100. Furthermore,
the GPC chromatograms for the MB samples exhibited a bimodal
molecular weight distribution, with the primary band occurring
between 3 and 5 kDa and secondary bands emerging between
8 and 12 kDa. The introduction of monomers with longer alkyl
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chains gradually increased the M, and M,, values of the result-
ing polymer chains. This observation agrees with previous re-
ports on anionic emulsion copolymerization of PACA chains and
nanoparticles.?233] Hence, we hypothesize that the increased hy-
drophobicity of cyanoacrylate monomers with longer side chains
facilitates higher molar masses of the resulting PACA chains en-
tangled within MB shells.

The NMR spectra of the samples demonstrated that the poly-
meric MB shells were composed of PACA chains, as illustrated
in Figure 2e. The BCA polymerization could be confirmed by
the absence of peaks originating from the monomeric cyanoacry-
late vinyl group (at 6.57 and 6.99 ppm), as described in the
literaturel®! (complete peak assignment for BCA monomer is
provided in Figure S2a, Supporting Information). The presence
of Triton X-100 residues was confirmed by the presence of peaks
originating from the surfactant (shown in Figure S2b, Support-
ing Information) in the spectra of the PACA chains (complete
peak assignments are provided in Figure S3, Supporting Infor-
mation). According to the NMR analysis, Triton X-100 residues
accounted for 4 %, 7 %, and 3 % of the signal of E,B, MB,
B,B, MB, and O, B, MB, respectively, which agreed with the GPC
data (a detailed explanation of the quantification procedure is
provided in the Experimental section). The presence of peaks
originating from the ECA and BCA monomers confirmed their
copolymerization within the E;B, MB shells, and the 30 % pro-
portion of ECA units within the E;B, MB shells was close to
the initial monomer ratios introduced during synthesis (as quan-
tified based on selected signal intensities, as described in the
Experimental section). Conversely, the proportion of OCA units
within the chains of O,B, MB was 26 %. We hypothesize that
this lower value results from the reduced reactivity and greater
steric hindrance of the OCA monomer compared to its BCA and
ECA counterparts. The combined results of the GPC and NMR
analyses demonstrated the presence of copolymers made of the
different cyanoacrylates introduced during the MB synthesis (i.e.,
ECA, BCA, and OCA) within the shells.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Cyanoacrylate composition tunes the physicochemical properties of MB. a) Schematic representation of the physicochemical characteriza-
tion of intact MB and their polymer chains. b) Diameter distribution profiles, and c) mean diameter profiles obtained using different characterization
techniques for the synthesized polymeric MB. d) Molar mass distribution profile from gel permeation chromatography (GPC), and e) proton nuclear
magnetic resonance (NMR) spectra of polymeric MB, where arrows indicate the peaks originating from the monomeric BCA vinyl group. Values represent
mean + standard deviation of three different batches of polymeric MB, each measured in triplicates. (*) indicates groups that are significantly different
with p < 0.05; (ns) indicates groups that are not significantly different with p > 0.05 (one-way ANOVA with post hoc Tukey HSD test). Concentration,
zeta potential, and polydispersity index values of MB are shown in Figure S1 (Supporting Information); NMR spectra of BCA monomer and Triton X-100
with peak assignments are shown in Figure S2 (Supporting Information), and full peak assignments for NMR spectra of polymeric MB are provided in

Figure S3 (Supporting Information).

2.2. Cyanoacrylate Composition Finetunes the Shell Stiffness of
Polymeric Microbubbles

Subsequently, plain MB and MB loaded with the fluores-
cent dye were imaged by scanning electron cryo-microscopy
(cryoSEM) and CLSM, respectively. The copolymerization of dif-

Adv. Mater. 2025, 07655 e07655 (4 of 21)

ferent cyanoacrylate monomers within the MB shells did not af-
fect the MB morphology observed by cryoSEM and CLSM. Rep-
resentative images are shown in Figure 3a, and wide-area micro-
graphs are presented in Figure S4 (Supporting Information). All
MB samples exhibited shell thickness values of 50 nm according
to cryoSEM micrographs (Figure 3b), and 400 nm according to
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Figure 3. Morphology and stiffness of shell-engineered PACA MB. a) Representative cryoSEM, CLSM, and AFM micrographs of MB. The surface to-
pographies of 1x T um MB shell sections are obtained from the AFM micrographs. Shell thickness values of the PACA MB measured by b) cryoSEM
and c) CLSM. d) Stiffness and e) surface roughness values derived as root mean square values of the MB surface measured by AFM. (") and (")
indicate groups that are significantly different with p < 0.01 and p < 0.0001, respectively, and (ns) indicates groups that are not significantly different
with p > 0.05 (one-way ANOVA with post hoc Tukey HSD test). Representative wide-area cryoSEM and CLSM micrographs of MB samples are shown in
Figure S4 (Supporting Information), individual data points for MB shell thickness and AFM-derived stiffness measurements are presented in Figure S5
(Supporting Information), and representative optical micrographs of individual MB under gradually increasing force applied by a cantilever are shown

in Figure S6 (Supporting Information).
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CLSM micrographs (Figure 3c), which is consistent with our pre-
vious reports on PBCA MB.[%2° The discrepancy in shell thick-
ness values across methods is likely due to the MB shrinkage dur-
ing the freezing process required for cryoSEM, while high-quality
CLSM microscopy is anticipated to yield a more accurate depic-
tion of shell thickness, as MB are maintained in an intact state
within a liquid environment.

The stiffness values of the MB shells followed the T, of the
PACA according to the AFM results (Figure 3d). To conduct these
measurements, an AFM cantilever was employed to exert force
on individual MB that were attached to a substrate and preserved
in a liquid environment. The force necessary to deform the MB
was measured to calculate the stiffness of the MB shells. Single
data points obtained for shell thickness and stiffness measure-
ments are shown in Figure S5 (Supporting Information). While
E,E, MB had the stiffest shell among the samples, all three sam-
ples showed a decreasing MB shell stiffness trend with increasing
MB diameter (Figure S5c, Supporting Information), consistent
with previous reports on microspheres of different compositions,
as the (AFM-derived) stiffness of spherical shells with constant
wall thickness decreases with the increasing diameter.3>3¢! No-
tably, the majority of the MB population was centred ~2.2 ym in
diameter (Figure 2b), with only a small fraction exceeding 3 um,
indicating that the observed stiffness trends remain representa-
tive for the majority of the MB populations. Figure S6 (Support-
ing Information) shows representative optical micrographs of in-
dividual MB from each sample under progressively increasing
force applied by a cantilever until MB breakage: while O;B, MB
were destroyed under a force of 50 nN, E; B, MB could withstand
up to 190 nN.

The cyanoacrylate composition also affected the roughness of
the MB shell, as shown in representative AFM micrographs in
Figure 3a and quantified in Figure 3e. For instance, O;B, MB
had a surface roughness value (derived as a root mean square
value) of 19.2 + 2.6 nm, compared to the values of 15.8 + 2.8 and
9.2 + 2.0 nm for the B;B, MB and E,B, MB counterparts, re-
spectively. We hypothesize that longer side chains in cyanoacry-
late monomers may increase surface roughness due to increased
entanglement between the resulting polymer chains.

Therefore, these results highlight that tuning the cyanoacry-
late composition of the polymeric PACA MB does not change the
mean MB diameter, surface charge, and shell thickness, while it
affects MB concentration, molecular weight of polymer chains,
and more importantly, provides PACA MB with tunable (AFM-
derived) shell stiffness.

2.3. Cyanoacrylate Composition Improves Drug Loading in
Polymeric Microbubbles

Since the shell properties determine the drug delivery perfor-
mance of MB, we investigated the drug loading and release ca-
pacities of the different polymeric MB, as schematically pre-
sented in Figure 4a. Coumarin 6 was selected as a drug model
because of its strong fluorescence emission and hydrophobicity
(logP value of 4.9), which is similar to clinical anticancer drugs,
such as cabozantinib, lapatinib, and cabazitaxel.’”) Coumarin 6
was loaded into the MB shells after synthesis according to a pre-
viously established protocol that exploits the hydrophobic inter-
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actions between the drug and the polymer chains, and washing
steps were implemented to remove unloaded molecules from
drug-loaded MB (Figure 4a).I*¥! As shown in Figure 4b, the num-
ber of coumarin 6 molecules loaded in each sample increased
with the introduction of longer alkyl chain monomers. For in-
stance, while standard B,;B, MB encapsulated 1.45 x 10° drug
molecules per MB (equivalent of 85 + 12 ng per 1 x 10° MB,
as listed in Table S1, Supporting Information), the O,B, MB
contained 1.4-fold more drug molecules per MB. We hypoth-
esize that this is due to increased hydrophobicity provided by
the longer side chains of the OCA units compared to the BCA
counterparts, and the greater MB shell roughness of O,B, MB
compared to B;B, MB. Drug release values upon US exposure
of all samples, however, were in the same range, between 60
and 80% (Figure 4c), and were consistent with our previous
reports.['® The hydrophobic interactions allow the release of en-
trapped drug molecules from the polymeric matrix, especially
during US-mediated MB destruction.?® Our team has previously
studied drug entrapment during and after MB synthesis and
found the release rates in both methods comparable to those re-
ported in this study.l'%! Therefore, polymeric MB synthesized us-
ing cyanoacrylate monomers with a longer alkyl side chain could
carry higher amounts of drug molecules than standard PBCA
MB, while releasing their payload with the same efficiency un-
der US pulses.

To understand the factors influencing coumarin 6 loading
efficiency by tuning the cyanoacrylate composition of the MB
shells, we performed an all-atom molecular dynamics simula-
tion. We simulated three systems: E,B, MB, B,B, MB, and O,B,
MB based on the GPC and NMR experimental results presented
above (namely identical monomer ratios, numbers of monomers
within the chains, and Triton X-100 contents within the MB
shells). Each system, simulated in a box of 15 nm alongside each
axis, was filled with the corresponding polymer chains and Triton
X-100, while water molecules filled the remaining cavities. It is
important to note that the modeled section is significantly thin-
ner than the entire MB shell and represents a section near the
interface with the aqueous medium. The final composition of the
simulation boxes is shown in Table S2 (Supporting Information),
and representative simulation snapshots are shown in Figures
S6a—c (Supporting Information), for E;B, MB, B,B, MB, and
O, B, MB, respectively. The polymer and aqueous phase did not
mix but formed a network of nanopores or nanocavities (Figure
S7, Supporting Information), consistent with previous dissipa-
tive particle dynamic simulations of PBCA MB shells.?%] Triton
X-100 molecules, being amphiphilic, positioned themselves at
the interface of the pores, with the hydrophobic part adsorbed
to the polymer phase and the hydrophilic tail extending into the
water. Triton X-100 was uniformly distributed throughout the vol-
ume of each simulated system.

For the drug loading simulation, we expanded the simulation
box in the z-direction by 5 nm and placed coumarin 6 molecules
in the resulting space near the bubble boundary (Figure 4d—f
for E;B, MB, B;B, MB, and O;B, MB, respectively). Subse-
quently, the diffusion of coumarin 6 was simulated over a pe-
riod of one microsecond, representing the practical upper limit
of current computational resources and allowing the system to
reach equilibrium.***!) Diffusion coefficients of 1.4 + 0.6, 1.5
+ 0.6, and 2.7 + 0.3 um? s™! were obtained for the model drug
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Figure 4. Drug loading capabilities of PACA MB. a) Schematic representation of the coumarin 6 loading protocol and the experimental and simulation
workflow of the study. b) Numbers of coumarin 6 molecules loaded per MB (Ng,5/\1g) and c) drug release percentage by the different MB samples upon
US exposure. d—f) Simulation snapshots of the MB shells near the water-shell interface upon coumarin 6 loading, corresponding density profiles of the
MB shells synthesized with different cyanoacrylate compositions, and coumarin 6 diffusion profiles represented by the density profiles at three equal
time points during one microsecond of the simulation study for (d) E;B, MB, (e) B;B, MB, and (f) OB, MB, respectively. The gray background in the
density profiles represents the MB shell, and the dashed lines correspond to the MB shell-liquid interface. Ny,¢/mp and drug release values represent
mean =+ standard deviation of three different batches of drug-loaded MB, measured in triplicates. (*) indicates groups that are significantly different
with p < 0.05, (ns) indicates groups that are not significantly different with p > 0.05 (one-way ANOVA with post hoc Tukey HSD test). In the simulation
snapshots, the water molecules are not displayed for clarity, however, they were considered during the simulation, as shown in the density profiles.
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Figure 5. Acoustic properties of shell-optimized PACA MB. a) Representative B- and NLC- mode sonograms of the polymeric MB at 4 % power and
18 MHz central frequency (scale bar: 3 mm). b) Quantified mean signal intensities of the polymeric MB at 4 % in NLC mode (arbitrary units, a.u.).
c) PACA MB destruction rate after exposure to 10 % power for 5 s. d) Normalized attenuation spectra of the PACA MB recorded in the range of 0.5 —
20 MHz after three repeatable measurements at each measured concentration. e) Backscattering spectra of the PACA MB recorded in the range of 4.03—
12.05 MHz after MB excitation with a short pulse at a center frequency of 5 MHz and acoustic pressure of 635 kPa. () and (*) indicate groups that
are significantly different with p < 0.001 and p < 0.0001, respectively (one-way ANOVA with post hoc Tukey HSD test). Quantified mean signal intensities
of the polymeric MB at 4 % in B-mode are shown in Figure S8 (Supporting Information), experimental and simulated destruction rates of the PACA
MB at different acoustic powers are shown in Figure S10 (Supporting Information), acoustic attenuation spectra of the MB at different concentrations
together with theoretically estimated shell viscosities and attenuation-derived stiffness values are presented in Figure S12 (Supporting Information).

molecules in E;B, MB, B;B, MB, and O,B, MB, respectively,
highlighting a gradual increase in drug molecule diffusion from
E,B, MB to O,B, MB samples. Corresponding density profiles
were constructed to analyze the dynamics of coumarin 6 pene-
tration (Figure 4d—f), showing that the model drug was mainly
located at the interface between water and the polymer matrix
of MB shells and slowly diffused into the polymer matrix for
all three systems. A more detailed analysis of the coumarin 6
density profile along the z-axis at different time points (initial,
middle, and end of the simulation) shows that the density band
shifted toward the polymer region in all cases, with the largest
shift observed for the O, B, MB, due to the more flexible structure
and increased local hydrophobicity of this system compared to
its counterparts. After one microsecond of the simulation study,
the cumulative density under the curve of coumarin 6 within the
polymer matrix (taken as the distance between 0 and 15 nm) was
121.7, 137.4, and 193.8 mg X nm mL™! for E,B, MB, B;B, MB,
and O, B, MB, respectively, which is consistent with the experi-
mental results of drug loading in PACA MB (shown in Figure 4b).

Therefore, the simulations confirmed the experimentally ob-
served drug loading trend, and provided further mechanistic
insights. Introducing monomers with longer alkyl chains into
the MB shell promoted greater local hydrophobicity and rough-
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ness, facilitating hydrophobic drug loading into the MB shell
matrix.

2.4. Cyanoacrylate Composition Amplifies Microbubble Acoustic
Responses

To comprehensively assess MB acoustic behavior, we character-
ized their responses using a preclinical US imaging setup with
a central frequency of 18 MHz, attenuation measurements span-
ning 0.5-20 MHz, and backscattering measurements in the 3 —
12 MHz frequency range. Initially, we characterized the acoustic
performance of the synthesized MB in both brightness mode (B-
mode; related to the intensity of the US signal reflected by the
sample) and non-linear contrast mode (NLC-mode; designed to
reflect MB oscillations and followed a pulse amplitude modula-
tion scheme) at 4% power in a preclinical setup with a central
transducer frequency of 18 MHz, which is commonly used in
small animal in vivo imaging. All samples were highly responsive
in both modes (Figure 5a). Under 18 MHz frequency, the softer
O, B, MB showed a 12.6-fold increase in NLC signal compared to
their more rigid counterparts, E;B, MB, and a 3.1-fold increase
in NLC signal compared to conventional B,B, MB (Figure 5b).
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A similar trend of signal intensity increase was observed in B-
mode (Figure S8, Supporting Information), consistent with our
previous reports.[?%] Because MB diameter and shell thickness
aspects were not statistically different in all samples, we hypoth-
esize that modifications to the (AFM-derived) shell stiffness (de-
scribed in Figure 3d) was the main factor contributing to a greater
MB oscillation upon exposure to US and, therefore, a higher con-
trast signal.

To simulate a prolonged US imaging scenario, MB acoustic
stability was assessed over 5 min using a flow phantom under a
central frequency of 18 MHz. SonoVue and Optison were eval-
uated as clinical-grade soft- and hard-shelled MB, respectively.
B-mode and NLC-mode imaging (Figure S9a,c, Supporting In-
formation) demonstrated sustained signal from polymeric MB
under 4% acoustic power, with signal intensity increasing from
E;B, MB to O, B, MB. SonoVue exhibited lower — yet persistent —
signals consistent with previous findings, since it operates better
at frequencies around (or below) 5 MHz.[?!] Optison initially pro-
duced signals comparable to O;B, MB but showed rapid decay,
falling below E; B, MB and B, B, MB after 3.5 min, likely due to
its limited mechanical stability.[*>**] Mean signal intensity analy-
sis (Figure S9b,d, Supporting Information) confirmed that O, B,
MB generated the strongest B-mode and NLC-mode signals from
all the formulations tested.

We determined the percentage of MB destruction after rel-
atively higher-power US exposures using the same setup. MB
with increased (AFM-derived) stiffness showed greater destruc-
tion after US exposures of 10, 15, and 25% power (Figure 5¢;
Figure S10a,b, Supporting Information, respectively). This ob-
servation is consistent with previous reports showing that softer
MB tend to better withstand acoustic pressures before rupturing,
which can reduce the likelihood of immediate bursting under
high-power US exposure.[***] When the acoustic power was as
high as 100%, all MB were completely destroyed (Figure S10c,
Supporting Information). The MB destruction rate was also es-
timated using the void nucleation-damage theory (Figure S11,
Supporting Information),l*®] where each MB system is mod-
eled by a representative cumulative polymer chain whose num-
ber of Kuhn segments are extracted from the MB shell charac-
teristics, including (AFM-derived) stiffness, thickness and poly-
meric molecular weight. The predicted destruction ratios in the
three MB systems are shown in Figure S10c (Supporting In-
formation) and are comparable to the experimental data de-
scribed above. As E;B, MB are the stiffest among the described
systems, their representative cumulative chain is the shortest
(i-e., with an estimated number of Kuhn segments of 21.2),
so its limit of chain extensibility is reached earlier, resulting
in a higher destruction ratio of the sample. Conversely, O;B,
MB are the softest with an estimated cumulative number of
Kuhn segments of 4297.5, and their chains reach the limit of
chain extensibility much later, resulting in lower MB destruction
ratio.

To better understand the acoustic response of the MB samples
at different US frequencies, we performed attenuation measure-
ments, which provide insight into the absorption and scattering
of acoustic energy by the MB exposed to an acoustic field.|*/*] We
observed the gradual shift of the maximum attenuation response
frequencies from 11.9 MHz to 13.3 MHz, and to 19.8 MHz
(Figure 5d; Figure S12a—c, Supporting Information for each in-
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dividual MB system) with reduced shell stiffness as measured
by AFM (E, B, MB, B, B, MB, and O, B, MB, respectively). There-
fore, the maximal attenuation frequency shift correlates well with
the NLC intensity signals observed in Figure 5a. All MB showed
good echogenicity with maximum attenuation values increas-
ing linearly with MB concentration at the corresponding (max-
imal) frequencies, as analyzed in Figure S12d (Supporting In-
formation), and E;B, MB exhibited higher maximum attenua-
tion values compared to B;B, MB and O, B, MB counterparts at
comparable MB concentrations. Based on the collected attenu-
ation data, we performed theoretical estimations of shell stiff-
ness and viscosity values (according tol*>%), with the resulting
values presented in Figure S12e (Supporting Information). The
attenuation-estimated shell stiffness values exhibited an oppo-
site trend compared to the ones obtained from AFM data shown
in Figures 3d and S5c (Supporting Information). We hypothe-
size that the observed discrepancy arises from the fundamentally
different deformation modes probed by the two stiffness mea-
surements. AFM measures 1D, low-frequency (sub-MHz) local
indentation of the shell, primarily reporting the intrinsic (mate-
rial) stiffness of the polymeric shell. In contrast, acoustic excita-
tion applies isotropic radial stresses on the entire MB (gas-shell
composite) at MHz frequencies, resulting in an effective stiff-
ness that reflects the coupled oscillatory dynamics of the whole
system. Attenuation-derived parameters are thereby functionally
relevant for predicting acoustic behavior, as they describe the
collective response of whole MB, e.g., system-level property. In
contrast, AFM, by isolating the intrinsic mechanical characteris-
tics of the shell, is better suited for understanding how formu-
lation parameters control the elastic behavior of MB at the ma-
terial level. In addition, conventional attenuation-based models
assume smooth, uniform shells represented by effective fitted
parameters. However, localized AFM measurements are intrinsi-
cally sensitive to shell irregularities, e.g., roughness (Figure 3e),
which future models need to incorporate. Therefore, while both
approaches report “stiffness”, they probe distinct aspects of MB
mechanics and are not directly interchangeable. In this study,
we consider AFM-derived stiffness values as more directly in-
formative for material design, whereas attenuation data reflect
the functional acoustic behavior of the intact MB population. The
apparent opposing trends thus underscore the complementarity
of the two approaches, paving the way for future methodological
adjustments.

To investigate the acoustic performance of the different sam-
ples in the frequency range relevant to clinical US imaging (3—
12 MHz), we characterized the backscattering spectra of individ-
ual MB when excited by a transducer with a center frequency of
5 MHz in single pulse mode, applied via a Verasonics Vantage
256 US system. Collected signals were normalized to the number
of individually detected MB to obtain the averaged response of a
single MB. Both the peak intensities attributed to the fundamen-
tal band (3—7 MHz) and the second harmonics band (8-12 MHz)
increased with reduced (AFM-derived) shell stiffness (Figure 5e).
Therefore, the second harmonic intensities were calculated to be
11.2, 17.2, and 303.8 yW m~3 for E; B, MB, B, B, MB, and O, B,
MB, respectively — highlighting up to 27.2-fold and 17.7-fold in-
creases in the response of O,B, MB compared to E;B, MB, and
B, B, MB, respectively. These results were consistent with the pre-
viously obtained NLC sonograms shown in Figure 5b.
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In summary, O,B, MB with reduced AFM-derived shell stiff-
ness exhibited 3.1-fold stronger signal intensities in the NLC
mode under US irradiation at the center frequency of 18 MHz
and up to 17.7-fold stronger signal in the second harmonic band
under US pulse with the center frequency of 5 MHz compared
to conventional B; B, MB. In contrast, relatively stiff E,;B, MB ex-
hibited higher destruction rates at higher power US exposures
than traditional B;B, MB did. These properties allow us to tai-
lor the US responses as a function of MB composition, and im-
prove their performance for US imaging and US-mediated drug
delivery applications. In parallel, discrepancies between AFM-
and attenuation-derived MB stiffness trends highlight the differ-
ent deformation modes sampled by the two measurements and
the need for future efforts to better reconcile these approaches,
strengthening their ability to describe both the intrinsic MB
shell mechanics and the system-level (effective) stiffness of intact
MB.

2.5. Cyanoacrylate Composition Potentiates
Microbubble-Mediated Sonoporation

Cell membrane permeability can be facilitated by US-activated
MB near cells with the mechanism called sonoporation, enhanc-
ing local drug delivery.>5! To evaluate this, we tested the sono-
poration capabilities of PACA MB using an in vitro experimental
model developed at our institute.[?! Madin—Darby Canine Kidney
(MDCK) epithelial cells were selected as an appropriate model for
assessing cell permeability, and were cultured on the basolateral
surface of porous cell culture inserts until a confluent epithelial
cell monolayer was formed (Figure 6a). The cell layer was exposed
to a focused US transducer with a center frequency of 1 MHz in
the presence of free-floating MB, using a previously described
custom setup.[' A peak negative pressure of 650 kPa was cho-
sen as a moderate level to facilitate sonoporation using polymeric
MB.>2I

All MB effectively promoted sonoporation in MDCK cells at
1 MHz, as indicated by propidium iodide (PI) cellular uptake,
compared to the control group treated with focused US alone
without MB (Figure 6b). Among the three samples, E;B, MB
demonstrated the highest efficacy, resulting in a 3-fold increase
in PI uptake compared to the softer O;B, MB, showing supe-
rior temporary cell membrane opening. A peak negative pressure
of 650 kPa can induce bursting of PBCA MB, as demonstrated
in our previous work.’?l While shell thickness was comparable
across the three developed MB samples, we hypothesize that the
higher AFM-derived stiffness of the E; B, MB enhanced its sono-
poration performance under the applied US settings. To validate
MB bursting, we exposed MB to US using the same setup with-
out inserts containing cell monolayers and measured MB con-
centrations before and after US pulses. As shown in Figure S13
(Supporting Information), E, B, MB exhibited the highest burst-
ing rate (with only a small fraction of MB remaining in 1-3 um
range), whereas O, B, MB demonstrated greater stability, with a
larger portion of MB still detectable. While most MB were de-
stroyed across all samples, these results confirm that bursting ef-
ficiency varies by composition. Notably, MB bursting events can
exert a stronger sonoporation effect on cells than their nonde-
structive counterparts.[5233]

Adv. Mater. 2025, 07655 e07655 (10 of 21)

www.advmat.de

To demonstrate that MB-induced effect was only temporary,
we assessed PI uptake 15 min after applying focused US and MB
(Figure 6b). The PI uptake measurements were comparable to
the control group treated with focused US alone, showing negli-
gible values. Corresponding fluorescence micrographs shown in
Figure 6¢ for MB-treated samples highlighted PI uptake imme-
diately after US treatment (0 min) as red dots, whereas only min-
imal dye uptake was observed when PI exposure was performed
15 min after US treatment, highlighting the transient nature of
the sonoporation effect.

In summary, we demonstrated that MB shell composition
and AFM-derived stiffness are key parameters influencing MB-
induced sonoporation. Under peak negative pressure sufficient
to cause MB bursting, rigid E;B, MB exhibited greater sono-
poration capabilities than soft O,B, MB. Additionally, for all
MB samples, the sonoporation effect was only temporary, which
is important for minimizing potential long-term disruption to
cell membrane integrity and reducing the risk of adverse cellu-
lar effects. This ensures that the enhanced permeability is con-
trolled and reversible, making the process safe for therapeutic
applications.

2.6. Shell-Optimized Microbubbles Provide Superior In Vivo US
Imaging Performance

Based on the excellent in vitro US imaging results of O,B, MB
over B; B, MB under preclinical settings (shown in Figure 5), we
investigated their performance as US contrast agents in vivo us-
ing a preclinical US setup with a central transducer frequency
of 18 MHz. For this purpose, eight Balb/cAnNRj mice (four per
group) were intravenously injected with 50 uL of MB at a concen-
tration of 2 X 10° MB mL~!. Comparable doses of PBCA MB have
been safely employed in numerous in vivo studies for both imag-
ing and therapeutic applications.[212226] After administration, the
circulation and distribution of MB in the liver and kidneys were
imaged for 5 min. These organs and time frames were chosen
based on previous studies of the pharmacokinetics and biodis-
tribution of PBCA MB, which have blood circulation half-lives
under 5 min, US detection times over 10 min, and show strong
contrast signal in the liver and kidneys. Over time, MB are taken
up by phagocytes and cleared by the liver and spleen.[>#*°]
Representative B-mode and NLC-mode sonograms of the
mouse kidneys and livers post-injection, as shown in Figure 7a,
clearly indicated that the MB synthesized with OCA provided
brighter images in NLC-mode compared to standard B, B, MB.
This observation is further supported by Figure 7b, which shows
arepresentative graph of the NLC signal intensity over time in the
liver, highlighting the enhanced performance of O,B, MB over
conventional B;B, MB. A rapid increase in signal intensity im-
mediately post-injection was observed for both samples, indicat-
ing the presence and accumulation of the MB in the organ. This
was followed by a gradual decrease in intensity over the course
of 5 min, likely due to MB bursting as they were exposed to US
waves. Furthermore, the reduction in signal may also be influ-
enced by shadowing effects.l*! Similarly, the mean NLC signal
intensities of the samples at different time points after injection
(0, 2, and 5 min) demonstrated that the O;B, MB exhibited up
to 5.4-fold higher NLC signal compared to B;B, MB (Figure 7c).
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Figure 6. In vitro sonoporation using shell-optimized PACA MB. a) The experimental setup for the sonoporation experiment comprises a focused US
setup equipped with a T MHz transducer and peak negative pressure of 650 kPa, as well as a monolayer of Madin-Darby canine kidney (MDCK) epithelial
cells cultured on the basolateral surface of porous cell culture inserts. b) Percentage of propidium iodide (Pl) uptake into the monolayer of MDCK cells
after PACA MB mediated sonoporation measured at 0 and 15 min after the treatment. c) Corresponding fluorescence micrographs in which nuclei
were stained with Hoechst (blue) and live cell cytoplasm was stained with fluorescein diacetate (green), while Pl uptake is shown in red, taken 0 and
15 min after the sonoporation with the PACA MB. The inlets show the micrographs with x10 magnification. (%), (") and (***) indicate groups that are
significantly different with p < 0.05, p < 0.01 and p < 0.0001, respectively (one-way ANOVA with post hoc Tukey HSD test).

The destruction of MB in vivo was further examined by applying
a US destructive pulse with high-intensity (100 %) power. Imme-
diately after the destructive pulse was applied, a marked drop in
signal intensity was recorded in the liver (Figure 7d), confirm-
ing the destruction of a substantial portion of MB accumulated
within the organ. Within seconds, the signal intensity began to re-
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cover, as intact MB from the bloodstream started to replenish the
liver vasculature. Notably, the post-replenishment signal for B, B,
MB remained lower than pre-destruction levels, while O;B, MB
achieved similar intensity levels before and after the pulse. This
difference may be attributed to the stronger initial echogenicity
of O;B, MB, which likely contributed to increased shadowing
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Figure 7. In vivo US imaging performance of shell-engineered PACA MB. a) US sonograms of mouse liver and kidney in B-mode and NLC-mode after i.v.
injection. Sonograms were captured 10 s after recording began. Gray dashed lines indicate organ contours, while yellow dashed lines represent regions
of interest selected for quantitative analysis. Scale bar: 2 mm. b) NLC signal intensity over time curves of the different MB in the liver. c) Average NLC
signal intensity acquired in the liver of mice at different time points after injection. d) NLC signal intensity graph acquired in the liver of mice 5 min after
injection and after bursting with 100 % US power. €) NLC signal intensity over time curves of the different MB in the kidneys. f) Average NLC signal
intensity acquired in the kidneys of mice at different time points after injection. g) NLC signal intensity graph acquired in the kidneys of the mice 5 min
after injection and after bursting with 100 % US power. Measurements were done at 10 % US power. Each group contained four animals. Values represent
mean =+ standard deviation. (*), (") and (") indicate groups that are significantly different with p < 0.05, p < 0.001 and p < 0.0001, respectively (two-
way ANOVA). The dashed gray lines in graphs (b) and (e) indicate the time points corresponding to the acquisition of the representative sonograms

displayed in panel (a).

artifacts prior to bursting. Therefore, the observed recovery in sig-
nal intensity may reflect a reduction in shadowing following MB
destruction.[>]

A comparable MB behavior was observed in the kidneys,
wherein the signal exhibited a rapid increase following intra-
venous administration, subsequently undergoing a gradual and
sustained reduction (Figure 7e). Notably, the mean NLC signal
intensities of the samples in the kidney at different time points
after injection (0, 2, and 5 min) demonstrated that the O, B, MB
showed up to 5.8-fold higher NLC signal compared to B;B, MB
(Figure 7f). Following a destructive US pulse, the NLC signal
dropped sharply, indicating MB destruction in the renal vascu-
lature (Figure 7g). Rapid signal recovery suggested replenish-

Adv. Mater. 2025, 07655 e07655 (12 of 21)

ment by intact MB from the bloodstream, while the compara-
ble pre- and post-pulse intensity levels observed for O,B, MB
likely resulted from reduced shadowing artifacts following MB
destruction.

The collective in vivo findings corroborated the in vitro US
imaging results and illustrated that the MB with reduced (AFM-
derived) shell stiffness exhibited superior imaging capabilities in
vivo compared to conventional PBCA MB.

As previously mentioned, BCA- and OCA-based formulations
are approved by the American Food and Drug Administration as
surgical adhesives, and the safety of PBCA MB has been well es-
tablished through multiple in vitro and in vivo studies conducted
on both small and large animals.’®*” Nevertheless, to confirm
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Figure 8. In vivo acute toxicity assesment of the PACA MB. a) Red blood cells (RBC) count, b) white blood cells (WBC) count, c) platelet (PLT) count, and
d) hemoglobin (HGB) concentration of blood samples at different time points of the experiment. e) Weight of organs, and f) H&E-stained micrographs
of mouse organs two days after MB administration. Each group contained four animals. Values represent mean + standard deviation. () indicates

groups that are significantly different with p < 0.01 (two-way ANOVA).

the absence of acute toxicity of these newly developed MB, we
performed comprehensive blood analysis, physical examination,
and histopathological evaluation. Blood samples were collected
from the animals 7 days prior to, immediately after, and 2 days fol-
lowing the imaging procedure, and a blood count was performed,
which included the quantification of red blood cells (RBC), white
blood cells (WBC), platelets (PLT), hemoglobin (HGB), hemat-
ocrit (HCT), mean corpuscular hemoglobin (MCH), mean cor-
puscular hemoglobin concentration (MCHC), and mean corpus-
cular volume (MCV). Although some slight variations were ob-
served (Figure 8a—d; Figure S14, Supporting Information), all the
values were within normal biological ranges.!>3>]

Two days after MB administration (and in vivo imaging), the
animals were euthanized, and relevant organs were harvested for
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histopathological analysis. After euthanasia, organs were visually
examined and showed no signs of distress or damage. Organ
weights were measured (Figure 8e), revealing a slight increase
in the liver and spleen weights after O,;B, MB administration.
However, all organ weights remained within healthy biological
ranges.l°%1] This aligns with previous findings that OCA-based
polymer chains degrade more slowly than PBCA due to their in-
creased chain length and hydrophobicity, leading to extended ac-
cumulation in organs of the reticuloendothelial system.[?32] Ad-
ditionally, prior studies have shown similar biodistribution pat-
terns for PACA-based nanomedicines in tumor-bearing mice.[¢?]

Histopathological analysis was performed by fixing the or-
gans in 4% v/v formalin, followed by dehydration, paraffin em-
bedding, and sectioning. Tissue slices were deparaffinized with
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xylene and ethanol, then stained with hematoxylin and eosin
(H&E) to assess potential acute toxicological responses in host
tissues. Figure 8f shows representative H&E micrographs of each
sample showing no pathological features. Taken together, these
results confirm that both B; B, MB and O, B, MB samples did not
cause acute toxicity or serious adverse effects.

2.7. Discussion and Perspectives

Conventional PBCA MB are synthesized via anionic polymer-
ization of BCA, a monomer known for its high reactivity and
rapid polymerization.['! Previous reports extensively demon-
strated that PBCA MB display a good compromise of properties,
namely narrow diameter distribution, high additive loading, bio-
conjugation capabilities, and adequate acoustic responses, mak-
ing them reliable contrast agents for functional and molecular
US imaging.!'% However, these inherent properties are likely lim-
iting factors for more sophisticated therapeutic applications. For
instance, the opening of the blood-brain barrier ideally requires
stronger acoustic responses without causing MB destruction, %3]
which are characteristics displayed by softer MB shells.[%]

MB acoustic and drug loading capabilities are primarily deter-
mined by the shell material and synthesis protocol, and the rapid
nature of the BCA polymerization limits our ability to manipu-
late them through polymer and colloidal chemistry. For example,
our preliminary work demonstrated that attempts to manipulate
the acoustic properties of MB through colloidal chemistry (e.g.,
manipulating the surfactant templates during MB synthesis, or
partial MB shell hydrolysis) led to significant changes in the MB
morphological characteristics, e.g., shell thickness.['#?] There-
fore, our new approach presented in this manuscript effectively
surmounts these challenges.

This is the first study to precisely engineer the shell of
polymeric MB by fabricating the shell material with different
monomers that each induce distinct physicochemical properties,
including hydrophobicity and rigidity. By strategically combin-
ing different components, the resulting MB can display radi-
cally different characteristics. For instance, we can manipulate
the (AFM-derived) MB shell stiffness, yielding formulations with
high acoustic responses, as demonstrated through US imag-
ing and AFM characterization. These features are highly desired
for the blood-brain barrier opening with therapeutic US setups,
which rely on large acoustic oscillation to effectively actuate en-
dothelial cells and allow therapeutics to penetrate across the bar-
rier while minimizing (or even avoiding) potential side effects,
such as haemorrhage and inflammatory responses.[®>-’] Con-
versely, our results demonstrate increased drug loading capac-
ity of newly-developed formulations while maintaining high drug
release rates, which may enhance US-mediated drug delivery to
tumors by facilitating the opening of tumor vasculature through
sonoporation and sonopermeation effects.[8]

Notably, the MB shell engineering was achieved using bio-
compatible materials already approved by the American Food
and Drugs Administration for other applications (e.g., surgical
adhesives), while maintaining the desirable features of conven-
tional PBCA MB, namely narrow MB diameter distribution, de-
fined morphology, and shell thickness, and formation of rela-
tively short polymer chains within the MB shells, well below
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the renal clearance thresholds.[') Thus, this study represents
the first attempt to precisely tailor polymeric MB features —,
e.g., (AFM-derived) stiffness — for specific US-mediated diag-
nostic and therapeutic applications through shell composition
engineering.

3. Conclusion

In summary, we demonstrate that precise manipulation of the
polymer chemistry of PACA MB through copolymerization of
monomers with different alkyl chain lengths significantly en-
hances their functional performance. While maintaining the
same shell thickness and MB size, the (AFM-derived) shell stiff-
ness has been tuned by more than 10-fold, enabling a 2-fold in-
crease in drug loading capacity, a 3-fold improvement in sonopo-
ration efficiency, and in vitro 18-fold and in vivo 6-fold greater
acoustic responses. All-atom molecular dynamics simulations
corroborated these findings by providing mechanistic insights
into the enhanced drug loading capabilities. In vivo studies fur-
ther confirmed the superior acoustic performance and the bio-
compatibility of the newly developed formulations. These results
underscore the critical role of shell engineering in manipulat-
ing the polymeric MB features and significantly improving their
performance for US imaging, sonoporation, and drug delivery
applications.

4. Experimental Section

Materials: Butyl cyanoacrylate (BCA) was purchased from Special
Polymer Ltd. (Bulgaria). Ethyl cyanoacrylate (ECA) was purchased from
Permabond Engineering Adhesives Ltd. (UK). 2-octyl cyanoacrylate (OCA),
Triton X-100, gelatin, coumarin 6, dimethyl sulfoxide (DMSO), poly-L-
Lysine (PLL), propidium iodide (Pl), fluorescein diacetate (FDA) and
Hoechst were purchased from Sigma-Aldrich (Germany). Dulbecco’s
modified Eagle’s medium (DMEM), phosphate-buffered saline (PBS), fetal
bovine serum (FBS), penicillin-streptomycin (P/S) antibiotics, ethylenedi-
aminetetraacetic acid (EDTA), trypsin and poly-D-Lysine were purchased
from Thermo Fisher Scientific (Germany). Falcon cell culture inserts (Cat-
alog No. 353096) for the in vitro sonoporation experiment were purchased
from Corning (Germany), and US-compatible Lumox multiwell plates were
purchased from Sarstedt AG & Co. KG (Germany). Deionized (DI) water
was produced with a PURELAB flex 2 device from ELGA LabWater (Ger-
many) and used for all experiments. All other reagents were of analytical
grade.

Synthesis of Polymeric MB:  The synthesis of polymeric MB was based
on the previously reported procedure.['%22] Briefly, a 300 mL solution of
1% (w/v) Triton X-100 at pH 2.5 was prepared. Next, 44 mM of BCA and
22 mM of corresponding monomer (ECA, BCA, or OCA) were added drop-
wise to the solution at room temperature. Afterward, the solution was
mixed at 10 000 RPM for 1 h with an Ultra-Turrax T50 (IKA-Werke, Ger-
many). BCA monomer polymerization during high-speed stirring of the
Triton X-100 solution resulted in a suspension of air-filled B;B, MB (iden-
tical to PBCA MB previously reported by the groupl'%%°]), whereas copoly-
merization of BCA with ECA or OCA resulted in suspensions of air-filled
E;B, MB or OB, MB, respectively. To isolate the MB with the desired size
(2-3 um diameter), resulting suspensions were centrifuged three times
at 500 RPM for 20 min and the purified MB were resuspended in 80 mL
Triton X-100 0.02 % w/v at pH 7 (storage solution).

Drug Loading in Polymeric MB: Coumarin 6 was loaded into the
polymeric MB as a model drug according to the previously established
method.[?>26] 5 mg of coumarin 6 was dissolved in 100 uL of DMSO and
added to a 10 mL suspension of 10'° MB in storage solution. The mix-
tures were then stirred at 50 RPM overnight. Next, the samples were left
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undisturbed for at least 6 h to allow the MB to float and form a MB cake.
The aqueous solutions underneath the MB cakes were replaced with fresh
storage solution multiple times to remove the unloaded drug until no free
drug was detected in the solution via fluorescence spectrometry with a
TECAN Infinite Pro M200 (Tecan, Switzerland). Finally, the drug-loaded
MB were resuspended in 10 mL of storage solution and stored in the dark
for further characterizations. All the procedure was done in the dark to
prevent photobleaching and at room temperature.

Quantification of Concentrations, Size Distributions and Zeta Potentials of
Polymeric MB:  The concentration and size distribution of the polymeric
MB were measured with a Multisizer 4 (Beckmann Coulter, Germany). 5 uL
of each MB sample was diluted in 20 mL of ISOTON |l isotonic solution
(Beckmann Coulter, Germany) and measured in volumetric mode with an-
alytical volume of 50 uL. For each sample, 20 mL of isotonic solution was
measured with the same procedure and subtracted from the measurement
result as background noise. In addition, size distributions and zeta poten-
tial were measured by DLS (dynamic light scattering) using a Zetasizer
Nano-ZS (Malvern Instruments, UK). A scattering angle of 173° and in-
tensity mode were used for DLS measurements. Each sample was diluted
with the appropriate storage solution. All measurements were performed
at room temperature.

Characterization of the Polymeric MB Shell Composition: GPC (gel per-
meation chromatography) and proton NMR (nuclear magnetic resonance
spectroscopy) were performed to analyze the shell material. Prior to mea-
surements, MB suspensions were washed three times with DI water to
minimize the presence of Triton X-100 by subsequent steps of MB floata-
tion to the air-liquid interface and aspiration of the liquid underneath.
The MB suspensions were then lyophilized using a benchtop lyophilizer
CHRIST Alpha 2-4 LD plus (Martin Christ Freeze-Drying Systems GmbH,
Germany) to obtain powders of polymer chains that formed the MB shells.

To evaluate the polymer chains (molecular weight and polydispersity in-
dex) by GPC, the samples were dissolved in high-performance liquid chro-
matographic grade chloroform stabilized with 2-methyl-2-buthene (VWR,
USA) after lyophilization. A GPC set up, which included PU-2080 plus
high-performance pump (Jasco, Germany), RI-2031 plus refractive index
detector (Jasco, Germany), Sedex 85 evaporative light scattering detector
(Sedere, France), one pre-column of 8 x 50 mm? and four SD Plus gel
columns of 8 X 300 mm? (MZ Analysentechnik, Germany), were utilized.
Measurements were performed at 40 °C and 1 mL min~" flow rate with
gel particles of 5 um and pore width of 50, 100, 1000 and 10000 A. The
calibration was done with polystyrene beads (Polymer Standards Service,
Germany).

NMR spectra were recorded on a Bruker Avance 111 400 MHz spectrom-
eter (Bruker, Germany) using deuterated chloroform as solvent. Prior to
the analysis of MB shell material composition, spectra of BCA monomer
and Triton X-100 surfactant were recorded as a control.

Quantification of Triton X-100 in Polymeric MB Shells: The relative
amount of Triton X-100 incorporated into the MB shells was quantified
based on the integration of selected proton signals in the NMR spectra,
as described below for each formulation.

E;B, MB: The overlapping signal at 4.04 ppm contains contributions
from methylene protons of both the ECA and BCA units (assigned as sig-
nals 2 and 4, respectively, shown in Figure S3a, Supporting Information)
as well as from the CH, group of Triton X-100 (signal 6 in Figure S2b,
Supporting Information for Triton X-100 alone). The total integral of this
combined signal was used to estimate the proportion of Triton X-100. The
Triton X-100 signal contribution was 0.14, and the total signal intensity (in-
cluding monomers) was 3.01. The relative Triton content was calculated
as:

I(Triton X — 100)

% (Triton X — 100
¢ (Triton ) = 12 2) + I(Triton X = 100)

x 100 %

0.14
= 2% 100% ~ 5% 1
301 X 10% ~ 5% M

B;B, MB: Signal I(2) = 2.16 from BCA units of polymeric chains

(shown in Figure S3b, Supporting Information) includes a contribution of
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0.20 from the CH, group of Triton X-100. Therefore, the surfactant content
was calculated similarly:

I(Triton X — 100)

% (Triton X — 100) = - X 100 %
1(2) + I(Triton X — 100)
0.20
= = 1 ~ 2
77€ 0% ~ 9% (2)

0;B, MB: The methyl group signal I(513) = 3.00 (signal 5,13 in
Figure S3c, Supporting Information) was compared to the aromatic sig-
nal of Triton X-100 at ~6.75 ppm (signal 5 in Figure S2b, Supporting In-
formation). Since this methyl signal corresponds to three protons, and
the Triton aromatic signal corresponds to two protons, the integrals were
normalized accordingly:

(I(Triton X — 100) /2)

% (Triton X — 100) = 16,13)/3) X 100 %
0.03
To0 < 100 % =3 % (3)

Quantification of Co-Monomer Ratios in Polymeric MB Shells:  The mo-
lar ratios between BCA and either ECA or OCA were determined using
NMR spectra by integrating characteristic proton signals of the respective
monomer units. All integrations were normalized such that an integral
value of 1.00 corresponds to one proton.

E;B, MB: To determine the ratio of BCA to ECA units (Figure S3a,
Supporting Information), signal 7—corresponding to the methyl group
(CH3) of the BCA unit—was used as an internal reference and manually
set to an integral value of 3.00 (i.e., 1.00 per proton). The co-monomer ra-
tio was calculated using the combined signal at 4.04 ppm, which includes
contributions from methylene groups adjacent to the acrylate moieties of
both BCA (signal 4) and ECA (signal 2), along with a small contribution
from the CH, group of Triton X-100 (signal 6 in Figure S2b, Supporting In-
formation). After subtracting the Triton contribution (0.14), the corrected
integral of the mixed signal was 2.87. Based on the 3.00-reference scal-
ing, signal 4 accounts for 2.00 protons from BCA, leaving 0.87 protons
attributed to ECA. This corresponds to ~#30% ECA and 70% BCA in the
polymer backbone.

O;B, MB: Signal 5,13—corresponding to the methyl groups (CH3) of
both BCA and OCA units—was used as the internal reference and set to an
integral value of 3.00. The co-monomer ratio was determined by compar-
ing signal 2 (CH, group of BCA) with signal 6 (CH group of OCA). Signal
2 also included a Triton X-100 contribution, which was subtracted (0.08),
yielding a corrected integral of 1.40. Since signal 2 represents a CH, group
(2 protons), its value was divided by 2 for per-proton comparison, result-
ing in 0.70. Signal 6 corresponds to a single proton and had an integral
value of 0.25. Using these values, the composition was estimated to be
~26 % OCA and 74 % BCA in the MB shell.

Characterization of the Polymeric MB Morphology and Shell Stiffness:
CryoSEM (scanning electron cryo-microscopy) and CLSM (confocal laser
scanning microscopy) micrographs were used to measure the shell thick-
ness of polymeric MB, while AFM (atomic force microscopy) was used to
evaluate the MB shell stiffness and roughness of polymeric MB.

CryoSEM micrographs of intact polymeric MB were obtained using a
FE-SEM 4800 (Hitachi, Germany) equipped with an Alto 2500 cryo-transfer
system (Gatan GmbH, Germany). Each sample was frozen in liquid nitro-
gen, sectioned in a cryochamber, and then sublimated for up to 10 min
to remove residual water. Micrographs were then taken at 1kV and 2 pA,
and MB characteristics were measured using Image] software (National
Institute of Health, USA).

For CLSM, polymeric MB loaded with coumarin 6 were mounted with
Mowiol (Carl Roth, Germany) on high-precision glass slides (Marienfeld,
Germany) and analyzed using a Leica inverted confocal microscope (TCS
SP8 X, Leica Microsystems, Germany) equipped with a plan apochro-
mat 100x/1.40 set at an excitation wavelength of 470 nm and an emis-
sion detection range from 491 to 556 nm. MB shell thickness values

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

5UB0117 SUOLLILIOD SAIIE10 3 e jdde 8Ly Aq peuienob aJe oI YO ‘3sN J0 Sa[nu Joj ARG BUIIUO /B|IA UO (SUONIPUOO-PUE-SWLBYWIOD™A3 1A ARe1q 1BUUO//SANL) SUOIPUGD PUB SWLS | au) 95 *[GZ02/2T/60] Uo Areiqi auIluO AB1IM ‘UeyTey U AQ GG9/0GZ02 BWPe/Z00T OT/I0p/wWoo" 3| v AJeiq 1 jBu |uo-peoueADe/-SdnY o1} pOpeojuMOq ‘0 ‘S60VTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

were measured using Leica Application Suite X 3.7.4. In addition, CLSM
micrographs were used to analyze the mean diameter distribution of
coumarin 6-loaded MB samples.

Since AFM measurements in a liquid require a firm attachment of
the MB to the substrate, additional preparation steps were implemented.
Glass slides were coated with a 1:10 solution (v/v) of PLL in DI water, re-
moving the excess liquid after 15 min, and drying overnight. To attach MB
to the substrate, PLL-coated glass slides were inverted on a 200-fold di-
luted MB suspension for 30 min and then rinsed with DI water to remove
unattached MB. All AFM measurements were performed in DI water. AFM
was performed on a JPK NanoWizard 4XP (Bruker, Germany) mounted on
an Axio Observer 5 inverted microscope (Zeiss, Germany). Each sample
surface was imaged using a 63X objective and optical overlay to accurately
place the cantilever over the MB. Optical images were also taken between
force-distance measurements to define the MB radius and fracture force.

AFM force spectroscopy data were obtained using a CSC12 tipless can-
tilever (MikroMasch, Bulgaria) with a spring constant of 1 N/m. Reference
force curves were recorded on a clean glass slide before and after the MB
measurements and were used to determine the sensitivity of the cantilever.
A z-distance of 4 um was used to ensure no interaction between the MB
and the cantilever prior to contact, and a cantilever velocity of 2 um s~
was maintained during approach and retraction. Force spectroscopy mea-
surements were performed on 30 individual MB from each sample. JPK
Data Processing 4.2 software (Brucker, Germany) was used to analyze each
force-distance curve. The stiffness of each MB (s) was calculated as a func-
tion of force (F) divided by deformation (A):

s= = *)

The individual MB stiffness was derived from the initial linear portion
of the curve to avoid instabilities that occur as the force applied to the mi-
crobubble increases and can cause shape changes due to MB stretching,
buckling, and rupture.[65-71]

The AFM quantitative imaging mode was implemented to image the
individual MB surface (and assess MB shell roughness) using a SENSE
70 cantilever (NuNano, UK) with a nominal spring constant of 0.4 N/m.
A set point of 0.3 nN was used to avoid MB damage and fracture, and a z-
length of 200 nm and a speed of 40 um s~ were used to acquire images of
individual MB with a size of 3 x 3 um? and a resolution of 256 x 256 pixels.
The images were processed using Mountains SPIP v10.1 software (Digital
Surf, France), where a 1 X 1 um area within each MB was selected and
levelled with a second-order polynomial line fit to account for the overall
curvature of the MB, then smoothened with a low-level median spatial
filter. Surface roughness values were derived as root mean square values
of the MB surface measured by AFM.

Quantification of Drug Loading and US-Mediated Drug Release: To
quantify the loading capabilities of polymeric MB samples, each sample
was diluted 100-fold in DMSO, and its fluorescence intensity was mea-
sured using a TECAN Infinite Pro M200 (Tecan, Switzerland) set at an ex-
citation wavelength of 467 nm and an emission wavelength of 514 nm.

The average number of drug molecules encapsulated in each MB type
was quantified to enable direct comparison across formulations and to
maintain consistency with the previous studies,['32%26] where drug load-
ing was reported on a per-MB basis.

To measure drug release percentage of polymeric MB, each sample
was diluted 500-fold in storage solution (due to the very low solubility of
coumarin 6 in aqueous media) and sonicated for 15 min with an Emmi
H60 sonication bath (EMAG AG, Germany). The resulting mixture was
then centrifuged at 10 000 RPM for 10 min to remove the MB fragments,
and the amount of coumarin 6 dissolved in the supernatant was measured
with a TECAN Infinite Pro M200.

The average number of drug molecules encapsulated in each MB type
(Ngrug/mp), and drug release percentage (DRP) were calculated based on
the following equations:

Nirug/mp = W, X T (5)
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Wr
DRP = —~ x 100% (6)
Wy

where C, is the concentration of encapsulated drug (mg/mL), M, is the
molecular weight of coumarin 6 (350.43 g mol™"), N, is the Avogadro’s
number (6.022 x 1023 mol~"), C, is the concentration of each sample
(MB/mL), W, is the weight of drug released in solution after sonication,
and Wj is the weight of drug loaded in polymeric MB samples.

All-Atom Molecular Dynamics Simulations of the Polymeric MB Shell
Fragments:  All simulations were performed using the Gromacs 2020.6
package.[’?] The all-atom optimized potentials for liquid simulations
(OPLS-AA) force field, a commonly utilized approach for simulating di-
verse polymer systems,[”3] was employed to describe the interactions be-
tween polymeric chains composed of ECA, BCA, and OCA monomeric
units, as well as the small molecule coumarin 6 and Triton X-100 addi-
tives. The extended simple point charge (SPC/E) model was employed for
the simulation of water molecules.[”4] The motion equations were solved
using the leapfrog integrator, with long-range electrostatics calculated by
the particle mesh Ewald method with a 1.2 nm cutoff.7*! Hydrogen bonds
were constrained using the linear constraint solver (LINCS) algorithm.[7®]
Simulations were conducted at 27 °C, maintained by a velocity-rescale
thermostat with a time constant of 0.0 ps, and a semi-isotropic pres-
sure of 1 atm in the vertical direction.””] Pressure was regulated us-
ing the Berendsen barostat during the initial equilibrium phase and the
Parrinello-Rahman barostat for subsequent equilibrium, with a time con-
stant of 0.5 ps.I”27°1 In order to ensure the accuracy and reliability of the
results, periodic boundary conditions were applied in all directions. The
simulation process entailed an initial brief run with a 0.001 fs timestep
for 10° steps, followed by a more extended equilibration phase utilizing a
2 fs timestep. The total simulation time was 500 ns for the equilibration
phase (representing the polymeric MB shell fragments) and 1000 ns for
the coumarin 6 loading phase (representing the diffusion of coumarin 6
into polymeric MB shell fragments), with the final 50 ns allocated to the
calculation of chain equilibrium properties.

In Vitro US Imaging and Acoustic Characterization of the Polymeric MB:
The MB acoustic properties were examined with a Vevo 3100 preclinical US
device (VisualSonics, Canada) after embedding the MB in gelatin phan-
toms. Briefly, for each sample, a mixture of 2 % (w/v) of gelatin and 1.1 x
10° MB mL~" was prepared, as this concentration was selected to avoid
acoustic shadowing based on the previous experiments.['26] The mixture
was then embedded in 10 % (w/v) gelatin molds and left in 4 °C overnight.
Subsequently, the phantoms were examined with the MX250 transducer
operating at a center frequency of 18 MHz in non-linear contrast (NLC)
mode, which is based on pulse amplitude modulation. Initially, the signal
intensity of each specimen was quantified at 4 % power (mechanical index
of 0.03). The peak negative pressure at this setting is estimated to be in
the range of 100 kPa, with spatial peak temporal average intensity remain-
ing below 29 mW cm~2.[80.31] These settings were chosen to assess MB
acoustic responses while minimizing destruction. Subsequently, a second
sonogram was recorded at the same 4 % power after each sample had
been exposed to higher-power US (10 %, 15 %, 25 %, and 100 %, corre-
sponding to mechanical indices 0f 0.07,0.105, 0.175, and 0.7, respectively)
for 5's. MB destruction rates were calculated as follows:

MB destruction rate (%) = 2_ g % 100 % (7)

where A is the mean signal intensity of the sample before higher acoustic
power (recorded at 4 % power), B is the mean signal intensity of the sam-
ple after higher acoustic power (recorded at 4 % power), C is the mean
signal intensity of the gelatin phantom (background signal, recorded at 4
% power). The mean signal intensities were measured in a region of inter-
est of 25 mm? at the probe focus area (set at 10 mm depth) with the Vevo
LAB software.

The same US setup was used for the flow phantom experiments, sim-
ilar to.’l A custom-made plastic box (88 mm length X 58 mm width x
90 mm depth) was designed to provide sufficient space for transducer
placement on the top surface. Two 2 mm diameter holes were positioned
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15 mm below the top plane on opposing shorter walls. A 2 mm stainless
steel tube was inserted through these holes to form a channel, and a 10
% (w/v) gelatin solution was poured and allowed to solidify overnight.
Prior to the experiment, the tube was removed to create a flow channel,
and a peristaltic pump (Gilson Inc., France) was connected via plastic tub-
ing. A suspension of 5 x 10° MB in 15 mL of storage solution was circu-
lated through the system for 5 min in a closed loop at a constant flow
rate of 2.2 mL min~!, sonograms were recorded with a framerate of 20
frames per second. The acoustic power was set to 4 %, corresponding to a
mechanical index of 0.03. Clinical-grade contrast agents SonoVue (Bracco
S.p.A., ltaly) and Optison (GE Healthcare, USA) were used as controls.
SonoVue was reconstituted according to the manufacturer’s instructions,
while Optison was gently agitated until no visible residue remained at the
bottom of the vial. Signal intensities were measured in a region of interest
of 7.2 mm? at the probe focus area (set at 10 mm depth) with the Vevo
LAB software. Curve smoothing was performed using a second-order poly-
nomial and a window of 60 neighboring points on each side.

Attenuation measurements were performed using a custom experimen-
tal setup as previously reported.l*74%] Briefly, each MB sample was diluted
to several orders of 108 particles in a volume of 17 cm? and placed in a
glass chamber (2 X 2 X 5 cm) under continuous stirring. The glass cham-
ber had two opposite openings where the transmitting and receiving flat
wide-band V311 transducers (Olympus, Japan) were in contact with the
liquid. The distance between the two transducers was fixed and equal to
2 cm. US signals were generated by a waveform generator with frequen-
cies ranging from 0.5 to 20 MHz as successive sinusoidal bursts with 4 ps
steps of 250 kHz burst frequency. The negative pressure was maintained at
a level of 14 kPa or lower to permit the MB to undergo low-amplitude and
linear oscillations. The US signal and the attenuation spectra were con-
trolled and acquired by home-made software based on LabView (National
Instruments Corporation, USA).

The analysis of the attenuation measurements is based on the theory
from Hoff et al.[*°] The total attenuation of the MB cloud is the sum of the
individual extinction cross sections of single MB (R, ®) which depends
on the radius R and angular driving frequency w = 2zf. The particle size
distribution n(R) is used to numerically integrate the attenuation:

a(w) = [5°n(R)o (R w)dR (8)

Considering the low-pressure amplitude used in the attenuation mea-
surements, a linear model can be used to describe the volumetric oscilla-
tions of a single MB. A correction for the thermal damping of the gas core
is applied.[%] The resulting resonance angular frequency is:

3k, 4
wy = 1. /2%P 4 22 ©)
PRy

where p, is the hydrostatic pressure, p; is the liquid density, k is the poly-
tropic exponent, and y = 3 G.d is the reduced shell stiffness (G is the
shear modulus of the material and d is the shell thickness). The linear
system is damped by a factor §, with contributions of fluid viscosity, shell
viscosity, thermal effects and acoustic radiation. the work of Hoff et al. was
referred for full derivations.[*] The shell viscosity has the most significant
effect:

=

K

5 = —=R 10
5= R (10)

where and k; =3 pd; is the reduced shell viscosity (u; is the shear viscosity
of the material). The linear oscillations model leads to an expression for
the extinction cross-section:

2
o (R w) =477:R2i Q

_ 1
R, (1 _Qz)z+9252 (n
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where ¢ is the sound velocity and Q = w/w,. Using the measured parti-
cle size distributions, the model parameters y and «, are optimized to
fit the normalized attenuation curves. A half-bandwidth evaluation of the
summed squared residuals yielded the approximate confidence intervals.

Backscattering spectra of PACA MB (power density profiles in B-mode)
were evaluated with a Verasonics Vantage 256 US device (Verasonics, Inc,
USA) equipped with the linear array L12-3v transducer transmitting one
cycle pulse with a center frequency of 5 MHz. Briefly, a box containing
400 mL of degassed water with a sound absorbing mat at the bottom was
prepared. MB were diluted and added and stirred constantly so that spa-
tially separated responses from individual MB could be analyzed. For each
sample, 100 independent images were acquired in B-mode with a focused
sequence at a focal depth of 18 mm, a mechanical index of 0.208, and
a maximum rarefraction pressure of 635 kPa. 313 individual E;B, MB,
2240 individual BB, MB, and 2622 individual OB, MB were localized
in a window of 12.24 mm with the focal depth in the center and the RF
signal at the MB position was cropped. For each cropped sample signal,
the periodogram was calculated from the acquired radio frequency data.
The power density spectra were plotted by averaging the values from all
the MB.

Modeling of the Polymeric MB Destruction Rate Under US Pulses: The
MB destruction rate (Dy,g) under US pulses was calculated on the basis
of void nucleation-damage theory, as previously described in ref. [46]. In
this approach, the MB system (1.1x 10° MB mL™", as taken from the ex-
periment conditions) was theoretically modeled a representative polymer
chain, with the number of Kuhn segments equal to the total number of
Kuhn segments of all MB in the system.

B B 1
Dyp = exp <__A 2) =eXpl-— 3 |
174 H Asin \/:7
lOg sin 4
VK
2
and p = 136!(”‘_? (12)
B

where Ay is the change in free energy of the polymer of the MB, kgis the
Boltzmann constant, T is the absolute temperature, and ¢ is the surface
tension of the polymer used to make the MB, n,. is the number of Kuhn seg-
ments in the representative polymer chain determined by fitting based on
GPC results of polymeric chains that compose MB shells and shell thick-
ness analysis, and A is the radial stretch on the MB system (Figure S11,
Supporting Information).

The quantity in the denominator is the square of the change in free en-
ergy of the representative polymer chain under deformation,[82] and the
shear modulus p of the MB system can be obtained from the experimen-
tal results of the shell stiffness of a single MB obtained by AFM. The argu-
ment of the exponential function is the energy barrier for damage growth
of the MB system, it can be observed that when the stretch in the MB sys-
tem reaches the limit of chain extensibility of its representative polymer
chain, the change in free energy of the polymer is infinite, so that the MB
destruction ratio is 100 %.

The radial stretch on the MB system can be approximated as 1 ~
Ao \/Prasio» Where Aq is the stretch on the MB system at the lowest acous-
tic power (4 %), and P,;;, represents the acoustic power ratio relative to
the lowest value applied to the MB system (namely 10, 15, 25, and 100 %
to 4 %).

Based on experimental data of MB polymer chain composition, shell
thickness and stiffness values, the following estimated parameters were

used for modeling: iz =1.96x 1072, n, =21.2, and 1y = 1.2649 for E;B,
I

MB, ,% =2.716x 1075, n_ = 1594.1, and 4, = 1.0924 for B,B, MB, % =

4.793 x 1077, n, = 4297.5, and Ao = 1.0449 for OB, MB, respectively.

In Vitro Sonoporation of Cell Monolayers:  The in vitro sonoporation ex-
periment was performed according to the previously established protocol
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in the group described in.I>2] Briefly, Madin-Darby canine kidney (MDCK)
epithelial cells (passages 13-25) were cultured in DMEM with 10% FBS
and 1% P/S antibiotics until 80-90 % confluence. Cells were detached
using 0.05 % EDTA (5 min) and 0.25% trypsin (4 min), then resuspended
at 2 x 10% cells mL~" in 80 uL of culture medium. The suspension was
added to the basolateral surface of poly-D-lysine-coated (0.1 mg mL™")
cell culture inserts by inverting the inserts in the plate. Inserts were incu-
bated upside down for 4 h to facilitate cell attachment. Afterward, the plate
was reverted, and fresh medium (1 mL) was added to the basolateral com-
partment, with 0.5 mL to the apical compartment. Cells were cultured on
the inserts for two nights to reach ~90 % confluence, with one medium
change during this period. Each insert with cells is referred to as a sample.

A custom-built focused US setup equipped with a V314-SU-F1.00in-PTF
transducer with 1 MHz center frequency and 25 mm focal length (Evident
Europe GmbH, Germany) was used to irradiate MB along with the sam-
ples for 2 s with a peak negative pressure of 650 kPa, a pulse repetition
frequency of 2 kHz, and 10 cycles per pulse. Peak negative pressures were
in situ calibrated with a 1-mm needle hydrophone placed inside the Lumox
well plate, as characterized in.[®] The transducer was fixed in an upright
vertical position in a water tank filled with DI water. Then, a sample was
placed in a well plate, and the entire plate was mounted on top of the trans-
ducer with the bottom of the plate in the water. The distance between the
transducer surface and the sample was adjusted to 25 mm so that the
focal point was aligned with the sample.

Once the sample was placed in the well and aligned with the transducer,
it was exposed to focused US as described. Sonoporation events were de-
tected by adding 300 uL of staining solution per sample to a US-compatible
well plate. The solution contained PI (red, 2 mg/mL), FDA (green, 5 mg
mL~"), and Hoechst (blue, 1 ug/mL) in DMEM. Pl detects sonoporation
by entering cells with perforated membranes and fluorescing red upon in-
tercalation with RNA/DNA, while FDA verifies cell viability, and Hoechst
counterstains nuclei as a reference. For “0 min” measurements, the stain-
ing solution and MB (2 x 107 MB in 50 uL DMEM) were added to the
sample prior to US exposure, the sample was exposed to focused US, left
in the staining solution for 2 min after exposure, and then washed twice
with PBS. No MB was applied to the control sample (“US only”). For “15
min” measurements, DMEM and MB were added prior to US exposure,
and the sample was exposed to US. After exposure, the sample was incu-
bated for 15 min, DMEM was replaced with the staining solution, and the
sample was left for 2 min before being washed twice with PBS.

The insert membranes were cut out, placed on microscopy slides,
and immediately imaged using the Axio Imager M2 fluorescence micro-
scope (Carl Zeiss, Germany) at 10x magnification. Images were analyzed
with Image] (National Institutes of Health, USA). Each color channel was
processed separately. To quantify Pl-positive cells, Otsu’s thresholding
method was applied to highlight regions with PI fluorescence, followed
by particle counting. The number of Pl positive cells N/ was normalized
to the total cell count in the imaged region, calculated as the sum of Pl
positive Nij”s and FDA positive cells N?D”Z as shown below:

Ncells

Pl
—x100% (13)
1l 1l
N+ N

Pl positive cells =

Additionally, equal amounts of MB (2 X 107 MB) were introduced into
wells without inserts containing cell monolayers, and Coulter counter mea-
surements were performed before and after ultrasound exposure to assess
MB bursting. These experiments were conducted in triplicate, and repre-
sentative averaged diameter distributions were plotted.

In Vivo US Imaging and Biocompatibility: In vivo experiments were
conducted using eight female Balb/cAnNR]j mice (Janvier Labs, France),
aged 10-12 weeks (4 per group), to assess polymeric MB performance and
safety under biological conditions. The study was approved by the German
State Office for Nature, Environment, and Consumer Protection (LANUYV,
approval number: AZ 81-02.04.2020.A204) and complied with institutional
guidelines, EU Directive 2010/63/EU, and German federal animal protec-
tion laws. Humane care followed the “Guide for the Care and Use of Lab-
oratory Animals.”. A power analysis using G*Power software (two-tailed
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unpaired t-test) determined that 4 animals per group were needed, giving
a statistical significance of 0.80 (power 1-8,, prob).

Mice were housed in groups of four with spruce granulate bedding (Lig-
nocel, JRS, Germany) under specific pathogen-free conditions. Environ-
mental controls included a 12-h light/dark cycle, 20-24 °C temperature,
and 45 — 65% humidity. Animals had ad libitum access to standard pellets
(Sniff GmbH, Germany) and water. Individual mice were marked for iden-
tification and assigned to groups by assigning random numbers in Excel.
Daily health monitoring and experiments were conducted by two experi-
enced unblinded researchers. No exclusion criteria were applied, and all
the gathered data were reported in the manuscript.

Mice were anesthetized with inhalation anesthesia (induction: 5 %
isoflurane in 95 % oxygen; maintenance: 2 % isoflurane in 98 % oxygen)
for immobilization during injection and imaging. A 50 pL dose of MB
(2 x 10° MB mL~") was administered via a tail vein catheter. Mice were
positioned on their left side, and the right flank — spanning from below
the lungs to the intestines—was shaved to minimize imaging artifacts.
The transducer was placed transversely (perpendicular to the spine), di-
recting the beam cranially and dorsally through the skin, right kidney, and
liver. This orientation enabled simultaneous visualization of both organs
within a single imaging plane beneath the skin. US gel was used to en-
sure good acoustic contact without excessive pressure. Circulation and
distribution of MB in the liver and kidneys were imaged using a Vevo 3100
preclinical US device (VisualSonics, Canada) with an MX250 transducer
(18 MHz, 10 % power) for 5 min with a framerate of 10 frames per sec-
ond. A 10 % acoustic power setting was used to balance image resolu-
tion while minimizing extensive MB destruction, consistent with previous
reports.l1721:26] After that, a 60 s cineloop was recorded under the same
settings, with a 1's burst (100 % US power) at the 30 s mark. Body tem-
perature was maintained using a temperature-controlled platform.

Signal intensities were quantified using Vevo LAB software. To account
for differences in NLC signal intensity between MB samples, regions of
interest were chosen to be of comparable size (%2 mm?) across all sam-
ples. In addition, regions of interest were selected near the US probe, cov-
ering areas adjacent to the upper kidneys and liver, to minimize potential
shadowing artifacts and signals from the skin. Motion during imaging ses-
sions was primarily attributable to normal respiration, which caused mi-
nor periodic displacements of the region of interest; no abrupt or large
bulk motions were observed. While no motion correction was applied,
curve smoothing was performed using a second-order polynomial and a
window of 30 neighboring points on each side, similar to the previous
reports.[2126] For each animal, average signal intensities were extracted,
and both intra-animal variability (standard deviation of signal intensity
within each sample) and inter-animal variability (variation of average val-
ues across animals) were considered in the analysis.

To assess the toxicological profile of the polymeric MB, blood samples
were collected 7 days before, immediately after, and 2 days after the US
imaging procedure for analysis. At the end of the study, mice were eutha-
nized under deep isoflurane anesthesia via cervical dislocation. The heart,
liver, spleen, lungs, and kidneys were harvested for histopathological anal-
ysis.

Histopathological Analysis: ~ Collected organs were fixed in 4 % formalin
overnight, dehydrated using a Leica TP 1020 tissue processor (Leica, Ger-
many), and embedded in paraffin. The paraffin blocks were then sectioned
into 8 um thick slices with an HM 430 sliding microtome (Thermo Fisher
Scientific, USA) and dried at 37 °C overnight. Sections were heated at 60 °C
for 2 h, then deparaffinized with xylene and serial ethanol solutions.

Hematoxylin and Eosin (H&E) staining was performed to visualize nu-
clei and extracellular matrix. Deparaffinized sections were incubated with
Hematoxylin solution (Carl Roth GmbH, Germany) for 15 min, washed
with water for 15 min, stained with acidified Eosin solution (Carl Roth
GmbH, Germany) for 30 s, and rinsed again for 5 min. Samples were
dehydrated with ethanol and xylene, then mounted with a Vitro-clud ad-
hesive (R. Langenbrinck GmbH, Germany). Micrographs were acquired at
20x magnification using a Vectra 3.0 automated microscope (PerkinElmer,
USA).

Statistical Analysis:  For each sample, three different batches were syn-
thesized, and each measurement was performed at least three times.
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Results are reported as mean + standard deviation. ANOVA analysis with
post hoc Tukey HSD test or two-way ANOVA analysis were performed with
the GraphPad Prism 8. p-values lower than 0.05 were considered as statis-
tically significant; (ns), (*), ("), (") and (") indicate groups with p >
0.05, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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