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Polymeric Microbubble Shell Engineering: Microporosity as
a Key Factor to Enhance Ultrasound Imaging and Drug
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Mirjavad Moosavifar, Roman A. Barmin, Elena Rama, Anne Rix, Rustam A. Gumerov,
Thomas Lisson, Céline Bastard, Stephan Riitten, Noah Avraham-Radermacher,

Jens Koehler, Michael Pohl, Vedangi Kulkarni, Jasmin Baier, Susanne Koletnik, Rui Zhang,
Anshuman Dasgupta, Alessandro Motta, Marek Weiler, Igor I. Potemkin, Georg Schmitz,
Fabian Kiessling, Twan Lammers,* and Roger M. Pallares*

Microbubbles (MB) are widely used as contrast agents for ultrasound (US)
imaging and US-enhanced drug delivery. Polymeric MB are highly suitable for
these applications because of their acoustic responsiveness, high drug
loading capability, and ease of surface functionalization. While many studies
have focused on using polymeric MB for diagnostic and therapeutic purposes,
relatively little attention has thus far been paid to improving their inherent
imaging and drug delivery features. This study here shows that manipulating
the polymer chemistry of poly(butyl cyanoacrylate) (PBCA) MB via temporarily
mixing the monomer with the monomer-mimetic butyl cyanoacetate (BCC)
during the polymerization process improves the drug loading capacity of
PBCA MB by more than twofold, and the in vitro and in vivo acoustic
responses of PBCA MB by more than tenfold. Computer simulations and
physisorption experiments show that BCC manipulates the growth of PBCA
polymer chains and creates nanocavities in the MB shell, endowing PBCA MB
with greater drug entrapment capability and stronger acoustic properties.
Notably, because BCC can be readily and completely removed during MB
purification, the resulting formulation does not include any residual reagent
beyond the ones already present in current PBCA-based MB products,
facilitating the potential translation of next-generation PBCA MB.

1. Introduction

Ultrasound (US) imaging is a diagnos-
tic technique commonly used in clini-
cal settings because of its wide availabil-
ity, non-invasive nature, safety, and cost-
effectiveness.!] US imaging relies on the
emission of US waves that backscatter from
tissues and organs with characteristic re-
flection features, which get detected by a
probe and are then used to reconstruct an
image.l>*] Despite its good resolution, the
diagnostic capabilities of US imaging are
limited by its low contrast.’] Since 1968,
gas-filled microbubbles (MB) have been
used as US contrast agents to overcome this
limitation.l%’] MB possess stronger non-
linear signals than solid materials of the
same size because of their larger com-
pressibility and expansion profile upon US
irradiation.(®?]

Beyond their use as contrast agents,
MB have also been explored as drug
delivery vehicles because of their drug-
loading capabilities, US responses, and
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Figure 1. Synthesis of polymeric MB. a) Chemical structure of butyl cyanoacrylate (BCA) and butyl cyanoacetate (BCC). b) Different proportions of BCA
and BCC were used for the synthesis of polymeric MB by emulsion polymerization in the presence of Triton X-100. c) After synthesis and purification,

all samples were stored in 0.02% Triton X-100.

well-established functionalization chemistry.'®! Moreover, MB
are being explored to enhance the penetration of pharmaceuti-
cals in specific tissues (known as sonoporation or sonoperme-
ation) by opening biological barriers, such as the endothelial wall
in tumors or the blood-brain barrier.[''"!3] Sonopermeation re-
lies on US-induced oscillation of MB, which act as a cavitation
nucleus.[1+18]

The diagnostic and therapeutic performance of MB is dic-
tated by their shell composition, which affects MB blood circula-
tion, acoustic characteristics, and drug loading capacity, among
others.[1%29) MB shells are primarily made of lipids, proteins,
or polymers.[222] Lipid and protein MB are more elastic and
can generate greater contrast signals than their polymeric coun-
terparts. The relatively thicker shell of polymeric MB, however,
can be more efficiently loaded with pharmaceuticals, while still
displaying good imaging capability. For instance, polylactic acid
MB have been loaded with different chemotherapeutics, such
as doxorubicin/?** and paclitaxel,[®®! for drug delivery applica-
tions, while poly(lactic-co-glycolic acid) MB have been conju-
gated with iron oxide nanoparticles for dual imaging.*®! Fur-
thermore, the shell characteristics of polymeric MB, such as
elasticity and porosity, can be manipulated through polymeric
chemistry,?? and the MB surface can be readily conjugated
with targeting agents for molecular imaging and targeted drug
delivery applications.30-33]

Poly(butyl cyanoacrylate) (PBCA) is a polymer commonly used
for the synthesis of MB, since it is biocompatible at clinical doses
and is approved by the United States Food and Drug Adminis-
tration (FDA) as a surgical glue.[****] The synthesis of PBCA MB
relies on the anionic polymerization of butyl cyanoacrylate (BCA)
monomers in the presence of surfactants, and yields MB that
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displays adequate acoustic properties for US imaging and drug
delivery.’>3¢] While many studies describe the use of PBCA MB
for functional and molecular imaging,**37-°! US-mediated drug
delivery,[*23*] and sonopermeation,[*”) much less effort has been
invested in improving PBCA MB imaging and therapeutic fea-
tures via chemical routes. In a recent study, we screened different
surfactants of the Tween and Triton X family used in the synthesis
of PBCA MB.[*I Depending on the nature and molecular weight
of the surfactant, PBCA MB with different shell thicknesses and
acoustic properties were obtained. Interestingly, some of the MB
had similar morphologies but very different acoustic characteris-
tics, potentially due to differences in the polymer chains in the
shell. However, this previous methodology did not allow us to
control the BCA polymerization inside the shell and tailor key
PBCA MB features to maximize their performance for specific
imaging and drug delivery applications.

In this study, we set out to close this gap by controlling the
polymerization inside the PBCA MB shell by adding a wash-
able monomer-mimetic chemical. Particularly, butyl cyanoac-
etate (BCC), a molecule identical to BCA (Figure 1a) except for
the absence of the double bond involved in the anionic polymer-
ization, was added together with BCA during the synthesis of the
MB. By adding BCC, MB with similar morphological features
but significantly superior acoustic responses and drug-loading
capabilities were obtained. We found that BCC, without being re-
tained in the final MB formulation, beneficially affected the poly-
merization reaction. Dissipative particle dynamic (DPD) simu-
lations and nitrogen physisorption cycle experiments indicated
that the presence of BCC during polymerization yields nanocav-
ities in the MB shell structure, which enhance both the acous-
tic and loading capacity of the MB. We confirmed the superior
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Figure 2. Morphological characteristics of BCC-enhanced polymeric MB. a) Concentration, (b) mean diameter and c) diameter distribution profile of
synthesized polymeric MB. d) Representative STED and cryoSEM micrographs of MB. e) Shell thickness values of MB measured by STED and cryoSEM.
100/0, 90/10, 80/20, and 70/30 refer to the specific BCA/BCC ratios used in the synthesis of each sample. Values represent mean =+ standard deviation

of three different batches of polymeric MB, measured in triplicates. (*) and (") indicate groups that are significantly different with p < 0.05 and p < 0.01,
respectively; (ns) indicates groups that are not significantly different with p >0.05 (one-way ANOVA with post hoc Tukey HSD test).

acoustic performance and the biocompatibility of the newly gen-
erated porous MB in vivo in mice. Taken together, these find-
ings demonstrate that manipulating the polymerization process
of PBCA MB with readily removable chemicals can yield formu-
lations with enhanced capabilities for US imaging and drug de-
livery applications.

2. Results and Discussion

2.1. Synthesis of Polymeric MB and Morphological
Characterization

The polymeric MB were synthesized following an anionic poly-
merization protocol, where BCA and BCC were simultaneously
added dropwise to a 1% (w/v) Triton X-100 surfactant solution
under high-speed stirring (Figure 1b). The surfactant molecules
stabilize the gaseous MB produced by the stirring, which serve
as templates for the BCA molecules as they polymerize on top.
BCA is a highly reactive monomer that initiates the polymeriza-
tion process upon interaction with water molecules. In previous
studies, we identified that pH 2.5 and Triton X-100 as a surfac-
tant are the optimal conditions for producing PBCA MB, since
the polymerization reaction does not occur at a lower pH (be-
cause of the low hydroxide concentration), and at a higher pH,
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the reaction occurs too fast, producing either polydisperse MB or
polymer flakes.[2>3%] The total content of BCA and BCC added to
the solution was kept constant (30 mM), while their relative molar
ratios were varied (i.e., BCA/BCC ratios of 100/0, 90/10, 80/20,
and 70/30). After the synthesis, the polymeric MB were washed
and stored in a 0.02% (w/v) Triton X-100 solution to avoid coales-
cence and aggregation (Figure 1c).

The presence of BCC affected the final concentration of syn-
thesized MB (Figure 2a), as increasing the BCC content from 0
to 30% reduced the concentration of MB by 59 + 6%. We hypoth-
esize that due to the inability of BCC molecules to polymerize,
their presence may disrupt the polymerization of BCA and, con-
sequently, the final concentration of synthesized MB. This agrees
with the observation that it was not possible to synthesize poly-
meric MB with a BCC content higher than 30%. Notably, the syn-
thesis quenching above 30% BCC was not caused by an insuffi-
cient amount of BCA in solution since, in the absence of BCC, we
could decrease the BCA concentration by 30% and still produce
polymeric MB (Figure S1, Supporting Information). The addition
of BCC, however, did not have statistically significant effects on
MB diameter distribution and average (Figure 2b,c). Next, the
plain and fluorescent dye (coumarin 6) loaded polymeric MB
were imaged by scanning electron cryo-microscopy (cryoSEM)
and stimulated emission depletion (STED) microscopy, respec-
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Figure 3. BCC-enhanced MB have comparable chemical composition to standard PBCA MB. a) Molar mass distribution profile and b) average molar
mass by weight (My,) of polymeric MB. c) "H-NMR spectra of polymeric MB with peak assignment. 100/0, 90/10, 80/20, and 70/30 refer to the specific
BCA/BCC ratio used in the synthesis of each sample. 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 (one-way ANOVA with post hoc Tukey HSD test).

tively, which demonstrated that the addition of BCC did not af-
fect the MB morphology and shell thickness (Figure 2d,e). It is
also noteworthy that, due to the different fluorophore loading
capacity of the samples, STED microscopy exposure parameters
were adjusted in order to obtain bright and clear images of all
the samples. Nevertheless, micrographs of the samples were also
obtained with the same microscopy parameters, which are pre-
sented in Figure S2 (Supporting Information).

Taken together, these results highlight that adding BCC (up to
30%) into the synthesis solution allowed polymeric MB to retain
their morphology, although the MB concentration decreased with
BCC content.

2.2. BCC-Enhanced MB and Standard PBCA MB Exhibit Similar
Shell Composition

In a previous study, we identified that by changing the MB synthe-
sis conditions, we could modify the polymer chains in the shell
and affect the MB acoustic and drug loading characteristics.!*!
Hence, we evaluated the extent to which the growth of the PBCA
chains was affected by the addition of BCC during the synthesis
with gel permeation chromatography (GPC). All MB were made
of polymer chains with weight average molar mass (M,,) values
below 40 kDa (Figure 3a), which is the size cutoff for kidney
clearance.!) Regarding their molar mass distribution profiles,
three main bands were observed in the four samples, namely
~10 kDa, ~4 kDa, and =300 Da. While average M, and mo-
lar mass by number (M,) values of the polymeric MB increased
with BCC content, the variations were only statistically significant
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for the 70/30 BCA/BCC sample (Figure 3b; Figure S3, Support-
ing Information). By increasing the proportion of BCC, the band
~10 kDa became more prominent and shifted towards larger
molar masses, on the other hand, the band ~300 Da decreased
in intensity and shifted towards lower molar masses. The band
~4 kDa increased in intensity with BCC content, but its variations
were less significant than the other two bands.

The band ~300 Da could be related to the presence of dimers
and Triton X-100 residues in the MB shell (BCA molecular mass:
153.18 Da; Triton X-100 molecular mass: 647 Da). Since the sur-
factant bubbles act as templates during the MB formation, the
presence of Triton X-100 residues in the final polymeric MB is
likely. Moreover, BCC seems to disrupt the polymerization of
BCA. Although the action mechanism is not fully understood,
BCC might have affected the polymerization reaction in differ-
ent ways, such as stabilizing the formed radicals and acting as
a solvent or softener that decreased the viscosity of the reaction
mixture. Thus, the presence of BCC allowed the polymer chains
to grow to greater molar masses, increasing the signal intensities
at4 and 10 kDa and decreasing the intensity of the one at 300 Da.

Next, we used 'H-nuclear magnetic resonance (NMR) spec-
troscopy to characterize the shell compositions. The "H-NMR
spectra of all the samples demonstrated that the shell materi-
als were made of PBCA polymer with no traces of BCC or BCA
(Figure 3c; Figure S4, Supporting Information). Thus, while the
presence of BCC during the synthesis affected the polymeriza-
tion reaction, the chemical was removed during the washing
steps. This is worth highlighting since PBCA MB have been ex-
tensively investigated in preclinical settings and there are current
efforts to move them into clinical studies. Hence, improving the
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Figure 4. BCC-enhanced MB exhibit improved drug loading capabilities. a) Number of coumarin 6 molecules per MB, and b) percentage of model drug
release by the different MB samples upon ultrasound irradiation. c) Fluorescence intensity profile of different MB loaded with coumarin 6 as a drug
model measured by flowcytometry. 100/0, 90/10, 80/20, and 70/30 refer to the BCA/BCC ratio used in the synthesis of each sample. Values represent

mean + standard deviation of three different batches of chromophore-encapsulated MB, measured in triplicates. (") and () indicate groups that are
significantly different with p < 0.01 and p < 0.005, respectively; (ns) indicates groups that are not significantly different with p >0.05 (one-way ANOVA

with post hoc Tukey HSD test).

characteristics of PBCA MB with a chemical that can be washed
away would benefit the translatability of the resulting microfor-
mulation, as the final formulation would not include any addi-
tional chemical.

Taken together, the GPC and 'H-NMR results demonstrate
that BCC affects the polymerization reaction, however, the chem-
ical is washed away and not retained in the final MB formulation.

2.3. BCC Improves Drug Loading Capabilities of Polymeric MB

Because shell characteristics determine MB drug delivery per-
formance, we studied the drug loading and release capacities
of the different polymeric MB. 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
pharmaceuticals, such as tucatinib and neratinib.[*?] Moreover,
coumarin is used as a prescribed drug for thrombosis and em-
bolism therapy,*** and is being explored as a treatment for
lymphedema.l*! Coumarin 6 was loaded inside the MB shell
post-synthesis, following a previously established protocol.l*?) Be-
cause of hydrophobic interactions, the hydrophobic coumarin 6
can be entrapped in the hydrophobic shell of the PBCA MB.

As shown in Figure 4a, the number of coumarin 6 molecules
loaded in each sample increased with BCC content. For exam-
ple, while standard PBCA MB encapsulated 1.31 x 10° drug
molecules per MB, the 70/30 polymeric MB contained 2.2-fold
more drug molecules per MB. Drug release rates upon destruc-
tive US pulse irradiations of all samples, however, were in the
same range, between 50% and 60% (Figure 4b), and were consis-
tent with our previous report.[?! The hydrophobic interactions,
known for being weak non-covalent forces,[*®! allow for the re-
lease of entrapped drug molecules from the polymeric matrix,
particularly upon US-mediated MB bursting. Our team has pre-
viously examined the incorporation of different drug molecules
both during and after synthesis, finding that the release rates in
both methods were comparable to the ones we report here.[3347]
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Hence, the MB grown in the presence of BCC could carry higher
amounts of drug molecules than standard PBCA MB did, while
releasing their payload with the same efficiency.

To better visualize the loading capacity of the polymeric MB,
the fluorescence intensity of coumarin-loaded MB of each sam-
ple were quantified by flow cytometry (Figure 4c). While the pro-
files of 100/0 and 90/10 samples are roughly similar, there is a
clear shift toward higher intensities in 80/20 and 70/30 samples.
This observation indicates that these two samples are loaded with
larger amounts of coumarin 6 dye per MB, which is in accordance
with the drug loading capacity data measured by fluorescence
spectroscopy in Figure 4a.

Considering the similar morphology among the samples, the
increase in drug loading capacity observed in the MB synthesized
with BCC was likely caused by differences in the physiochemical
characteristics of the shell. We hypothesized that BCC molecules
were entrapped between the PBCA polymer chains during the
synthesis, and then removed from the shell during the washing
process due to their high-water solubility, providing more space
between the chains to entrap the coumarin 6 molecules. To fully
understand our results, we performed DPD simulations, which
we present in the next section.

2.4. DPD simulations identify BCC-induced nanocavities in the
MB shell

Since BCC affected the MB growth and significantly enhanced
their drug loading capabilities, we used DPD simulations to bet-
ter understand the interaction between BCC and PBCA and its
effects on the MB properties. Figures 5 and S5 (Supporting In-
formation) depict the MB shell structures near the shell-water
interface and the corresponding density profiles of the different
compounds of the system at various BCC concentrations (0% and
30% in Figure 5, and 10% and 20% in Figure S5, Supporting
Information) after the MB synthesis, washing, and coumarin 6
loading steps. Since BCC cannot polymerize but is fully compat-
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Figure 5. DPD simulations identify that BCC enhances the MB loading capabilities by inducing nanocavities in the polymeric shell. Simulation snap-
shots of the polymeric shells near the water-shell interface and corresponding density profiles of MB synthesized with different BCA/BCC ratios. a) MB
synthesized with the BCA/BCC ratio of 100/0 and b) with the BCA/BCC ratio of 70/30. Three different sets of snapshots and density profiles are presented
per sample, and correspond to the shell after the MB formation, after the rinsing of the BCC molecules and subsequent storage in Triton X-100 solution,
and after the loading with coumarin 6. 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.

ible with the PBCA chains, the BCC molecules were homoge-
neously distributed within the MB shell regardless of their initial
concentration. Moreover, the Triton X-100 molecules from the
storage solution adsorbed on the surface of the MB shell since
both PBCA chains and BCC molecules are insoluble in water.
Hence, the surfactant covered the MB shell to reduce its sur-
face energy at the shell-water interface, stabilizing the system.
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Because Triton X-100 is a surfactant with a hydrophilic tail and a
hydrophobic head, the surfactant molecules oriented themselves
with their tails toward the water phase.

The structure of the PBCA chains in the MB shell was not af-
fected during the washing step, as the PBCA chains were in a
glassy state. Nevertheless, the non-reactive BCC molecules were
removed (washed away) during the washing step, leaving behind
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nanocavities that were subsequently filled with water. Because
the rinsed MB were placed in 0.02% (w/v) Triton X-100 stor-
age solution, a fraction of the surfactant molecules migrated into
the nanocavities while another fraction of the Triton X-100 re-
mained adsorbed on the shell surface (Figure S6, Supporting In-
formation). As a result, the mean surfactant content in the shells
proportionally increased with the original BCC content, as more
nanocavities were present. Hence, the surfactant content of the
shell increased in the samples obtained with BCA/BCC ratios of
100/0, 90/10, 80/20, and 70/30 by 0.1, 0.2, 14.6, and 26.1%, re-
spectively, after the washing (and storage) step.

In the last step, the washed MB were loaded with coumarin
6. Because coumarin 6 is hydrophobic, its addition during the
simulation resulted in the formation of aggregates, which ad-
sorbed onto the shell-water interface, from which the molecules
of coumarin 6 progressively diffused into the polymeric shell.
Based on the amount of coumarin 6 added during the simula-
tions (25000 molecules) and the amount found inside the poly-
meric shell at the end of the simulations, we estimated the shell
absorption capacities, which were 4.1%, 6.3%, 8.7%, and 11.6%
for the MB synthesized with BCA/BCC ratios of 100/0, 90/10,
80/20 and 70/30, respectively. Thus, the shell absorption capac-
ity increased by more than two-fold when the BCA/BCC ratios
moved from 100/0 to 70/30, as the shell of the samples became
more porous. These absorption capacity results agreed well with
our experimental data (Figure 4a), and provided mechanistic in-
sights into the enhanced drug loading capabilities of the MB
when synthesized with BCC.

2.5. Higher Porosity of BCC-Enhanced MB Assessed by Nitrogen
Physisorption Experiments

Because the simulations indicated that BCC induced the forma-
tion of nanocavities in the shell of the MB that improved their
drug loading performance, we experimentally evaluated the shell
porosity through nitrogen physisorption cycles. We tested the
100/0 and 70/30 formulations, as these two samples are the
ones that displayed more different behaviors. The adsorption-
resorption experiments were performed with shell fragments of
the same size (Figure S7, Supporting Information) to avoid the
oscillation and the bursting of the MB during the experiments.
The adsorption-resorption curves (Figure S8, Supporting Infor-
mation) displayed type H4 hysteresis loop according to IUPAC
classification, which combined with the pronounced uptake at
low p/p° indicated the presence of microporosities.l*8] A surface
area of porous material of 4.27 and 9.74 m? g~! was calculated
for the 100/0 and 70/30 samples, respectively, via the Brunauer,
Emmett, and Teller method, which is commonly used to assess
porosity of materials.[*>>% Hence, the 70/30 sample displayed
2.2-fold higher pore capacity than the conventional PBCA MB.
These results were consistent with the 2.2-fold enhanced drug
loading capacity of the 70/30 samples compared to their 100/0
counterparts. The differential pore volume profiles were deter-
mined with the Barrett, Joyner, and Halenda equation,®!! which
also indicated a higher degree of porosity of the 70/30 sample
in comparison to the 100/0 (Figure S7, Supporting Information).
In addition, the pore volume profiles also confirmed relatively
large number of pores that were smaller than 2 nm, which was
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in agreement with the simulation data. Taken together, the ph-
ysisorption experiments clearly proved that the presence of BCC
during the synthesis of the MB increased the porosity of the final
formulation.

2.6. BCC-Enhanced MB Show Higher Acoustic Responses

The shell features strongly dictate the acoustic responses of poly-
meric MB.['%%] Hence, we characterized the acoustic perfor-
mance of the synthesized MB in non-linear contrast mode (NLC;
specific to MB non-linear responses) and brightness mode (B;
associated with the general acoustic impedance of the sample)
at 4% power in a preclinical setup with a central transducer fre-
quency of 18 MHz, which is commonly used in in vivo imaging
and corroborated that all the samples were highly responsive in
both modes (Figure 6a).

The MB synthesized with 20 and 30% BCC showed 1.9-fold
higher signal intensities than conventional PBCA MB did in the
MB-specific NLC mode (Figure 6b). The acoustic responses of
MB strongly depend on shell characteristics, such as thickness,
diameter, and shell mechanical properties.[°?! Because MB diam-
eter and shell thickness were not statistically different in all sam-
ples, the presence of BCC during the synthesis likely reduced the
shell stiffness, which led to easier MB oscillation upon exposure
to US and, therefore, higher contrast signal.['®! We hypothesize
that the higher shell elasticity of the MB synthesized with BCC
may have been caused by their more porous shell structure, as
identified by DPD simulations and the nitrogen physisorption
experiments. In addition, it is probable that the nanocavities in
the polymeric shell may also act as nucleation sites for the cavita-
tion of air bubbles, further enhancing the MB acoustic responses.
Similar phenomena have been reported in other acoustic respon-
sive materials.[31:5354]

To better understand the acoustic performance of the differ-
ent samples, we characterized the backscattering spectra of the
MB in both single and double pulse (pulse inversion signal)
modes when excited with a transducer with a center frequency of
17.5 MHz. In the pulse inversion mode (Figure 6¢), the peak in-
tensities attributed to the ultraharmonics (27-28 MHz) and sec-
ond harmonics (33-35 MHz) increased with BCC content during
the synthesis, and were consistent with the NLC sonograms pre-
viously obtained. Hence, the ultraharmonics intensities in pulse
inversion mode were calculated to be 1.96, 4.84, 9.00, and 8.10
uW Hz~! for the 100/0, 90/10, 80/20, and 70/30 samples, respec-
tively. Similar trends were observed in the second harmonic in-
tensities, which were 4.17, 9.29, 18.70, and 19.55 uW Hz! for the
100/0, 90/10, 80/20, and 70/30 samples, respectively. The same
trends were observed in the single pulse mode, where the 70/30
sample displayed 4.7-fold higher intensity in the fundamental
peak and up to 4.6-fold higher intensity in the (sub)harmonic
peaks than the 100/0 formulation (Figure S9a,b, Supporting In-
formation).

Next, we determined the percentage of MB destruction af-
ter relatively higher power US exposures. MB synthesized with
larger amounts of BCC showed greater destruction after US expo-
sures of 10, 15, and 25% power (Figure 6d,e; Figure S9¢c, Support-
ing Information, respectively). It is worth noting that more elas-
tic MB tend to display greater NLC-mode signal intensities but
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Figure 6. BCC-enhanced polymeric MB display improved acoustic properties a) Representative NLC and B mode sonograms of polymeric MB at 4%
power. b) Quantified mean signal intensities of polymeric MB at 4% in NLC mode. c) Power density spectra of polymeric MB in pulse inversion imaging
mode. Destruction rate of MB after exposure to d) 10% and e) 15% power for 5 s; 100/0, 90/10, 80/20, and 70/30 refer to the specific BCA/BCC ratio
used in the synthesis of each sample. Values represent mean =+ standard deviation of three different batches of polymeric MB, measured in triplicates;
(") and () indicate groups significantly different with p < 0.05 and p < 0.005, respectively (one-way ANOVA with post hoc Tukey HSD test).

also higher stability to high-power US irradiations.3>>°¢] How-
ever, in our case, MB synthesized with higher BCC/BCA ratios
displayed greater NLC contrast but lower stability to high-power
US exposures. Although the exact reason for this observation is
not fully understood, we hypothesize that the higher shell poros-
ity of the MB synthesized with high BCC/BCA ratios facilitated
their destruction by highly energetic irradiations. This sensitivity
to US is beneficial for drug delivery applications, as it facilitates
the release of MB cargo without the need to apply high mechan-
ical indexes.

In summary, the polymeric MB synthesized with larger
amounts of BCC displayed stronger signal intensities in NLC
mode (up to 1.9-fold) and in single and pulse inversion signal
modes (up to 4.7- and 5.3-fold, respectively), and higher destruc-
tion rates upon (relatively) higher power US exposures than con-
ventional PBCA MB did. Those characteristics make polymeric
MB synthesized with BCC better candidates for US-based imag-
ing and drug delivery applications.

2.7. BCC-Enhanced MB Exhibit Superior US Imaging
Performance In Vivo
Based on the excellent in vitro results of the MB formulations, we

explored their performance as US contrast agents in vivo. To that
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end, 16 Balb/cAnNRj mice (4 per group) were intravenously in-
jected with 50 uL of MB with a concentration of 2 x 10° MB mL~.
Similar doses of PBCA MB have been used in multiple in vivo ex-
periments for both imaging and therapy, and they are considered
safe.[1057-5%] After administration, the circulation and distribution
of the MB in the liver and kidneys were imaged with a preclinical
US device for 5 min. These organs and timeframe were selected
based on previous studies on the pharmacokinetics and biodistri-
butions of PBCA MB, which display blood circulation half-lives
in the order of 10-15 min, providing strong contrast in the liver
and kidneys. Given the relatively large size of the MB in com-
parison to the lung capillaries, some of them can be temporarily
retained in the lungs, before bursting or finding their way back to
the bloodstream. As time progresses, MB are uptaken by phago-
cytes and cleared through the liver and spleen.[3+!
Representative B-mode and NLC-mode sonograms of mice
kidneys and livers after injection are shown in Figure 7a,
which clearly proved that the MB synthesized with BCC were
brighter than standard PBCA MB. This was further evidenced
by Figure 7b, a representative graph illustrating the NLC signal
intensity of the different MB over time in the liver of the mice. A
rapid increase in signal intensity within the first 5 min after in-
jection was observed for all samples, indicating accumulation of
the MB in the organ. This was followed by a progressive decrease
in intensity, which was more pronounced in the 80/20 and 70/30
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Figure 7. BCC-enhanced MB display superior in vivo US imaging performance. a) Representative US sonograms of mouse liver and kidney in B mode
and NLC mode after injection of the different MB. b) Representative NLC signal intensity over time curves of the different MB in the liver. c) Average NLC
signal intensity acquired in the liver of the mice at different time points after injection. d) Representative NLC signal intensity graph acquired in the liver
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intensity graph acquired in the kidneys of the mice 5 min after injection and upon bursting with 100% US power; measurements are done at 10% US
power; 100/0, 90/10, 80/20 and 70/30 refer to the specific BCA/BCC ratio used in the synthesis of each sample. Each group contained four animals (n

dedk

= 4). Values represent mean + standard deviation. (*) and () indicate groups significantly different with p < 0.05 and p < 0.01, respectively (one-way

ANOVA with post hoc Tukey HSD test).

samples. This decrease in intensity was likely caused by the grad-
ual bursting of the MB due to exposure to US waves. This was in
accordance to our in vitro US imaging findings, which showed a
higher destruction rate of the 80/20 and 70/30 samples in com-
parison to the 90/10 and 100/0 samples (Figure 6d,e). In addi-
tion, the reduction in signal could also be affected by shadow-
ing effects,162] since the 80/20 and 70/30 MB were significantly
brighter than the other two samples. Furthermore, a portion of
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MB are also known to burst in the lungs, as they get stuck in the
microcapillaries.[®]

Similarly, the mean NLC signal intensities of the samples at
different time points after injection (0, 2, and 5 min) showed that
the 70/30 MB displayed between 4.5- and 5.9-fold higher NLC
signal than the standard 100/0 PBCA MB (Figure 7c). Next, we
explored the destruction of the MB in vivo by high (100%) US
power. Immediately after the US irradiation, a sharp dip in the
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Figure 8. BCC-enhanced MB are biocompatible and do not induce acute toxicity. a) Red blood cells (RBC) count, b) white blood cells (WBC) count, c)
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signal intensity (up to 84%) was observed in the liver (Figure 7d),
which confirmed the destruction of a considerable number of MB
accumulated in the organ. However, in the following seconds, the
signal intensity started to increase again, suggesting that intact
MB from the bloodstream began to replenish the liver. Neverthe-
less, because the initial bursting destroyed a large number of MB,
the final signal was weaker than the signal before the destructive
US pulse.

Similar MB behavior was observed in the kidneys, where the
signal rapidly increased after intravenous administration, fol-
lowed by a progressive and slow reduction (Figure 7e). The NLC
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signal reduction was more prominent (and rapid) in the kidneys
than in the liver, which could be caused by the higher accumula-
tion of MB in the latter through internalization of MB in Kupf-
fer cells,[*®) compensating for the destruction of the MB by the
imaging US pulses.[®] Notably, the mean NLC signal intensities
of the 80/20 and 70/30 samples were 7.7- and 10.4-fold higher
than that of the standard 100/0 MB (Figure 7f). The intensity dif-
ferences between the samples produced with larger BCC content
and the conventional PBCA MB were more pronounced in the
kidneys than in the liver, since the greater accumulation of MB
in the liver likely resulted in stronger shadowing effects by the
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brighter samples. In addition, the perfusion rate and blood flow
are higher in the kidney in comparison to the liver which leads to
a relatively higher signal. Upon irradiation with a destructive US
pulse, the NLC signal abruptly decreased, suggesting that most
MB in the vasculature of the kidneys were destroyed (Figure 7g).
Shortly after, however, the signal intensity rapidly increased, in-
dicating that intact MB from the bloodstream started to replenish
the kidney vasculature.

Taken together, these findings demonstrate that the 70/30 and
80/20 MB, which were synthesized with larger amounts of BCC,
displayed superior imaging capabilities in vivo compared to the
other tested MB.

2.8. In Vivo Biocompatibility and Safety of BCC-Enhanced MB

As mentioned earlier, PBCA is approved by the FDA as a surgi-
cal glue, and the safety of PBCA MB has already been confirmed
through multiple in vitro and in vivo studies.[3233°7:5%65] Further-
more, our ‘H-NMR data demonstrated that no BCC remained
in the final MB formulation, hence, the shells of all our samples
contained the same materials than the shells of PBCA MB did.
Nevertheless, to ensure the safety of these newly developed MB,
we evaluated their in vivo biocompatibility and safety through
blood analysis, physical examination, and histopathology.

Blood samples were collected from the animals 7 days be-
fore, right after, and 2 days after the imaging procedure,
and blood count was performed, including the quantification
of red blood cells (RBC), white blood cells (WBC), platelets
(PLT), hemoglobin (HGB), hematocrit (HCT), mean corpus-
cular hemoglobin (MCH), mean corpuscular hemoglobin con-
centration (MCHC), and mean corpuscular volume (MCV). Al-
though some statistically significant variations were observed
(Figure 8a,d; Figure S10, Supporting Information), such as WBC
in the group administered with 100/0 MB, all the values were
within normal biological ranges.[66-68]

Two days after the administration of the MB (and after per-
forming the in vivo imaging), the animals were euthanized, and
the relevant organs collected for further histopathological analy-
sis. After euthanasia, the organs were visually examined, showing
no signs of distress or damage. The weights of the organs were
also consistent throughout the groups (Figure 8e) and within
healthy biological ranges.[¢*70]

Lastly, histopathological analysis of the organs was carried out.
The organs were fixed in 4% v/v formalin and embedded in paraf-
fin after dehydration. Tissue slices were cut from the paraffin
blocks and deparaffinized with xylene and ethanol. The result-
ing slices were then stained with Hematoxylin and Eosin (H&E)
to identify potential acute toxicological reactions in the different
host tissues. Figure 8f shows representative H&E micrographs
of each sample which did not display any pathological features.
Collectively, all these results confirm that the different MB did
not cause any acute toxicity or severe adverse effects.

3. Conclusion

In summary, we demonstrate that washable monomer-mimetic
chemicals can be used to manipulate the polymeric chemistry
of MB, enhancing the formulation performance in US imaging
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and drug loading. The presence of BCC controlled the growth of
PBCA chains and promoted the formation of nanocavities in the
shell, which improved drug entrapment and acoustic resonance.
As a result, these new MB displayed up to 2.2-fold greater drug
loading capacities and stronger in vitro (up to 5.3-fold) and in vivo
(up to 10.4-fold) US responses than the MB obtained through the
conventional synthetic protocol. Notably, the BCC is washed away
during purification, facilitating the translatability of the result-
ing microformulations, since PBCA is already approved for some
clinical applications and there are ongoing efforts to move stan-
dard PBCA MB to the clinic. Collectively, these findings shed light
on new approaches to manipulate the characteristics and perfor-
mance of polymeric MB, which are likely applicable to other MB
formulations beyond those made of PBCA, along with promis-
ing prospects to develop diagnostic and theranostic agents with
better performance.

Supporting Information

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

Acknowledgements

This work was funded by the Federal Ministry of Education and Re-
search (BMBF) and the Ministry of Culture and Science of the German
State of North Rhine-Westphalia (MKW) under the Excellence Strategy
of the Federal Government and the Linder through the RWTH Junior
Principal Investigator (JPI), by the European Research Council (ERC CoG
864121, Meta-Targeting), the European Commission (EuroNanoMed-IlI:
NSC4DIPG), and the German Research Foundation (DFG: GRK 2375
(grant #331065168), SFB 1066, SFB 985, and LA2937/4-1). Flowcytom-
etry measurements were performed in the Flowcytometry facility, a core
facility of the Interdisciplinary Center for Clinical Research (IZKF) Aachen
within the Faculty of Medicine at RWTH Aachen University.
Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

F. Kiessling, and T. Lammers are among the co-founders of the SonoMAC
GmbH that produces polymeric microbubbles. F. Kiessling is a consultant
of Fujifilm Visualsonics. The other authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in the sup-
plementary material of this article.

Keywords

drug delivery, drug loading, microbubbles, PBCA, ultrasound

Received: April 25, 2024
Revised: July 15, 2024
Published online: August 29, 2024

[11 G. M. Lanza, Invest. Radiol. 2020, 55, 573.
[2] ). E. Aldrich, Crit. Care Med. 2007, 35, S131.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(3]
(4]

(3]

(6]

7]

(8]

9]
(10]
!
(12]
[13]
[14]
[15]
[16]
(17]
(18]
(19]
20]
(21]
(22]
(23]
(24]
(25]
(26]

(27]
(28]
[29]

(3]

(31

(32

33]

(34]

Adv.

D. Cosgrove, Eur. J. Radiol. 2006, 60, 324.

K. Christensen-Jeffries, O. Couture, P. A. Dayton, Y. C. Eldar, K.
Hynynen, F. Kiessling, M. O'Reilly, G. F. Pinton, G. Schmitz, M. X.
Tang, M. Tanter, R. J. G. van Sloun, Ultrasound Med. Biol. 2020, 46,
865.

V. Chan, A. Perlas, in Atlas of Ultrasound-Guided Procedures in Interven-
tional Pain Management (Ed: S. N. Narouze), Springer, Berlin, Ger-
many 2018, 11.

R. Gramiak, P. M. Shah, Invest. Radiol. 1968, 3, 356.

V. Paefgen, D. Doleschel, F. Kiessling, Front. Pharmacol. 2015, 6, 197.
K. H. Martin, P. A. Dayton, WIRES Nanomed. Nanobi. 2013, 5, 329.
J. R. Lindner, Nat. Rev. Drug Discovery 2004, 3, 527.

S. Hernot, A. L. Klibanov, Adv. Drug Delivery Rev. 2008, 60, 1153.

S. M. Chowdhury, L. Abou-Elkacem, T. Lee, |. Dahl, A. M. Lutz, J. Con-
trolled Release 2020, 326, 75.

Z. Fan, R. E. Kumon, C. X. Deng, Ther. Delivery 2014, 5, 467.

A. Bouakaz, A. Zeghimi, A. A. Doinikov, in Therapeutic Ultrasound
(Eds: J.-M. Escoffre, A. Bouakaz), Springer, Berlin, Germany 2016,
pp. 175-189.

C.-D. Ohl, M. Arora, R. Ikink, N. de Jong, M. Versluis, M. Delius, D.
Lohse, Biophys. J. 2006, 91, 4285.

H. Chen, W. Kreider, A. A. Brayman, M. R. Bailey, T. . Matula, Phys.
Rev. Lett. 2011, 106, 034301.

Y. Yang, Q. Li, X. Guo, ). Tu, D. Zhang, Ultrason. Sonochem. 2020, 67,
105096.

). Deprez, G. Lajoinie, Y. Engelen, S. C. De Smedt, . Lentacker, Ady.
Drug Delivery Rev. 2021, 172, 9.

L. Meng, X. Liu, Y. Wang, W. Zhang, W. Zhou, F. Cai, F. Li, J. Wu, L.
Xu, L. Niu, H. Zheng, Adv. Sci. 2019, 6, 1900557.

A. Upadhyay, S. V. Dalvi, Ultrasound Med. Biol. 2019, 45, 301.

S. Sirsi, M. Borden, Bubble Sci. Eng. Technol. 2009, 1, 3.

H. Lee, H. Kim, H. Han, M. Lee, S. Lee, H. Yoo, . H. Chang, H. Kim,
Biomed. Eng. Lett. 2017, 7, 59.

L. Fournier, T. de La Taille, C. Chauvierre, Biomaterials 2023, 294,
122025.

J. R. Eisenbrey, O. M. Burstein, R. Kambhampati, F. Forsberg, J. B.
Liu, M. A. Wheatley, J. Controlled Release 2010, 143, 38.

J. R. Eisenbrey, P. Huang, ). Hsu, M. A. Wheatley, Ultrasonics 2009,
49, 628.

M. C. Cochran, J. Eisenbrey, R. O. Ouma, M. Soulen, M. A. Wheatley,
Int. J. Pharm. 2011, 414, 161.

C. Niu, Z. Wang, G. Lu, T. M. Krupka, Y. Sun, Y. You, W. Song, H. Ran,
P. Li, Y. Zheng, Biomaterials 2013, 34, 2307.

G. Rastegar, M. M. Salman, S. R. Sirsi, Pharmaceutics 2023, 15.

A. Honari, P. S. Kapilavaih, N. Akter, S. R. Sirsi, ACS Appl. Polym.
Mater. 2022, 4, 773.

R. A. Barmin, A. Dasgupta, C. Bastard, L. De Laporte, S. Riitten, M.
Weiler, F. Kiessling, T. Lammers, R. M. Pallares, Mol. Pharmaceutics
2022, 19, 3256.

R. A. Barmin, A. Dasgupta, A. Rix, M. Weiler, L. Appold, S. Riitten,
F. Padilla, A. ). C. Kuehne, A. Pich, L. De Laporte, F. Kiessling, R. M.
Pallares, T. Lammers, ACS Biomater. Sci. Eng. 2022, 10, 75.

R. A. Barmin, M. Moosavifar, A. Dasgupta, A. Herrmann, F. Kiessling,
R. M. Pallares, T. Lammers, Chem. Sci. 2023, 14, 11941.

S. Fokong, B. Theek, Z. Wu, P. Koczera, L. Appold, S. Jorge, U. Resch-
Genger, M. van Zandvoort, G. Storm, F. Kiessling, T. Lammiers, J. Con-
trolled Release 2012, 163, 75.

P. Koczera, L. Appold, Y. Shi, M. Liu, A. Dasgupta, V. Pathak, T. Ojha,
S. Fokong, Z. Wu, M. Van Zandvoort, O. Iranzo, A. J. C. Kuehne, A.
Pich, F. Kiessling, T. Lammers, J. Controlled Release 2017, 259, 128.
M. Palmowski, B. Morgenstern, P. Hauff, M. Reinhardt, J. Huppert,
M. Maurer, E. C. Woenne, S. Doerk, G. Ladewig, J. W. Jenne,
S. Delorme, L. Grenacher, P. Hallscheidt, G. W. Kauffmann, W.
Semmler, F. Kiessling, Invest. Radiol. 2008, 43, 162.

Sci. 2024, 11, 2404385 2404385 (12 of 13)

35]

36]
(37]
38]
(39
[40]
[47]
[42]
[43]
[44]
[45]
[46]
[47]
(48]

(49]
[50]

(51
[52]
53]
[54]
[55]
[56]

[57]

[58]

[59]
(60]
(61]

(62]
(63]

www.advancedscience.com

T. Ojha, V. Pathak, N. Drude, M. Weiler, D. Rommel, S. Ritten, B.
Geinitz, M. J. van Steenbergen, G. Storm, F. Kiessling, T. Lammers,
Pharmaceutics 2019, 11, 433.

L. Appold, Y. Shi, S. Riitten, A. Kithne, A. Pich, F. Kiessling, T.
Lammers, Macromol. Biosci. 2017, 17, 1700002.

Z. Liu, T. Lammers, |. Ehling, S. Fokong, ). Bornemann, F. Kiessling,
). Gétjens, Biomaterials 2011, 32, 6155.

Z. Liu, P. Koczera, D. Doleschel, F. Kiessling, J. Gatjens, Chem. Com-
mun. 2012, 48, 5142.

A. Curaj, Z. Wu, S. Fokong, E. A. Liehn, C. Weber, A. Burlacu, T.
Lammers, M. van Zandvoort, F. Kiessling, Arterioscler., Thromb., Vasc.
Biol. 2015, 35, 1366.

T. Lammers, P. Koczera, S. Fokong, F. Gremse, |. Ehling, M. Vogt,
A. Pich, G. Storm, M. van Zandvoort, F. Kiessling, Adv. Funct. Mater.
2015, 25, 36.

M. E. Fox, F. C. Szoka, ). M. |. Fréchet, Acc. Chem. Res. 2009, 42, 1141.
J. H. Finke, C. Richter, T. Gothsch, A. Kwade, S. Biittgenbach, C. C.
Miiller-Goymann, Eur. J. Lipid Sci. Technol. 2014, 116, 1234.

G. Pineo, R. D. Hull, Hematol. Oncol. Clin. North Am. 2003, 17, 201.
A. Y. Y. Lee, M. N. Levine, R. I. Baker, C. Bowden, A. K. Kakkar, M.
Prins, F. R. Rickles, J. A. Julian, S. Haley, M. . Kovacs, M. Gent, N.
Engl. J. Med. 2003, 349, 146.

N. Farinola, N. Piller, Lymphat. Res. Biol. 2005, 3, 81.

J. N. Israelachvili, Intermolecular and Surface Forces, 3rd ed. (Ed: ). N.
Israelachvili), Academic Press, San Diego 2011, pp. 151-167.

M. Liu, A. Dasgupta, P. Koczera, S. Schipper, D. Rommel, Y. Shi, F.
Kiessling, T. Lammers, Mol. Pharmaceutics 2020, 17, 2840.

M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-
Reinoso, J. Rouquerol, K. S. W. Sing, 2015, 87, 1051.

S. Brunauer, P. H. Emmett, E. Teller, J. Am. Chem. Soc. 1938, 60, 309.
S. Lowell, J. E. Shields, M. A. Thomas, M. Thommes, Characteriza-
tion of Porous Solids and Powders: Surface Area Pore Size and Density
(Eds: S. Lowell, ). E. Shields, M. A., Thomas, M. Thommes), Springer,
Berlin, Germany 2004, pp. 58-81.

E. P. Barrett, L. G. Joyner, P. P. Halenda, J. Am. Chem. Soc. 1951, 73,
373.

E. Stride, M. Edirisinghe, Soft Matter 2008, 4, 2350.

R. Myers, C. Coviello, P. Erbs, J. Foloppe, C. Rowe, J. Kwan, C. Crake,
S. Finn, E. Jackson, J. M. Balloul, C. Story, C. Coussios, R. Carlisle,
Mol. Ther. 2016, 24, 1627.

J. J. Kwan, R. Myers, C. M. Coviello, S. M. Graham, A. R. Shah, E.
Stride, R. C. Carlisle, C. C. Coussios, Small 2015, 11, 5305.

K. Kooiman, H. . Vos, M. Versluis, N. de Jong, Adv. Drug Delivery Rev.
2014, 72, 28.

N. de Jong, M. Emmer, A. van Wamel, M. Versluis, Med. Biol. Eng.
Comput. 2009, 47, 861.

A. Dasgupta, T. Sun, R. Palomba, E. Rama, Y. Zhang, C. Power,
D. Moeckel, M. Liu, A. Sarode, M. Weiler, A. Motta, C. Porte, Z.
Magnuska, A. Said Elshafei, R. Barmin, A. Graham, A. McClelland,
D. Rommel, E. Stickeler, F. Kiessling, R. M. Pallares, L. De Laporte, P.
Decuzzi, N. McDannold, S. Mitragotri, T. Lammers, Proc. Natl. Acad.
Sci. USA 2023, 120, €2218847120.

V. Pathak, T. Nolte, E. Rama, A. Rix, S. M. Dadfar, V. Paefgen, S.
Banala, E. M. Buhl, M. Weiler, V. Schulz, T. Lammers, F. Kiessling,
Biomaterials 2021, 275, 120896.

A. Rix, S. Fokong, S. Heringer, R. Pjontek, L. Kabelitz, B. Theek, M.-A.
Brockmann, M. Wiesmann, F. Kiessling, Invest. Radiol. 2016, 51.

K. T. Warzecha, M. Bartneck, D. Méckel, L. Appold, C. Ergen, W.
Al Rawashdeh, F. Gremse, P. M. Niemietz, W. Jahnen-Dechent, C.
Trautwein, F. Kiessling, T. Lammers, F. Tacke, Adv. Biosyst. 2018, 2.
L. ). Bos, . J. Piek, ). A. E. Spaan, Ultrasound Med. Biol. 1996, 22, 217.
K. Soetanto, M. Chan, Ultrasound Med. Biol. 2000, 26, 81.

J. A. Navarro-Becerra, K. H. Song, P. Martinez, M. A. Borden, ACS
Biomater. Sci. Eng. 2022, 8, 1686.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(64]

65]

(66]

(67]
(68]
(6]
[70]

(71

Adv. Sci. 2024, 11, 2404385

W. e. Al Rawashdeh, S. Zuo, A. Melle, L. Appold, S. Koletnik, Y.
Tsvetkova, N. Beztsinna, A. Pich, T. Lammers, F. Kiessling, F. Gremse,
Theranostics 2017, 7, 1499.

A. Dasgupta, T. Sun, E. Rama, A. Motta, Y. Zhang, C. Power, D.
Moeckel, S.-M. Fletcher, M. Moosavifar, R. Barmin, C. Porte, E. M.
Buhl, C. Bastard, R. M. Pallares, F. Kiessling, N. McDannold, S.
Mitragotri, T. Lammers, Adv. Mater. 2023, 35, 2308150.

G. Silva-Santana, J. C. Bax, D. C. S. Fernandes, D. T. L. Bacellar, C.
Hooper, A. Dias, C. B. Silva, A. M. de Souza, S. Ramos, R. A. Santos,
T. R. Pinto, M. A. Ram3o, A. L. Mattos-Guaraldi, Anim. Model. Exp.
Med. 2020, 3, 304.

L. L. Peters, E. M. Cheever, H. R. Ellis, P. A. Magnani, K. L. Svenson,
R. Von Smith, M. A. Bogue, Physiol. Genomics 2002, 11, 185.

C.). Layssol-Lamour, ). E. Sarry, . D. Braun, C. Trumel, N. H. Bourgés-
Abella, J. Am. Assoc. Lab. Anim. 2021, 60, 4.

H. A. Marxfeld, K. Kiittler, M. Dammann, S. Gréters, B. van
Ravenzwaay, Regul. Toxicol. Pharmacol. 2019, 108, 104472.

V. Antipova, L.-M. Steinhoff, C. Holzmann, A. Rolfs, C. |. Hempel, M.
Witt, A. Wree, Int. J. Mol. Sci. 2023, 24,.

P.J. Hoogerbrugge, ]. M. V. A. Koelman, Europhys. Lett. 1992, 19, 155.

2404385 (13 of 13)

[72]
(73]
(74]
[75]
(78]

[77]

[78]

[79]
(80]

(81]

(82]

www.advancedscience.com

R. D. Groot, P. B. Warren, J. Chem. Phys. 1997, 107, 4423.

P. Espafiol, P. Warren, Europhys. Lett. 1995, 30, 191.

R. D. Groot, K. L. Rabone, Biophys. J. 2001, 81, 725.

C. M. Hansen, 2007.

T. Lindvig, M. L. Michelsen, G. M. Kontogeorgis, Fluid Phase Equilib.
2002, 203, 247.

D. W. Van Krevelen, K. T.e Nijenhuis, in Properties of Polymers, 4th
ed. (Eds.: D. W. Van Krevelen, K. Te Nijenhuis), Elsevier, Amsterdam,
2009, pp. 189-227.

K. H. Lee, F. N. Khan, L. Cosby, G. Yang, J. O. Winter, Front. Nanotech-
nol. 2021, 3.

Y. Li, M. Kroger, W. K. Liu, Nanoscale 2015, 7, 1663 1.

M. A. Horsch, Z. Zhang, C. R. lacovella, S. C. Glotzer, J. Chem. Phys.
2004, 121, 11455.

A. De Nicola, T. Kawakatsu, C. Rosano, M. Celino, M. Rocco, G.
Milano, J. Chem. Theory Comput. 2015, 11, 4959.

A. P. Thompson, H. M. Aktulga, R. Berger, D. S. Bolintineanu, W. M.
Brown, P. S. Crozier, P. ). in 't Veld, A. Kohlmeyer, S. G. Moore, T. D.
Nguyen, R. Shan, M. |. Stevens, |. Tranchida, C. Trott, S. J. Plimpton,
Comput. Phys. Commun. 2022, 271, 108171.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

	Polymeric Microbubble Shell Engineering: Microporosity as a Key Factor to Enhance Ultrasound Imaging and Drug Delivery Performance
	1. Introduction
	2. Results and Discussion
	2.1. Synthesis of Polymeric MB and Morphological Characterization
	2.2. BCC-Enhanced MB and Standard PBCA MB Exhibit Similar Shell Composition
	2.3. BCC Improves Drug Loading Capabilities of Polymeric MB
	2.4. DPD simulations identify BCC-induced nanocavities in the MB shell
	2.5. Higher Porosity of BCC-Enhanced MB Assessed by Nitrogen Physisorption Experiments
	2.6. BCC-Enhanced MB Show Higher Acoustic Responses
	2.7. BCC-Enhanced MB Exhibit Superior US Imaging Performance In Vivo
	2.8. In Vivo Biocompatibility and Safety of BCC-Enhanced MB

	3. Conclusion
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


