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ABSTRACT: Microbubbles (MB) are routinely used ultrasound (US) contrast agents that have recently attracted increasing
attention as stimuli-responsive drug delivery systems. To better understand MB-based drug delivery, we studied the role of drug
hydrophobicity and molecular weight on MB loading, shelf-life stability, US properties, and drug release. Eight model drugs, varying
in hydrophobicity and molecular weight, were loaded into the shell of poly(butyl cyanoacrylate) (PBCA) MB. In the case of drugs
with progesterone as a common structural backbone (i.e., for corticosteroids), loading capacity and drug release correlated well with
hydrophobicity and molecular weight. Conversely, when employing drugs with no structural similarity (i.e., four different fluorescent
dyes), loading capacity and release did not correlate with hydrophobicity and molecular weight. All model drug-loaded MB
formulations could be equally efficiently destroyed upon exposure to US. Together, these findings provide valuable insights on how
the physicochemical properties of (model) drug molecules affect their loading and retention in and US-induced release from
polymeric MB, thereby facilitating the development of drug-loaded MB formulations for US-triggered drug delivery.

KEYWORDS: drug delivery, theranostics, microbubbles, ultrasound, PBCA, corticosteroids

1. INTRODUCTION exposure, drug release from the MB shell is specifically facilitated
Microbubbles (MB) are 1—10 um sized air-filled vesicles that at atarget site, thereby improvmg eﬂicacy, whiI.e at the same tim.e
are shell-stabilized by lipids, proteins, or polymers. They are reducing }? ff—ta;get drug lo.cahz.atlor;l ani Sllde. Effe;ts' This
widely used as contrast agents for functional and molecular :}tlrategy (28 shown promise in thrombolysis and  tumor
ultrasound (US) imaging.l_3 Apart from US imaging, MB have crapy. .

recently gained increasing attention for drug delivery purposes: For coformulation, p c')lyjmer-based hard ‘shell MB have
when MB are exposed to US, they oscillate (at low mechanical advantages co‘rnpared to lipid-based soft shell M.B’ as t.hey can
index) or implode (at high mechanical index), resulting in a encap sulate hll;g}ll: r amounts of drug molecules in their mucj.h
number of biophysical phenomena, which are known to thlf kel: shlell. Am;)ng poi)y;g: ulsed for é\/ﬂlinsynthesmé
permeabilize blood vessel and cellular membranes, thereby Pf) y( uty. cyanoacry ate) ( ) ) 1s.a weA own.an‘
facilitating drug delivery into tissues and cells.*™"° biocompatible polymer that is synthesized via the anionic

In the context of MB- and US-mediated drug delivery,

strategies have focused on both coadministration and Received: March S, 2020 "pamatis
coformulation, the former being applied more frequently so Revised:  June 25, 2020 RO
far."' =" This may be due to the fact that coformulation is Accepted: June 26, 2020

somewhat more demanding since it requires the loading of drugs Published: June 26, 2020

or drug delivery systems into or onto the MB shell'*"> A
particular advantage of using drug-loaded MB is that upon US
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Figure 1. Schematic study setup. Poly(butyl cyanoacrylate)-based (PBCA) polymeric microbubbles (MB) were synthesized by the anionic
polymerization of BCA. Upon loading of eight different (model) drugs into the shell of PBCA MB, several characterization techniques were employed
to study drug loading capacity, drug retention, ultrasound (US) properties, and US-induced drug release.
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Figure 2. Overview of the (model) drugs used in this study. Corticosteroids with progesterone as a common structural derivative (whose
hydrophobicity and molecular weight increased simultaneously; left panel) and fluorescent dyes with no common structural derivative (whose
hydrophobicity and molecular weight did not increase simultaneously; right panel) were loaded into the shell of PBCA MB.

polymerization and that has been used not only for MB
preparation but also for generating chemotherapy-loaded
nanoparticles, several of which have even made it to evaluation
in patients.19 Moreover, Sulheim et al. showed that nano-
particles made of PBCA can be internalized and efhiciently
degraded inside cells, potentially facilitating intracellular drug
release. However, longer alkyl side-chain cyanoacrylates, as in
poly(octyl cyanoacrylate) nanoparticles, remained intact. This
notion supports the use of PBCA as a polymeric material for
drug delivery applications.”””" Previously, we showed that
PBCA MB could efficiently encapsulate ultrasmall super-
paramagnetic iron oxide (USPIO) nanoparticles, as well as
fluorophores such as rhodamine B and coumarin 6 into the
polymeric shell.”>** Wheatley and colleagues found that
paclitaxel, a highly hydrophobic drug, was encapsulated in the
polymeric shell more efficiently than doxorubicin, which is more
hydrophilic.24 However, systematic investigations on how drug
properties influence drug loading into and drug release from the
shell of polymeric MB are lacking, which is essential for
translating such systems to the clinic.

2841

In this paper, we set out to better understand the effect of drug
hydrophobicity (i.e.,log P) and molecular weight on the loading,
stability, US properties, and drug release profile of PBCA MB.
To this end, we loaded eight different model drugs into the shell
of PBCA MB and characterized the resulting formulations using
spectroscopy, high-performance liquid chromatography
(HPLC), and US imaging (Figure 1). We observed that for
corticosteroids with progesterone as a common structural
derivative (Figure 2, left panel), loading capacity and release
correlated with concurrently increasing hydrophobicity and
molecular weight. For structurally difterent dyes, whose
hydrophobicity and molecular weight did not concurrently
increase (Figure 2, right panel), loading capacity and release did
not correlate with hydrophobicity and molecular weight. These
findings provide important new insights on how drug properties
affect the loading, stability, US properties, and release of
polymeric MB, which may facilitate the development of drug-
loaded MB formulations.

https://dx.doi.org/10.1021/acs.molpharmaceut.0c00242
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Figure 3. Loading capacity and encapsulation efficiency of PBCA MB. (A, B) Representative fluorescence microscopy image exemplifying successful
loading of coumarin 6 into the shell of PBCA MB. (C, D) Quantification of corticosteroids in MB showing that an increase in hydrophobicity and
molecular weight results in an increased encapsulation efficiency and loading capacity. (E, F) Quantitative analysis of fluorophore-loaded MB showing
that with increasing hydrophobicity, loading capacity and encapsulation efficiency also tend to increase, with the exception of rhodamine B. Note that
the color-coding of the plotted lines corresponds to the degree of hydrophobicity. Values represent mean =+ standard deviation of three different

batches of drug-loaded MB, measured in triplicates.

2. MATERIALS AND METHODS

2.1. Materials. Butyl cyanoacrylate (BCA) was purchased
from Special Polymer Ltd. (Bulgaria). Dexamethasone,
budesonide, coumarin 6, pyrene, Nile red, Triton X-100, gelatin,
dimethyl sulfoxide (DMSO), acetonitrile (ACN), and methanol
were bought from Sigma-Aldrich (Germany). Halcinonide was
obtained from United States Pharmacopeia (Italy) and
rhodamine B from AppliChem GmbH (Germany). Deionized
(DI) water was used for all experiments and all other reagents
were of appropriate analytical grade.

2.2. Synthesis of PBCA-Based Polymeric MB. Poly(butyl
cyanoacrylate) (PBCA) MB were synthesized using a previously
established protocol.””** Briefly, 3 mL of BCA monomer was
added dropwise to 300 mL of an aqueous solution containing 1%
(w/v) Triton X-100 at pH 2.5. Upon dropwise addition of BCA,
the mixture was homogenized at 10 000 rpm for 1 h using an
Ultra-Turrax (IKA-Werke, Germany). This led to the formation
of air-filled polydispersed MB. Subsequently, these MB were
purified by multiple centrifugation steps at S00 rpm for 20 min
and were finally suspended in 0.02% (w/v) Triton X-100 at pH
7. These purification steps resulted in a relatively monodispersed
MB size population with a mean size of approximately 2.5
1322

2.3. Quantification of Size, Size Distribution, and
Concentration of PBCA MB. The size distribution and
concentration of PBCA MB were analyzed using a Multisizer 3
(Beckmann Coulter, Germany), which was equipped with a 30
pum sensor orifice. Briefly, 20 mL of an isotonic solution was
poured into a cuvette and was placed on the sample platform.
This was used as a blank measurement to correct for background
noise. Subsequently, 10 uL of PBCA MB was diluted with 20 mL
of the isotonic solution and the sample was measured in a

2842

volumetric mode with a dilution factor of 2000. These steps were
repeated in triplicates to obtain mean =+ standard deviation.

2.4. Drug Loading into the Shell of PBCA-Based
Polymeric MB. The corticosteroids, dexamethasone, budeso-
nide, halcinonide, and ciclesonide, and the fluorescent dyes,
rhodamine B, nile red, coumarin 6, and pyrene were used as
model compounds for studying drug loading into the shell of
PBCA-based polymeric MB. Different (model) drug amounts,
ie, 0.1, 1, S, 10, and 20 mg, were dissolved in 200 uL of DMSO
and subsequently mixed in 10 mL of an aqueous suspension
containing 10'° MB. These drug amounts corresponded to the
feed ratios (drug/MB) w/w of 1:200, 1:20, 1:4, 1:2, and 1:1,
respectively. The mixtures were stirred at 250 rpm for 19 h at
room temperature (RT). To remove the unloaded drug, the MB
were allowed to float due to their buoyant force, and the aqueous
solution underneath the MB was replaced multiple times until
there was no free drug present anymore."” Finally, the drug-
loaded MB were suspended in 0.02% (w/v) Triton X-100 at pH
7 and stored at RT for further characterization.

2.5. Confocal Laser Scanning Microscopy. Coumarin 6
was utilized to visualize encapsulation in the shell of PBCA MB.
A Leica TCS SP8 X inverted confocal microscope (Leica
Microsystems, Wetzlar, Germany) equipped with a plan-
apochromat 100X/1.40 oil-immersion objective was used to
visualize coumarin 6 loading in PBCA MB. The samples were
applied on a high-precision cover glass (170 gm, no. 1.SH) from
Marienfeld (Lauda-Konigshofen, Germany). The excitation
wavelength was set at A = 470 nm via a filtered white light laser,
and the resulting emission was detected at 4 = 491—556 nm.
Deconvolution of the images was processed using the Huygens
Professional software via the classic maximum likelihood
estimation (CMLE) method.

2.6. Quantification of Drug Loading. All samples were
prepared by diluting 10 uL of drug-loaded MB with 90 uL of

https://dx.doi.org/10.1021/acs.molpharmaceut.0c00242
Mol. Pharmaceutics 2020, 17, 2840—2848
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Figure 4. Shelf-life stability of drug-loaded PBCA MB. (A, B) Quantitative analysis of drug retention, showing that at both the 1:20 and 1:2 feed ratios,
corticosteroid content did not decrease significantly over time and exemplifying that all four drugs were efficiently retained in the MB shell even after 12
weeks of storage. (C, D) Quantitative analysis of fluorophore retention showing that fluorescent dyes were less efficiently retained at the higher feed
ratio of 1:2 as compared to lower feed ratio of 1:20. Additionally, less hydrophobic model drugs were less efficiently retained in the MB shell and vice-
versa. Note that the color-coding of the plotted lines corresponds to the degree of hydrophobicity. Values represent mean + standard deviation of three
different batches of drug-loaded MB, measured in triplicates. All statistical comparisons were made with respect to week 0. **p < 0.01 and ***p <
0.001.
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Figure 5. Ultrasound analysis of drug-loaded PBCA MB. (A, B) Representative B-mode and contrast-mode images of all drug-loaded PBCA MB
showing that ultrasound (US) contrast is efficiently generated at low powers, while at high powers, MB are destroyed (as evidenced by the lack of US
contrast). (C, D) Quantitative analysis of MB destruction showing that there are no significant differences between the different drug-loaded PBCA
MB, and demonstrating that US properties are independent of the hydrophobicity and molecular weight of the encapsulated drug. Note that the color-
coding of the plotted lines corresponds to the degree of hydrophobicity. Values represent mean =+ standard deviation of three different batches of drug-
loaded MB, measured in triplicates.

DMSO, which destroyed the MB and facilitated the release of Germany) or high-performance liquid chromatography
the encapsulated model drugs. The amount of drug incorporated (HPLC). The details of the experimental parameters used in
into the MB shell was then quantified either using a microplate the plate reader and HPLC are summarized in Table S1. Finally,
reader TECAN Infinite M200 Pro (Tecan Group Ltd., encapsulation efficiency (EE) and loading capacity (LC) of all

2843 https://dx.doi.org/10.1021/acs.molpharmaceut.0c00242
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MB. Loading capacity and drug release of corticosteroid-loaded MB showed a good correlation with both hydrophobicity and molecular weight.
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MB formulations were determined using the formulas: EE =
(weight of drug incorporated/weight of drug added during the
formulation) X 100%; and LC = (weight of drug incorporated/
weight of drug-loaded MB) X 100%.

2.7. Stability Assessment of Drug-Loaded MB. MB
formulations containing 10° MB/mL (i.e., a relevant range for in
vivo application; equivalent to 2 mg/mL) were stored in screw-
cap glass vials at RT for stability analysis. In particular, retention
of drugs inside the MB shell was studied over a period of 12
weeks and quantified using the formula: drug retention at week x
= (amount of drug retained inside the MB shell at week x/
amount of incorporated drug) X 100%.

2.8. US Analysis of Drug-Loaded MB. To study the effect
of drug encapsulation on US properties, MB with and without
model drugs were exposed to low- and high-power US, and
based on these responses, the percentage of MB destruction was
quantified. For this purpose, 3 X 10° MB were suspended in 4.5
mL of a 2% w/v gelatin solution, and the mixture was embedded
in a 10% w/v gelatin solution. A preclinical US device (Vevo
2100, VisualSonics, Canada) was employed to image the MB in
gelatin phantoms. US imaging was performed in a nonlinear
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contrast mode at a center frequency of 18 MHz, initially with 4%
power (mechanical index 0.2), followed by 100% power
(mechanical index 0.9) to destroy the MB in the gelatin
phantom. A region-of-interest (ROI) of approximately 500 mm*
was drawn at the middle of all images, and the resulting contrast
intensity was analyzed using the Vevo LAB software. Finally, %
MB destruction was quantified as: ((US contrast at 4% power —
US contrast at 100% power)/US contrast at 4% power) X 100%.

2.9. Quantification of US-Mediated Drug Release. An
ultrasonic cleaner device (UCS 200TH, VWR) was employed to
destroy the MB and to induce the release of encapsulated model
drugs from the MB shell.**? To ensure that all of the released
model drugs were retained in the supernatant, we diluted 10°
MB with 0.02% (w/v) Triton X-100 such that the final drug
concentration was lower than its solubility. All MB samples were
subjected to US for 10 min. The samples were subsequently
centrifuged at 10 000 rpm for 10 min to separate the polymer
fragments (as a result of MB destruction) from the released
drugs (supernatant). The amount of released drugs was
quantified in a similar way as described in Section 2.4, and
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Figure 8. Correlating hydrophobicity (top) and molecular weight (bottom) of fluorophores with the characteristics of shell-loaded PBCA MB. Only
shelf-life stability showed a good correlation with both hydrophobicity and molecular weight. Symbols: @ = rhodamine B; Bl = nile red; % = coumarin

6; @ = pyrene.

upon analyses, drug release was determined as the percentage of
the total encapsulated drug.

2.10. Statistical Analysis. Three different batches of drug-
loaded MB formulations were prepared from three different
batches of preformed MB, and each formulation was measured
thrice. All values are presented as mean + standard deviation.
Statistical analyses were performed using GraphPad Prism S.
The results in Figures 3—6 were analyzed using two-way
ANOVA, corrected for multiple comparisons (Bonferroni). The
correlation analyses in Figures 7 and 8 were performed using
Pearson’s r coefficients. A p value of less than 0.05 was
considered to be statistically significant.

3. RESULTS AND DISCUSSION

3.1. Loading Capacity and Encapsulation Efficiency of
PBCA MB. We loaded four different corticosteroids and four
different fluorescent dyes into the shell of PBCA MB (Figure 2).
As a proof-of-concept, Figure 3A,B shows that the fluorescent
model drug coumarin 6 can indeed be successfully loaded into
the shell of PBCA MB. We furthermore evaluated five different
feed ratios, i.e., 1:200, 1:20, 1:4, 1:2, and 1:1, to achieve maximal
levels of drug amounts inside the MB shell. We observed that
model drugloading at different feed ratios does not influence the
size and size distribution of PBCA MB (see Figure S1 and Table
S2).

The selected corticosteroids had progesterone as a common
structural backbone, and their hydrophobicity and molecular
weight increased simultaneously. Upon loading them into the
shell of PBCA MB, we observed that as the hydrophobicity of
these drugs increased, MB payload increased. This is shown in
Figure 3C, where dexamethasone, budesonide, halcinonide, and
ciclesonide, in the order of increasing hydrophobicity, resulted
in increasing encapsulation efficiencies, e.g,, at a 1:20 feed ratio,
values of 0.02, 2.75, 7.05, and 53.86% were obtained. Similarly,
at a feed ratio of 1:2, corticosteroid loading capacity increased in
the order of increasing hydrophobicity, with values of 0.05, 0.31,
2.46, and 3.58%, respectively (Figure 3D). These values were
significantly different from each other (p < 0.001) except when
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comparing the two least hydrophobic drugs, i.e., dexamethasone
versus budesonide. Analogously, since hydrophobicity and
molecular weight concurrently increased for corticosteroids
that had common progesterone backbone, employing these
molecules with increasing molecular weight also led to an
increase in MB loading.

On the other hand, the fluorescent dyes selected for this study
were structurally different, and their hydrophobicity and
molecular weight did not increase in the same order. Their
order of increasing hydrophobicity was rhodamine B, nile red,
coumarin 6, and pyrene, while their order of increasing
molecular weight was pyrene, nile red, coumarin 6, and
rhodamine B (see Figure 2). When studying the impact of
hydrophobicity on MB payload, Figure 3E,F demonstrates that
increasing hydrophobicity led to an increase in encapsulation
efficiency and loading capacity, with the exception of rhodamine
B. Rhodamine B, which was the least hydrophobic dye, was still
encapsulated quite efficiently into the MB shell. This may be due
to the relatively large molecular weight of rhodamine B, allowing
for more efficient retention in the PBCA shell even after several
washing steps during the experiment. Similarly, and along the
same line of thinking, fluorescent dyes with increasing molecular
weight were more efficiently retained and loaded into the MB
shell, with the exception of pyrene. Pyrene, being the smallest in
molecular weight, was still efficiently loaded into the PBCA shell,
as it was the most hydrophobic dye molecule (Figure 3E,F).

These findings can also be explained from a structural point of
view. PBCA has a carbonyl oxygen and a cyanate nitrogen, which
are both partially electronegatively charged, making it possible
to have an n—7* type of interaction in which they donate
electron-ion pairs to electropositive sites in corticosteroids and
dyes.”” For corticosteroids, the four drugs used in this study had
a similar progesterone-based structural backbone, the only
variations being in substitutions of the exocyclic side chains. The
presence of such substituted groups can change the electro-
negativity of neighboring molecules and thus influence its
interaction with PBCA. Examples of this are the presence of
fluorine in dexamethasone versus hydrogen in budesonide, or
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the presence of the hydroxyl group in dexamethasone versus a
diether group in the other corticosteroids. Along the same line of
thinking, also increasing the side chain (as in ciclesonide)
resulted in increased affinity toward PBCA. As opposed to the
steroids, for the dyes, the molecular structures greatly differed.
All have a benzene ring subunit, which provides free electrons for
exchange and interaction with the MB shell. Coumarin 6 has
more free electrons than Nile red, which potentially explains its
enhanced interaction with PBCA. Rhodamine B not only has
free and flexible electrons in its rings but also contains
electropositively charged oxygen, which may interact with
both carbonyl oxygen and cyanate nitrogen on the PBCA,*” and
which potentially explain its relatively efficient loading.

The results in Figure 3 and the above molecular interactions
directly relate to the shell composition of PBCA MB, which is
highly hydrophobic and has a thickness of 50—200 nm,"’
thereby allowing hydrophobic drug molecules to be incorpo-
rated efficiently. Smaller molecular weight drugs are likely
washed out of the PBCA MB shell more easily than larger
molecular weight drugs during the washing steps, explaining the
more efficient retention and higher loading of larger molecular
weight drug molecules. Similar findings have been reported for
poly(lactic acid) (PLA)-based MB, which were shown to
encapsulate paclitaxel, a hydrophobic and relatively large
anticancer drug more efficiently than doxorubicin, which is
less hydrophobic and smaller.”* Overall, these findings indicate
that the loading of PBCA MB increases with increasing drug
hydrophobicity and molecular weight.

3.2. Shelf-Life Stability of Drug-Loaded PBCA MB. We
employed the formulations that had minimal and maximal levels
of drug molecules in the MB shell for the analysis of shelf-life
stability, US properties, and drug release. Given the negligible
differences and similar amounts of drugs were loaded for the
1:200 and 1:20 feed ratios, we opted to use the 1:20 feed ratio as
the minimal one. For the maximal one, saturated levels of drug
amounts were observed at the 1:2 feed ratio.

For stability studies, MB formulations were stored at RT and
drug retention was quantified over a period of 1, 2, 4, 8, and 12
weeks. We observed only very minute changes (<5%) in the size
of MB formulations after 12 weeks of storage (see Table S3). In
the case of corticosteroids, there was no statistically significant
decline in drug retention over time at a feed ratio of 1:20 (p >
0.0S; Figure 4A), exemplifying that all four drugs were efficiently
retained in the MB shell even after 12 weeks of storage. Similar
findings were also observed at the 1:2 feed ratio (Figure 4B),
highlighting that all corticosteroid-loaded MB were stable up to
12 weeks upon storage at RT. Importantly, these experiments
only demonstrate proper shelf-life stability of drug-loaded MB.
To be able to draw conclusions on stable in vivo drug retention
in the shell of PBCA MB, experiments in more complex media
(e.g., in full-blood or serum) are needed.

As opposed to the corticosteroid case, fluorophore retention
varied quite a bit with the feed ratio and hydrophobicity. Figure
4C,D shows that fluorophores at a higher feed ratio (i.e., 1:2) are
less efficiently retained in the MB shell than those at a lower feed
ratio (i.e,, 1:20). In the context of hydrophobicity, fluorophores
with low hydrophobicity were found to be poorly retained in the
MB shell. This is illustrated in Figure 4C, showing that
rhodamine B, nile red, coumarin 6, and pyrene, in the order of
increasing hydrophobicity, gave rise to more efficient dye
retention upon 12 weeks of storage, with values of 33.97% (p <
0.001), 68.94% (p < 0.001), 85.12% (p > 0.05), and 85.85% (p >
0.05), respectively. Conversely, fluorophore retention in the MB
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shell did not depend on the fluorophore molecular weight
(Figure 4C,D). Together, these analyses demonstrate that all
corticosteroids were efliciently retained in the MB shell. In the
case of fluorophores, retention in the MB shell increased with
dye hydrophobicity.

3.3. US Properties of Drug-Loaded PBCA MB. To study
the US properties of the MB formulations upon drug
encapsulation, they were embedded in tissue-mimicking gelatin
phantoms and exposed to US. Figure SA,B shows representative
US B-mode and contrast-mode images, respectively, illustrating
that all drug-loaded MB generated contrast at low-power US and
were efficiently destroyed at high-power US.

In the case of corticosteroid-loaded MB, there were no
differences in the extent of MB destruction between the four
formulations (p > 0.05; Figure SC), exemplifying that the
destruction of the MB was independent of the hydrophobicity
and molecular weight of the encapsulated drug. Analogously,
also in the case of the dye-loaded MB, the destruction levels were
similar for rhodamine B, nile red, coumarin 6, and pyrene-loaded
MB (independent of the feed ratio; p > 0.05; Figure SD). One
plausible explanation is that due to the relatively low loading
capacity of PBCA MB (<5%), the overall effect of molecular
interactions between the loaded agents and the PBCA shell is
not very substantial.

Overall, it can be concluded that drug-loaded MB can be
efficiently destroyed by US, indicating that drug loading does
not negatively affect MB response to US. Additionally, all drug-
loaded MB were equally efficient in getting destroyed upon US
exposure, highlighting that the destruction of MB formulations
has no dependency on the properties of the model drug.

3.4. US-Induced Drug Release from PBCA MB. For
corticosteroids, US-induced drug release from the MB shell
decreased as the hydrophobicity of the drug increased. This is
exemplified in Figure 6A for the 1:20 feed ratio, with
dexamethasone, budesonide, halcinonide, and ciclesonide—in
the order of increasing hydrophobicity—showing release
percentages of 93.62, 70.64, 45.99, and 30.81%, respectively.
All of these values were significantly lower than dexamethasone.
Similarly, US-induced drug release was decreased as the
molecular weight of the corticosteroid increased. Also at the
1:2 feed ratio, these drugs with lower hydrophobicity and
smaller molecular weight were more efliciently released from the
MB shell (Figure 6A). These findings can be explained by taking
the thick and hydrophobic shell of PBCA MB into account,
which allows for a stronger interaction with more hydrophobic
and larger molecular weight drugs, eventually resulting in less
efficient release as compared to for hydrophilic and smaller
molecular weight drugs.

In the case of the fluorophores, increasing hydrophobicity of
the encapsulated model drugs did not result in any clear
relationship with drug release from the MB shell (Figure 6B).
Similarly, also when studying the effect of model drug molecular
weight on its US-induced release from the MB shell, there
appeared no clear relationship (Figure 6B). In summary, for
corticosteroids with a common progesterone backbone,
triggered drug release was inversely correlated with hydro-
phobicity and molecular weight. Vice versa, for structurally
different fluorescent dyes, drug release did not show any
relationship with hydrophobicity and molecular weight.

3.5. Correlating Drug Hydrophobicity and Molecular
Weight with PBCA MB Characteristics. Taking all of the
above results together, we finally correlated both hydrophobicity
and molecular weight of the selected (model) drugs with key
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characteristics of resulting MB formulations, i.e., with loading
capacity, shelf-life stability, US properties, and US-induced drug
release at the 1:2 feed ratio. In the case of corticosteroids, which
had progesterone as a common structural backbone and whose
hydrophobicity and molecular weight increased concurrently,
several key characteristics showed a good correlation with both
hydrophobicity and molecular weight. This is exemplified in
Figure 7, illustrating that loading capacity correlated reasonably
well with hydrophobicity (r = 0.98) and molecular weight (r =
0.93). Also, drug release correlated relatively well with
hydrophobicity (r = —0.87) and molecular weight (r
—0.96), but in an inverse manner. Two of these correlations
were of borderline insignificance, which can be due to the
relatively low sample size.

Also, the shelf-life stability correlates relatively well with
hydrophobicity and molecular weight, but the almost horizontal
slope shows that the overall impact is very small. US properties
did not correlate with hydrophobicity and molecular weight
(Figure 7). These findings are favorable because it shows that
independent of drug properties, drug entrapment in the MB
shell is stable. Corticosteroid-loaded MB such as the ones
described here may find applications in priming tumors for
improved delivery of drugs and drug delivery systems by

permeabilizing tumor vessels via the oscillation of MB and at the
same time reducing the extent of extracellular matrix deposition
in tumors through the release and action of corticosteroids.””*

In the case of the fluorophores, which were structurally very
different and whose hydrophobicity and molecular weight did
not increase concurrently, most characteristics studied did not
show a good correlation with hydrophobicity and molecular
weight. This is depicted in Figure 8, exemplifying that loading
capacity and drug release did not correlate with the hydro-
phobicity and molecular weight (r < 0.2). MB destructibility did
correlate with hydrophobicity and molecular weight, but the
overall impact seems minimal since the slope is close to
horizontal. Only the shelf-life stability of fluorophore-loaded
MB correlated well with hydrophobicity (r = 0.89) and
molecular weight (r = —0.93) of the encapsulated dyes. In
general, fluorophore-loaded MB may find application in
different multimodal imaging setups, for instance in experiments
aiming to verify the in vivo binding of ligand-targeted MB to
tumor or inflamed blood vessels in an ex vivo microscopy setup,
or in studies looking at the ex vivo distribution of polymer shell
fragments at pathological (target) sites after US-mediated MB
destruction,' ' %

4. CONCLUSIONS

We show that PBCA-based polymeric MB can be used to
encapsulate a variety of model drugs. For drugs with
progesterone as a common structural derivative, we found that
compounds with increasing hydrophobicity and molecular
weight can be loaded and retained more efficiently in the shell
of PBCA MB but are less efficiently released upon US-mediated
MB destruction. Conversely, when employing structurally
different fluorescent dyes, loading capacity and compound
release did not correlate with hydrophobicity and molecular
weight. Taking everything together, the results presented here
demonstrate that the physicochemical properties of (model)
drugs play an important role in determining loading in and
release from PBCA-based MB.
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Figure S1. Size distribution of unloaded and drug-loaded PBCA MB. Qualitative analysis showing that model drug
loading into the MB shell does not influence the size distribution of PBCA MB.



Table S1

Drug Parameter
Dexamethasone ACN:H20 = 35:65 (0.01 % H3POa4, pH = 1.89), 240 nm, 1 ml/min, 200 ul
Budesonide ACN:H20 = 35:65 (0.01 % H3POa4, pH = 1.89), 240 nm, 1 ml/min, 200 ul
Halcinonide Methanol (0.01%TFA):H,0 = 65:35, 220 nm, 1 ml/min, 200 ul
Ciclesonide Methanol (0.1%TFA):H20 = 95:5, 242 nm, 1 ml/min, 200 ul

Rhodamine B

Excitation Wavelength 548 nm, Emission Wavelength 590 nm

Coumarin 6 Excitation Wavelength 467 nm, Emission Wavelength 514 nm
Nile red Excitation Wavelength 548 nm, Emission Wavelength 634 nm
Pyrene Excitation Wavelength 332 nm, Emission Wavelength 384 nm

Table S1. Experimental parameters used in the spectrocopy and HPLC analyses.




Figure S2

Size of budesonide-loaded MB

Size of ciclesonide-loaded MB

Batches Size of unloaded MB (rm) (um)

(um) Feed ratio 1:20 Feed ratio 1:2 Feed ratio 1:20 Feed ratio 1:2
Batch 1 2.358 2.387 2.363 2.399 2.339
Batch 2 2.554 2.547 2.615 2.572 2.527
Batch 3 2.755 2.801 2.764 2.812 2.835

Table S2. Size of unloaded and drug-loaded PBCA MB. Quantitative analysis showing that model drug loading into

the MB shell does not influence the size of PBCA MB.




Figure S3

Size (um)
Budesonide-loaded MB Feed ratio
Week 0 | Week1l | Week2 | Week4 | Week8 | Week 12

1:20 2.387 2.378 2.32 2.327 2.339 2.307

Batch 1
1:2 2.363 2.332 2.476 2.307 2.307 2.254
1:20 2.547 2.558 2.363 2.481 2.495 2.449

Batch 2
1:2 2.615 2.587 2.345 2.554 2.538 2.493
1:20 2.801 2.767 2.788 2.746 2.777 2.752

Batch 3
1:2 2.764 2.806 2.78 2.792 2.748 2.695

Size (um)
Ciclesonide-loaded MB Feed ratio
Week 0 | Week1l | Week2 | Week4 | Week8 | Week 12

1:20 2.399 2.374 2.377 2.355 2.333 2.325

Batch 1
1:2 2.339 2.305 2.274 2.26 2.3 2.241
1:20 2.572 2.559 2.473 2.448 2.463 2.474

Batch 2
1:2 2.527 2.478 2.446 2.438 2.481 2.401
1:20 2.812 2.804 2.795 2.76 2.708 2.656

Batch 3
1:2 2.835 2.815 2.821 2.682 2.789 2.692

Table S3. Size of drug-loaded PBCA MB over time. Quantitative analysis showing that size of model drug-loaded
PBCA MB changed very minutely (< 5 %) after 12 weeks of storage.
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ABSTRACT: Human serum albumin (HSA) microbubbles
(MBs) are attracting increasing attention as image-guided and
stimuli-responsive drug delivery systems. To better understand and
maximize drug encapsulation in HSA MBs, we investigated the
impact of the loading strategy and the drugs’ physicochemical
properties on their entrapment in the MB shell. Regarding loading
strategy, we explored preloading, i.e., incubating drugs with HSA
prior to MB formation, as well as postloading, i.e., incubating drugs
with preformed MB. Both strategies were utilized to encapsulate
six anthracyclines with different physicochemical properties. We
demonstrate that drug loading in the HSA MB shell profits from
preloading as well as from employing drugs with high intrinsic
HSA binding affinity. These findings exemplify the potential of

Drug-loaded
microbubble

exploiting the natural bioconjugation interactions between drugs and HSA to formulate optimally loaded MBs, and they promote the

development of HSA MBs for ultrasound-triggered drug delivery.

KEYWORDS: drug delivery, albumin binding, human serum albumin, microbubbles, ultrasound

B INTRODUCTION

Microbubbles (MBs) are 1—10 um sized air-filled vesicles
whose shell is stabilized by polymers, proteins, or lipids.' ™
MBs are routinely used in the clinic as ultrasound (US)
contrast agents and they are also increasingly employed for
drug delivery purposes.””'” When MBs are combined with US,
they oscillate and/or implode, resulting in shear forces near
(endothelial) cell membranes that cause permeabilization and
opening of cell—cell contacts.'’ These phenomenona can
contribute to improved delivery and efficacy of coadministered
drugs.6 However, administering free drugs in combination with
MBs and US results in off-target drug localization and side
effects.

Drug loading in MBs has been gaining more and more
attention to avoid off-target localization and enable triggered
drug release at the pathological site upon US-mediated MB
destruction.””™"* Drugs can be loaded either into a lipid,
protein, or polymer shell-based MBs. Lipid-based MBs cannot
be efficiently shell-loaded because of their relatively thin shell
(<5 nm)® Conversely, polymer- and protein-based MBs enable
more efficient drug loading because of their much thicker shell
(20—200 nm)?. In the case of polymeric MBs, we showed that
drug loading in the shell of poly(butylcyanoacrylate)-based
polymeric MBs is maximized by employing a two-step loading
strategy, i.e., incubating preformed MBs with drugs, and by
employing drugs with high hydrophobicity and molecular
weight.'>'® A downside of polymeric MBs is that they are

© XXXX American Chemical Society
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currently not yet used in the clinic. On the other hand, human
serum albumin (HSA)-based protein MBs such as Optison are
available off-the-shelf and therefore developing drug-loaded
HSA MBs may be easier to translate in the short term.'”'®
However, systematic studies on how factors like loading
strategies and drug physicochemical properties impact drug
loading into the shell of HSA-based protein MBs are lacking.
These studies would provide an understanding that can enable
efficient drug encapsulation in the shell of HSA MBs, which is
important for the development and clinical translation of drug-
loaded HSA MB:s.

We investigated the impact of the drug loading strategies
and the drugs’ physicochemical properties on the efliciency of
drug encapsulation in the shell of HSA MBs. We explored
preloading, ie. incubating HSA with drugs prior to MB
synthesis, as well as postloading, i.e., incubating preformed
HSA MBs with drugs (Figure 1A). To systematically study
drug loading in HSA MBs, we employed six anthracyclines, i.e.,
idarubicin, daunorubicin, doxorubicin, epirubicin, pirarubicin,
and valrubicin. These anthracyclines varied in their binding
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Figure 1. Experimental design. (A) Two different loading strategies, i.e., preloading and postloading, were explored to encapsulate drugs into the
shells of HSA MBs with maximum efficiency. (B) Drug-loaded HSA MBs were characterized by fluorescence spectroscopy and Coulter counter-
based sizing to study the impact of the different loading strategies and the drugs’ physicochemical properties on the loading into the shells of HSA
MBs. Created with BioRender.com.
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Figure 2. Formulation strategies to obtain long-term stable HSA MBs. (A, B) Quantitative analysis of MB stability showing that 15% (w/v)
dextrose resulted in the least significant change in (A) the mean size and (B) the concentration of HSA MBs upon 4 weeks of storage at room
temperature. (C) Representative light microscopy image demonstrating that HSA MBs synthesized using 15% (w/v) dextrose is spherically shaped
and relatively polydisperse. (D, E) Ultrasound (US) (D) images and (E) quantification revealed that HSA MBs generated a significantly higher
brightness-mode (B-mode) and contrast-mode (C-mode) US signal as compared to an aqueous solution without MBs. Data represent mean +
standard deviation for three different batches of non-drug-loaded HSA MBs. Statistical comparisons were performed between week 0 and week 4
for A and B. For E, statistical comparisons were performed between the control and HSA MB. *, ¥*% and **** represent p < 0.0S, p < 0.001, and p
< 0.0001, respectively.

percentages to albumin, their hydrophobicities, and their
molecular weights. We characterized the resulting drug-loaded
HSA MBs using fluorescence spectroscopy and Coulter
counter-based sizing (Figure 1B). We hypothesized that drug
loading in the shell of HSA MBs can be enhanced by
preloading and by employing drugs with a high albumin
binding affinity. The results obtained highlight the importance
of both the loading strategy and the drugs’ physicochemical
properties on encapsulation in HSA MBs, and they are
essential for the successful therapeutic use of drug-loaded HSA
MB formulations.

B RESULTS AND DISCUSSIONS

To develop drug-loaded HSA MB, we first identified
experimental factors that affect the formation and long-term
stability of US-responsive HSA MBs. Dextrose is a sugar
molecule that has been shown to prevent coalescence and to
stabilize HSA MB dispersions.”'” We therefore initially tested
dextrose concentrations of S, 10, and 15% weight/volume (%
w/v) to obtain stable HSA MBs. For this purpose, we added
the dextrose to HSA, and the mixture was subsequently
sonicated to obtain HSA MB formulations. After preparation,
we studied the stability of HSA MBs by storing them at room
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Table 1. Physicochemical Properties of the Anthracyclines Used in the Study”
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“Idarubicin, daunorubicin, doxorubicin, epirubicin, pirarubicin, and valrubicin, which have varying binding percentages to albumin, hydrophobicity,
and/or molecular weight were loaded into the shell of HSA MB. Binding percentage to albumin of the anthracyclines were determined
experimentally and presented as mean + standard deviation of three independent experiments. Hydrophobicity (log P) values were obtained from

https://go.drugbank.com/.

temperature (RT) and by evaluating their mean size and
concentration for a period of 4 weeks.

We observed that 5 and 10% (w/v) dextrose was not
sufficient to form stable HSA MBs, as the mean size and
concentration of HSA MBs were significantly reduced after 4
weeks of storage (p < 0.001, Figure 2A,B). Conversely, 15%
(w/v) dextrose gave rise to relatively stable HSA MBs, with
mean sizes reduced to a lesser extent (p < 0.05), and with no
change in the concentration of HSA MBs over time (p > 0.05).
We next characterized the HSA MBs obtained upon
formulation at 15% (w/v) dextrose in terms of their
physicochemical and US characteristics. Bright-field micros-
copy exemplified that HSA MBs were spherical in shape
(Figure 2C) and Coulter counter results showed that they
were relatively polydispersed (Figure S1), with a mean size and
concentration of 2.4 + 0.2 ym and 1.3 + 0.2 X 10° MB/mL,
respectively. Concerning US properties, panels D and E in
Figure 2 revealed that HSA MBs efficiently generated US
contrast in both brightness-mode (B-mode) and contrast-
mode (C-mode). Together, these findings indicate that
sonicating a mixture of 15% (w/v) dextrose and HSA results
in the formation of spherical-shaped and relatively stable HSA
MBs that generate good US contrast. In the following, we
therefore focused on 15% (w/v) dextrose as a dispersion
medium for the development of drug-loaded HSA MB
formulations.

We subsequently studied the impact of the drug loading
strategy and physicochemical properties on the efficiency of
drug loading into the shell of HSA MBs. We explored both
preloading, i.e., incubating the drugs with HSA prior to MB
formation, and postloading, i.e., incubating drugs with
preformed HSA MBs. Six structurally and functionally similar
anthracyclines with somewhat different physicochemical
properties (ie., the drug binding percentage to albumin, the
hydrophobicity, and the molecular weight) were employed
(Table 1). Furthermore, we evaluated two different drug to
albumin feed ratios, ie. 1:1 and 2:1, to saturate the drug
binding pockets of HSA and to thereby maximize drug loading
into HSA MBs.

When studying the impact of the loading strategy, light
microscopy photographic images of anthracycline-loaded MB
formulations demonstrated that preloading resulted in a higher
color intensity in the floating MB cakes, indicating more
efficient anthracycline loading (Figure 3A). Indeed, at a 1:1
feed ratio, the one-step preloading strategy resulted in
significantly higher loading of valrubicin into the HSA MB
shell as compared to the two-step postloading strategy (Figure
3B). In line with this, the other five anthracyclines employed
also showed higher drug loading efficiency for preloading, but
in these cases, the differences were not statistically significant
(Figure 3B).
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Figure 3. Impact of the drug loading strategy and the drugs’ physicochemical properties on anthracycline loading into HSA MBs. (A) Preloading
resulted in a higher intensity color in floating MBs compared to postloading. (B, C) Quantification of the amount of drug molecules in the HSA
MB shell upon pre- and postloading at 1:1 and 2:1 feed ratios. (D) Anthracycline loading into the HSA MB shell correlated very well with binding
percentage to albumin. (E, F) Anthracycline loading did not correlate with hydrophobicity and molecular weight. Data represent the mean =+
standard deviation for three different batches of drug-loaded HSA MB. Statistical comparisons were performed for preloading vs postloading in
panels B and C. In panels D—F, Spearman correlation analysis was performed to assess the relationship between the number of anthracycline
molecules per MB and the drug properties. * and ** represent p < 0.05 and p < 0.01, respectively.

At the higher feed ratio of 2:1, preloading resulted in
significantly higher drug loading for several anthracyclines,
including idarubicin, daunorubicin, and valrubicin (Figure 3C).
With the exception of valrubicin, however, for which more
than 100-fold increased loading was achieved, the overall
difference was similar for the other five anthracyclines, around
2-3 fold (Figure 3B,C). This enhancement for preloading
likely resulted from saturation of the HSA drug binding
pockets prior to the formation of drug-loaded HSA MBs. For
postloading, HSA is first sonicated to form unloaded HSA
MBs. This may result in steric hindrance with regard to access
to HSA drug binding pockets, as well as to a certain degree of
denaturation or misfolding, thereby compromising subsequent
drug Ioading.zo'21 Furthermore, in the case of postloading, the
drug will likely be less optimally associated with HSA MBs
because of somewhat reduced access to HSA drug binding
pockets. Consequently, the drug can leak out and bind to free
HSA during the washing steps. This will likely result in less
efficient drug retention in the MB shell and in relatively
unstable drug-loaded HSA MBs in the case of the postloading
strategy. These factors are considered to be responsible for the
higher loading and efficient retention of anthracyclines into the
HSA MB shell when employing preloading vs postloading. We
furthermore studied if MB formulations with low, medium, and
high drug content generated US contrast. Although we

observed a decrease in US contrast for MB formulation with
the highest level of drug loading, all MB formulations were
found to be detectable via US imaging upon drug loading
(Figure S2).

We next evaluated the impact of the anthracyclines’
physicochemical properties on their loading capacity in the
HSA MB shell. For this purpose, we correlated drug loading
with binding percentage to albumin (%), hydrophobicity (log
P), and molecular weight (Da). As shown in Figure 3D, we
found that anthracycline loading correlated very well with
binding percentage to albumin (r = 1.00, p < 0.01). The
correlations with hydrophobicity and molecular weight were
substantially lower (Figure 3E,F). These findings demonstrate
that anthracycline with a high binding percentage to albumin
confers an advantage with regard to efficient drug loading into
the shell of HSA MBs.

It is important to assess if the newly generated anthracycline-
loaded HSA MBs can be employed at therapeutically
meaningful concentrations. Calculations demonstrate that
anthracyclines with low albumin binding and relatively
inefficient MB shell loading (ie., idarubicin, daunorubicin,
doxorubicin, and epirubicin) can at best be administered in
vivo upon MB formulation at doses around 0.1—1 mg/kg,
which is well below their maximum tolerated dose of 5 mg/kg.
Employing the preloading strategy and anthracyclines with
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high albumin binding (i.e., pirarubicin and valrubicin) does
result in MB formulations that can be administered in vivo at
concentrations in the range of 1—10 mg/kg. These findings
underline the importance of selecting the right loading strategy
and the right drug to ensure that HSA MB-mediated drug
delivery to tumors has a good chance of therapeutic success.

B CONCLUSION

We demonstrate that drug loading into the shell of HSA MBs
can be maximized by (1) incubating drugs with HSA prior to
MB preparation and (2) employing drugs that have a high
binding percentage to albumin. Together, these findings
showcase that the drug loading strategy and the drugs’
physicochemical properties play key roles in the development
of highly efficiently loaded HSA MBs. The resulting
anthracycline-loaded MBs are considered to be useful for
US-based image-guided and triggerable drug delivery to
tumors, which is becoming increasingly popular.”***

B MATERIALS AND METHODS

Materials. Daunorubicin, doxorubicin, and epirubicin were
purchased from LC Laboratories (US). Idarubicin and pirarubicin
were bought from AbMole BioScience (US). Valrubicin was obtained
from United States Pharmacopeia (USA). Human serum albumin
(HSA), dextrose, and sodium chloride were bought from Rocky
Mountain Biologicals (US), Carl Roth (Germany), and Sigma-Aldrich
(Germany), respectively. Perfluorobutane was obtained from abcr
GmbH (Germany). Deionized (DI) water was used for all
experiments. All reagents were of appropriate analytical grade.

Synthesis and Stability of HSA MB. HSA MBs were prepared
using a similar protocol as described in the literature.” To prepare the
HSA stock solution, we added 5% (w/v) HSA, 0.9% (w/v) sodium
chloride, and different concentrations of dextrose: 5, 10, and 15% (w/
v) to S mL of DI water in a V-shaped rotary flask. Upon addition, the
mixture was saturated with perfluorobutane gas. Subsequently, the
solution was sonicated twice with a 20 kHz Bandelin ED241 device
(Bandelin Electronic, Berlin, Germany) at 100% ultrasound amplitude
for 2 min with a gap of 10 s. The formed MBs were allowed to float
because of their buoyancy, and the solution underneath was replaced
multiple times to remove the unreacted solutes. Finally, the HSA MBs
were suspended in 3% (w/v) HSA and stored at room temperature
(RT) for further use. To study the stability, we stored HSA MBs in
screw-cap glass vials at RT. Particularly, the size and concentration of
HSA MBs were evaluated using a Multisizer 3 (Beckmann Coulter,
Germany) over a period of 4 weeks as described previously.'®

Bright-Field Microscopy. To enable the qualitative assessment of
the size and shape of HSA MBs, we employed an Axio Imager M2
fluorescence microscope equipped with an AxioCam MRm Rev.3
camera (Carl-Zeiss, Oberkochen, Germany). We placed a drop of the
sample on an histobond adhesive microscope slide (Paul Marienfeld
GmbH & Co.KG, Lauda-Konigshofen, Germany) and measured it in
bright-field mode. The images were acquired with a magnification of
40X.

US Properties of HSA MB. To investigate the US properties of
HSA MB, we employed a preclinical US device (Vevo 2100,
VisualSonics, Canada) to visualize the contrast generated from HSA
MBs. To this end, 1 X 10° MBs were diluted in 4.5 mL of DI water
containing 3% (w/v) HSA, and the mixture was added into 10% (w/
v) gelatin phantoms. The gelatin phantoms employed are a mixture of
gelatin and water. Such phantoms are widely employed in ultrasound
imaging studies because of their ease of preparation, cost-
effectiveness, and their ability to mimic the acoustic properties of
soft tissues.”* The phantoms were imaged in both brightness-mode
(B-mode) and nonlinear contrast mode (C-mode) at 18 MHz center
frequency and 4% power (mechanical index 0.2). A region-of-interest
was drawn at the center of all images and the resulting contrast
intensity was analyzed using the Vevo LAB software. The signal

intensity generated from the region-of-interest was used to compare
the US properties between HSA MBs in 3% (w/v) HSA and control,
ie, 3 % (w/v) HSA in DI water without any MBs being present.

Quantification of Anthracycline Binding Percentage to
Albumin. Ten microliters of 4% (w/v) of the drug solution in
DMSO was mixed with 0.5 mL of DI water containing 5% (w/v) HSA
and the mixture was incubated at 37 °C for 30 min. The mixture was
centrifuged at S00 rpm for 10 min to remove the precipitate. The
supernatant containing the unbound dissolved drug and drug—
albumin conjugate were centrifuged using a 10 000 MWCO Ultrafilter
tube at 12 000 g for 10 min. This step enabled the separation of the
unbound dissolved drug from the drug—albumin conjugate. We
evaluated the initial drug concentration in albumin solution,
supernatant concentration containing the unbound dissolved drug,
and drug-albumin conjugate, and the filtrate concentration containing
the unbound dissolved drug in triplicate by TECAN Infinite M200
Pro (Tecan Group Ltd, Germany). Details of the experimental
parameters used in the TECAN plate reader analysis are summarized
in Table S1. Finally, the drug binding percentage to albumin was
calculated using the equation

%drug bound to albumin

supernatant concentration — filtrate concentration
= X 100%
initial drug concentration
(1)

Drug Loading into the Shell of HSA MB. To prepare drug-
loaded HSA MBs, we prepared 2 and 4% (w/v) drug stock solutions
and loaded them in the shell of HSA MBs using preloading and
postloading strategies. For the preloading strategy, 100 yL of 2 and
4% (w/v) drug solutions in DMSO were added to 5 mL of DI water
containing 5% (w/v) HSA and the mixture was incubated for 30 min.
This is equivalent to molar concentrations (in mM) of 0.8 and 1.6, 0.7
and 1.4, 0.7 and 1.4, 0.7 and 1.4, 0.6 and 1.2, and 0.6 and 1.2 for
idarubicin, daunorubicin, doxorubicin, epirubicin, pirarubicin, and
valrubicin, respectively. Subsequently, the mixture was saturated with
perfluorobutane gas and sonicated in the same way as described in the
section Synthesis and Stability of HSA MB. On the contrary, in the
postloading strategy, unloaded HSA MBs were synthesized and
incubated with 100 uL of 2 and 4% (w/v) drug solutions for 30 min.
Finally, the drug-loaded HSA MBs were allowed to float because of
their buoyancy and the solution underneath was replaced multiple
times to remove the precipitates and the dissolved constituents.
Finally, the HSA MBs were suspended in 3% (w/v) HSA and stored
at RT for further use.

Quantification of Drug Loading in the Shell of HSA MBs.
Drug-loaded HSA MBs were destroyed and the encapsulated drug
was released by adding 10 uL of drug-loaded HSA MBs to 90 uL of
DMSO. The concentration of the encapusulated drug in the MB shell
was determined with TECAN Infinite M200 Pro (Tecan Group Ltd.,
Germany). The number of drug molecules per HSA MB was
calculated as

#of drug molecules/HSA MB

concentration of the encapsulated drug

molecular weight of the drug
Avogadro’s number

MB concentration ()

Statistical Analysis. Three different batches of unloaded and
drug-loaded HSA MB formulations were prepared and each
formulation was measured thrice. All values are presented as mean
+ standard deviation. Statistical analyses were performed using
GraphPad Prism 9. The results in panels A and B in Figure 2 were
analyzed using two-way ANOVA, corrected for multiple comparisons
(Bonferroni), whereas Figures 2E and 3B,C were analyzed using
multiple ¢ tests. The correlation analyses in Figure 3D—F were
performed using Spearman r correlation. A p value of less than 0.05
was considered to be statistically significant.
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Figure S1. Size distribution of HSA MB. Coulter counter results show that HSA MB has a relatively
broad size distribution.
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Figure S2. Contrast-mode US imaging of HSA MB loaded with low, medium and high levels of
anthracyclines. Qualitative and quantitative analyses showing that all MB formulations generate US
contrast upon anthracycline loading. Low, medium and high refers to the levels of anthracycline loaded
in HSA MB. Low = idarubicin, medium = doxorubicin and high = valrubicin.
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Table S1

Drug

Parameter

Idarubicin

Excitation Wavelength 478 nm, Emission Wavelength 572 nm

Daunorubicin

Excitation Wavelength 498 nm, Emission Wavelength 596 nm

Doxorubicin Excitation Wavelength 498 nm, Emission Wavelength 596 nm
Epirubicin Excitation Wavelength 498 nm, Emission Wavelength 596 nm
Pirarubicin Excitation Wavelength 498 nm, Emission Wavelength 596 nm
Valrubicin Excitation Wavelength 498 nm, Emission Wavelength 596 nm

Table S1. Experimental parameters for anthracycline analysis using fluorescence spectroscopy.
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