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Gas-Generating, pH-Responsive Calcium Carbonate Hybrid
Particles with Biomimetic Coating for Contrast-Enhanced

Ultrasound Imaging

Mark Louis P. Vidallon, Alon M. Douek, Adam Quek, Heather McLiesh, Jan Kaslin,
Rico F. Tabor, Alexis I. Bishop, and Boon Mian Teo*

This work reports the fabrication of biocompatible and pH-sensitive hybrid
polydopamine/bovine serum albumin/calcium carbonate (PDA/BSA/CaCO;)
particles via a rapid precipitation method. These hybrid particles generate
hyperechogenic carbon dioxide bubbles upon exposure to low pH environ-
ments, making them ideal as a contrast agent and detector for tumor cells.
This study also highlights the application of red blood cell membrane (RBC)-
derived membranes as a biomimetic coating for PDA/BSA/CaCOj; hybrid
particles in order to modulate protein corona formation, a natural physi-
ological response that alters tailored properties of most nanomaterials that
are administered systemically. Results of this work demonstrate that the RBC
membrane-coated hybrid particles are ideal for a wide range of biomedical
applications, such as noninvasive multimodal imaging, photothermal and
photodynamic therapy, and “personalized” drug delivery systems.

1. Introduction

Ultrasound imaging is one of the most powerful advancements
in noninvasive, diagnostic imaging techniques that has allowed
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clinicians and researchers to probe and
unravel delicate and difficult-to-access
anatomical structures. This technique can
provide valuable complementary infor-
mation to other structural and functional
imaging techniques, such as magnetic
resonance imaging, computed tomog-
raphy, positron emission tomography,
and single-photon emission tomography
for effective diagnostics.l! However, com-
pared with these other imaging tech-
niques, ultrasound images are inferior in
terms of image quality.) Furthermore,
similarities in the echogenicities of tissues
surrounding those of interest result in low
contrast images. This may require the use
of intravascular contrast enhancers, mate-
rials that exhibit large acoustic impedance
and dissimilar compressibility to blood, in order to scatter ultra-
sound and generate images with more detailed features of the
structures being scanned.!

Conventional ultrasound contrast agents comprise micro-
bubbles. Microbubbles, usually formulated using lipids and
other synthetic stabilizers, enhance ultrasound contrast by res-
onating with a specific frequency, which is dependent on the
bubble diameter.) Microbubbles can be functionalized with
biomacromolecules and inorganic compounds to respond to
certain types of stimuli and can be localized to specific target
tissues.l’) Recent advances in materials science have led to the
development of solid-phase ultrasound contrast agents: inor-
ganic particles that have high acoustic reflectivity; hollow par-
ticles that exhibit a stronger dynamic response compared to
solid spheres; multilayer particles that exhibit multiscattering/
reflection; and particles that generate bubbles upon exposure
to stimuli.l®@ Among these, biocompatible calcium carbonate
(CaCO;) particles can undergo decomposition to generate
hyperechogenic carbon dioxide bubbles in acidic conditions,
displaying potential as ultrasound contrast agents that can be
triggered/activated under stereotypically low tumor extracel-
lular pH.! For the same reason, CaCOj; particles and combi-
nations of these particles with polymeric and other inorganic
materials have been studied intensively for their potential
applications as pH-sensitive drug release and tumor detection
systems.

One of the challenges of nanoparticle-based ultra-
sound contrast agents, and nanoparticles in general, is the
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Figure 1. A) Particle size distribution, B) transmission electron image, and C) powder X-ray diffractogram of PDA/BSA/CaCOs;. Letters on the peaks
in the diffractogram denote crystalline phase of CaCO3: C = calcite and V = vaterite. D) SDS—PAGE analysis shows protein bands of BSA, PDA/BSA/
CaCO;, and standard protein molecular weight markers (MW ladder). E) Transmission electron image showing the PDA coating after etching CaCO3
with 1.0 m HCI. Scale bars = 500 nm. F) UV-vis absorption spectrum of PDA/BSA/CaCO; dispersion.

formation of the hard protein corona upon lengthy exposure
to systemic circulation. Adsorption of circulating proteins
onto nanoparticles can alter the physicochemical proper-
ties (size, surface charge, surface composition, and func-
tionality) of the material, conferring to these particles a
new biological identity that determines their physiological
response, including agglomeration, cellular uptake, circula-
tion time, signaling, kinetics, transport, accumulation, and
toxicity.®l This may result in the particles displaying low
response to stimuli as well as failure to reach, concentrate,
and exert their action on their target sites. A novel way to
circumvent this challenge is to apply biomimetic coating/
cloaking technology using cell membranes, including eryth-
rocytes, macrophages, thrombocytes, and lymphocytes.
The complex biological composition of the cell membrane
surface regulates the adsorption of biological components,
facilitating longer circulation time, improved biocompat-
ibility, and preventing immune-mediated degradation of
particles.

In this study, we fabricated polydopamine/bovine serum
albumin/calcium carbonate (PDA/BSA/CaCO;) hybrid parti-
cles and characterize important physicochemical properties,
highlighting their possible application in contrast-enhanced
ultrasound imaging. PDA can be obtained from the oxidative
polymerization of the catecholamine neurotransmitter dopa-
mine under basic conditions. This material is gaining popu-
larity in a variety of applications due to its biocompatibility and
excellent optoacoustic properties.'% This work also demon-
strates the application of red blood cell (erythrocyte) membrane
coating technology on the PDA/BSA/CaCO; hybrid particles to
inhibit hard protein corona formation in a simulated biological
environment.
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2. Results and Discussion
2.1. Preparation of PDA/BSA/CaCO; Hybrid Particles

CaCOj; particles can be prepared using a variety of methods,
including emulsion techniques, biomineralization, flame syn-
thesis, reactive/chemical precipitation techniques,'"! and gas
diffusion methods.'?l In this study, CaCO; hybrid particles
were prepared by chemical precipitation, using CaCl, and
Na,CO; with BSA and PDA, yielding hybrid particles with an
average hydrodynamic diameter of 572 nm (Figure 1A) and a
polydispersity index of 0.253. Transmission electron micros-
copy (TEM) images (Figure 1B) show that the hybrid particles
produced have a spherical shape with a spherulitic structure, a
characteristic of the vaterite polymorph of CaCO;.l'%1 However,
X-ray powder diffractometry shows that the obtained nano-
particles are a mixture of the polymorphs vaterite and calcite
(Figure 1C). Fourier transform infrared (FTIR) absorption
bands (Figure S1, Supporting Information) corresponding to
the functional groups of BSA and PDA presented very subtly
due to the low amount of these materials and had to be con-
firmed using other methods. BSA acts as a regulator of particle
growth by adsorbing onto the growing nanoparticle surface,
which influences the size, morphology, and polymorph phase
of the obtained CaCOj; particles. BSA can coordinate with
Ca?", increasing the local supersaturation around the protein,
favoring the formation of the metastable polymorph vaterite.
Retention of BSA in the hybrid particles, even after multiple
washings, was confirmed by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE) (Figure 1D). This may
imply that BSA molecules have been adsorbed onto the sur-
face of the formed particles or the nanograins comprising the
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Figure 2. Optical microscopy images of A) RBC membranes derived from B) RBCs by hypotonic hemolysis. Scale bar = 25 um. C) A schematic rep-
resentation of the ultrasound-mediated coating of RBC membrane around the hybrid particles. D) SDS—-PAGE analysis showing the protein bands
of bare PDA/BSA/CaCO;, RBC membranes, RBC membrane-coated PDA/BSA/CaCO;, and standard protein molecular weight markers (MW ladder).
E) Transmission electron image showing the morphology of RBC membrane-coated PDA/BSA/CaCO; hybrid particles. Scale bar = 500 nm.

spherulites, thus preventing the dissolution and limiting the
growth of the particles.'¥

PDA is a dark-colored polymer produced by the oxidative
polymerization of dopamine under basic pH conditions. Over
decades, this polymer has been extensively studied in nanopar-
ticle form, and as additives and coatings for surfaces and other
nanostructures. Further, it is regarded as a biocompatible mate-
rial with potential applications in the fields of photoacoustics,
photodynamic, and photothermal therapy.'®®1215] In this current
work, incorporation of PDA as a nanoparticle coating was con-
firmed visually by the gray to black color of the powder obtained
after concentrating and washing the particles (Figure S2,
Supporting Information). TEM imaging (Figure 1E) of the
black residue, left after etching the CaCO; using hydrochloric
acid (HCI), shows a collapsed polymer shell or film coating,
which has similar FTIR absorption bands to the reference PDA
film (Figure S1, Supporting Information).

The hybrid particles also exhibited a UV absorption max-
imum (A,,) at 280 nm (Figure 1F), similar to previously
reported PDA-mineralized vaterite'® and another A, in the
visible region at around 670 nm. Successful incorporation of
PDA into the nanoparticles can be attributed to the adsorption
of dopamine molecules to the surface of the CaCOj; particles
or via interactions of the calcium-binding catechol moieties of
PDA with the Ca?" in the mixture.l'216]

2.2. Inhibition of Protein Corona Formation by Biomimetic
Coating of the PDA/BSA/CaCO; Hybrid Particles

Red blood cell (RBC) membrane coating technology has been
utilized in various materials, including mesoporous silica,?
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gold,"” iron oxide,' and upconversion nanoparticles!®® as well
as some microstructures like micromotors® and robots.!'")
Most of these works demonstrate that the RBC biomimetic
coating can influence the degree of protein accumulation
around coated materials that are intended for prolonging sys-
temic circulation or circumventing immune responses to intro-
duced materials. RBC membranes, shown in Figure 2A, are
difficult to visualize compared to the original RBCs (Figure 2B)
from which these membranes were derived. Figure 2C shows a
schematic representation of the ultrasound-mediated technique
for the RBC membrane coating of the hybrid particles. An ini-
tial confirmatory test for the success of RBC membrane coating
of the hybrid particles was the comparison of the SDS-PAGE
protein profiles (Figure 2D) of bare PDA/BSA/CaCO;, the RBC
membranes, and the RBC membrane-treated PDA/BSA/CaCO;
hybrid particles. PDA/BSA/CaCOj; hybrid particles alone have
a prominent band between 50 and 75 kDa, corresponding to
their BSA constituent. Additional bands, corresponding to the
RBC membrane proteins (including spectrin, ankyrin, actin,
glycophorin, and other membrane proteins),?% after mem-
brane coating treatment indicates that the hybrid particles were
successfully incorporated into the RBC membranes. This was
further supported by the resulting morphologies of particles,
based on TEM imaging (Figure 2E) with almost unchanged
hydrodynamic diameters before (571.62 + 72.99 nm) and after
RBC membrane coating (575.14 + 30.73 nm). RBC membrane-
coated PDA/BSA/CaCO; hybrid particles retain the general
spherical shape of the hybrid particles, with the RBC mem-
brane appearing as a thin coating, completely encapsulating
the particles. Another observed effect of the RBC membrane
coating is a slight change in the zeta potential of the hybrid
particles, from —8.59 + 2.19 to —-10.71 * 1.39 mV upon RBC
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Figure 3. A) SDS—PAGE analysis showing the protein bands of bare PDA/BSA/CaCO3, RBC membrane-coated PDA/BSA/CaCO;, FBS, bare PDA/BSA/
CaCO; and RBC membrane-coated PDA/BSA/CaCO; after incubation in FBS, anti-FY® solution, bare PDA/BSA/CaCO; and RBC membrane-coated
PDA/BSA/CaCO; after incubation in anti-FY? solution, and standard protein molecular weight markers (MW ladder). B) A bar graph showing the zeta
potentials of bare and RBC membrane-coated PDA/BSA/CaCO; particles, before and after incubation in the model protein solutions. Statistical differ-
ences by t-test are indicated by symbols over the lines above the bars: ns = not significant (P> 0.05), ** (P < 0.01), and **** (P <0.0001). Transmis-
sion electron images showing the morphology of bare and RBC membrane-coated PDA/BSA/CaCO; hybrid particles after incubation C) in FBS and D)
in anti-FY® solution. Scale bar = 500 nm. E) A bar graph showing the amounts of protein accumulated by bare and RBC membrane-coated PDA/BSA/
CaCO; particles before and after incubation in the model protein solutions. Statistical differences are indicated by asterisk over the lines above bars,

where P <0.05.

membrane coating. This indicates alterations in the surface
composition and properties of the particles.

To demonstrate this projected effect of the RBC membrane
coating on protein corona formation, hybrid particles with and
without RBC membrane coating were incubated in protein
model solutions, 10% fetal bovine serum (FBS), and anti-FY®
solution (containing 55% human blood plasma), to simulate
their interactions with blood plasma proteins, and were then
evaluated for hard protein corona formation. SDS-PAGE
(Figure 3A) confirmed that the major protein contributor in
the protein corona formation on both PDA/BSA/CaCO; and
RBC membrane-coated PDA/BSA/CaCO3 hybrid particles are
proteins from the albumin family (My = 50-70 kDa). This
accumulation of the proteins around the hybrid particles also
resulted in a significant change in the zeta potential of the
bare PDA/BSA/CaCOj3 hybrid particles (Figure 3B). There was
no significant change in the zeta potential of the RBC mem-
brane-coated PDA/BSA/CaCO; hybrid particles after incuba-
tion in FBS; however, there is a slight but significant change
(P = 0.0087) in its zeta potential after incubation in anti-FY®
solution. TEM images (Figure 3C,D) revealed that bare PDA/
BSA/CaCOs; hybrid particles appeared to have disintegrated,
aggregated, or transformed into calcite particles after 4 h of
incubation in FBS and anti-FY® solution. Contrastingly, RBC
membrane-coated PDA/BSA/CaCO; hybrid particles only had
a slight change in morphology, including the formation of
the protein coating as well as a small number of calcite par-
ticles. The amount of protein that formed the hard protein
corona was quantified by Bradford assay (Figure 3E). After a
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4 h incubation period, the amount of coronal proteins accumu-
lated by the bare PDA/BSA/CaCOj; hybrid particles in FBS and
anti-FY® solutions were 1.8 and 1.9 times higher than that of
the RBC membrane-coated PDA/BSA/CaCO; hybrid particles,
respectively.

2.3. Application of PDA/BSA/CaCOj; Hybrid Particles
as a pH-Responsive Ultrasound Contrast Agent

CaCOj particles are an extensively studied pH-responsive mate-
rial, not only for their applicability for targeted delivery of active
substances but also for their gas-generating capacity, which pro-
vides potential as an ultrasound contrast agent for the detection
and imaging of tumor cells.”>2! These cells have slightly lower
extracellular pH levels when compared to normal cells and this
can trigger CO, production from local CaCOj;. To demonstrate
the gas-generating, ultrasound contrast-enhancing capabili-
ties of the bare and RBC membrane-coated PDA/BSA/CaCO;
hybrid particles, we scanned dispersions of these particles in
phosphate buffered saline (PBS) at different pH levels at dif-
ferent time points over 90 min. Figure 4A shows representative
grayscale ultrasound images of cross-sectional areas of sample-
loaded tubes. PBS without any of the hybrid particles at dif-
ferent pH and observation times showed very low ultrasound
contrast, whereas dispersions containing the hybrid particles
showed increasing visual contrast with decreasing pH levels.
To quantify the contrast enhancement brought about by the
dispersions, the mean grayscale values of the ultrasonographs
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Figure 4. A) Representative ultrasonograms, and bar graphs showing B) the corresponding fold increase in the mean gray values of the images (com-
pared to a PBS control) and C) the relative amounts of carbon dioxide produced by dispersions of bare and RBC membrane-coated PDA/BSA/CaCO;
hybrid particles, in PBS at different pH levels, taken at different time points. Scale bar = 2.0 mm.

obtained were measured by digital image analysis. Figure 4B
shows the fold increase in the mean gray values of the hybrid
particle dispersions, relative to their respective blanks at
different pH values. At all-time points, the normalized gray
values of both bare and RBC membrane-coated PDA/BSA/
CaCO; hybrid particles at pH 7.0 and 7.4 are significantly
lower, compared to those at lower pH values. Bare hybrid
particles at pH 6.5 had a gradual increase in gray value after
90 min; at pH 5.5 and 6.0, high ultrasound contrast was already
observed upon dispersing the particles into the buffer, which
decreased to about 15-25% of the original intensity over time.
Similar trends were also observed with the normalized gray
values of the RBC membrane-coated PDA/BSA/CaCOj; hybrid
particles over time; however, it was observed that the intensi-
ties of these coated particles at pH 5.5-6.5 were initially higher
than those of the bare PDA/BSA/CaCOj; hybrid particles. This
observed difference in the contrast enhancement between
the bare and coated hybrid particles might be due to the pos-
sibility that CO, can be entrapped and stabilized by the RBC
membranes, and that additional contrast might arise from the
RBC membranes (Figure S3, Supporting Information). The
obtained gray values, however, decreased over time, reaching
similar ultrasound contrast as the bare hybrid particles after
90 min, which can be attributed to the dissolution of CO,.
This indicates that the particles, upon exposure to a low pH
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environment (e.g., tumor extracellular conditions), can imme-
diately affect contrast enhancement. Further, it is implied that
the CO, produced is soluble in a physiological buffer, which
is advantageous in the expulsion of the gas from a biological
system.

To confirm that the visual contrast change and gray value
enhancement by the dispersion of hybrid particles in response
to decreased pH levels are indeed due to CO, generation,
we monitored the CO, production at the same time points
as when the ultrasonographs were taken. CO, was produced
by the particles at all pH values; however, only small to neg-
ligible quantities of the gas were produced at pH 7.0 and 7.4
(Figure 4C). In addition, the amount and rate of production of
CO, increased as the buffer pH decreased. The growth of CO,
bubbles and separation or rising from the dispersion might
explain why there is an inverse relationship between the CO,
detected in the headspace and the ultrasound contrast over time
at pH 5.5 and 6.0. Interestingly, CO, production was initially
lower or delayed with the RBC membrane-coated PDA/BSA/
CaCOj hybrid particles, despite the high ultrasound contrast
observed at the same time point. Starting at 60 min, at pH 5.5
and 6.0 CO, levels produced by RBC membrane-coated PDA/
BSA/CaCOj; hybrid particles were comparable to those pro-
duced by the bare PDA/BSA/CaCO;. Furthermore, at pH 6.5,
CO, production by the coated hybrid particles was lower than

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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that by the bare hybrid particles. This implies that the RBC
membrane coating might be acting as a barrier that can tempo-
rarily retain the produced CO, and/or delay or reduce the inter-
actions between acidic environment and the hybrid particles.

2.4. Zebrafish Embryotoxicity Evaluation

In vivo biocompatibility of the PDA/BSA/CaCO; hybrid par-
ticles was evaluated using the fish embryo toxicity (FET) test
under the guidelines of the organisation for economic co-oper-
ation and development (OECD).?2l Embryonic zebrafish are a
popular vertebrate model organism due to: the optical trans-
parency of the embryos, which permits easy observation of the
occurring physiological processes; high fecundity of zebrafish
that allows inexpensive analyses with high statistical reliability;
and feasibility of transgenic modification to suit the intended
purpose of the model.?3] The genetic, physiological, and phar-
macological comparability of this model to humans makes it
well suited for studying complex biological processes, including
assessment of acute toxicity responses.

Figure 5A shows the survival rate of zebrafish embryos at
different days after continuous treatment with PDA/BSA/
CaCO; hybrid particles at varying concentrations. Negligible
embryonic lethality was observed, and this was not significantly
correlated with any treatment or control group. All of the sur-
viving embryos showed normal gross morphology, depicted in
Figure 5B, indicating that the PDA/BSA/CaCOj; exhibits no
demonstrable systemic toxicity in zebrafish embryos or larvae.
This is in line with previous toxicity testing of PDA-containing
and modified materials and related compounds in other verte-
brate models.?
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Figure 5. A) Bar graph showing the survival rate of zebrafish at different
days postfertilization after treatment with different concentrations of
PDA/BSA/CaCOs. All values given are means from three experiments
with n = 10. B) Image showing a zebrafish larvae at 7 dpf with normal
gross morphology. Scale bar =1.0 mm.
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3. Conclusion

This current work demonstrates that hybrid particles from cal-
cium carbonate, polydopamine, and bovine serum albumin
exhibit pH responsiveness and ultrasound contrast enhance-
ment. These properties indicate potential applications for
noninvasive multimodal imaging for diagnosis and identifica-
tion of tumor location, for photothermal and photodynamic
therapy, and for active drug delivery applications. Furthermore,
application of a biomimetic RBC membrane coating suggests
the possibility of creating a “personalized” contrast agent and
drug carrier system, with minimal alterations in surface prop-
erties due to inhibition of protein corona formation and with a
reduced immune response elicited by administration of these
particles.

4. Experimental Section

Materials: Calcium chloride dihydrate, sodium carbonate monohydrate,
dopamine hydrochloride, BSA, sodium chloride, potassium chloride,
disodium hydrogen phosphate, potassium dihydrogen phosphate,
tris (hydroxymethyl)amino-methane hydrochloride (Tris), fetal bovine
serum (FBS), Bradford reagent, and materials and reagents used for
SDS-PAGE, such acrylamide, ammonium persulfate, SDS, N,N,N’,N"
tetramethyl-ethylenediamine, Coomassie brilliant blue, glycerol, and
glycine, were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
used as received. Analytical reagent grade solvents such as ethanol and
acetone were utilized in the study. Securacell reagent human red blood
cells were used for membrane coating experiments. Parker Laboratories
Aquasonic 100 Ultrasound Gel (ThermoFisher Scientific) was used for
ultrasound imaging.

Preparation of PDA/BSA/CaCO; Hybrid Particles: Hybrid particles
were fabricated using a combination of methods, based on the reports
of Mallampati and Valiyaveettil,?! and Kim and Park.'® A mixture
containing 16.0 mg dopamine hydrochloride, 16.4 mg Na,CO;-2H,0,
and 4.00 mL Tris buffer (10 mmol L™, pH 8.5) was magnetically stirred
for 10 min, yielding a light brown dispersion. The brown mixture was
added to a solution of 4.00 mL Tris buffer (10 mmol L', pH 8.5), 36.0 mg
BSA, and 20 mg CaCl,-2H,0. The resulting mixture was stirred for 3 min
to yield a light brown dispersion. The dispersion was concentrated by
centrifugation at 6000 x g for 2 min and washed sequentially with water,
ethanol, and acetone, prior to drying. The resulting powder was stored
at 4 °C until further use.

Preparation of RBC Membranes and RBC Membrane-Coated PDA/
BSA/CaCOj Hybrid Particles: Preparation of the RBC membranes was a
modification of the method reported by Himbert et al.?®l From a 2 mL
reagent red blood cell sample, RBCs were concentrated by centrifugation
at 3000 x g for 10 min at room temperature. The simulated blood
plasma layer was pipetted out of the tube and the remaining pellet was
washed thrice with 10 mL isotonic PBS (pH 7.4) by centrifugation at
3000 x g for 10 min at room temperature. The RBC-containing pellet
(=0.5 mL) was then mixed with 10 mL hypotonic PBS (pH 7.4). This
mixture was vortexed for 10 s to prevent clumping and then placed
immediately in an ice bath for 30 min to slow down the reclosing of
the ruptured cell membranes. The mixture was then centrifuged at
6000 x g for 20 min. The resulting supernatant was removed and
the remaining pellet was reconstituted in 10 mL of hypotonic PBS
(pH 7.4). The mixture was vortexed for 10 s and then centrifuged at
6000 x g for 20 min. This process of removal of the supernatant and
recentrifugation was repeated twice, yielding the RBC membranes as
a pink pellet. This pellet was washed three times with isotonic PBS
(pH 7.4). In order to coat the hybrid particles with RBC membranes,
10 uL RBC membrane-containing PBS solution was mixed with 1.0 mL
hybrid particle dispersion (1.0 mg mL™") in isotonic PBS and then
insonated in an ultrasonic bath for 10 min.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Particle

www.advancedsciencenews.com

Physicochemical ~Characterization of Bare and RBC Membrane-
Coated PDA/BSA/CaCO3 Hybrid Particles— Optical Properties: UV-vis
spectra of the hybrid particles were obtained using a Cary 60 UV-vis
spectrophotometer (Agilent Technologies). Fourier transform infrared
spectra of dopamine hydrochloride, BSA, PDA, and the hybrid particles
were taken using a Cary 630 FTIR spectrometer fitted with the monolithic
design diamond attenuated total reflectance accessory (Agilent
Technologies).

Dynamic Light Scattering and Phase Analysis Light Scattering:
Hydrodynamic diameters and zeta potentials of the particles were
determined by DLS and PALS, respectively, using a Brookhaven
NanoBrook Omni particle sizer and zeta potential analyzer.

Polymorph Identification by Powder X-Ray Diffractometry: CaCO,
polymorphs present in the particles were identified by their X-ray
diffraction patterns, gathered using a Bruker D8 Advance Eco X-ray
powder diffractometer with a Cu K|, radiation, running at 40 kV and
25 mA.

Analysis of Particle Size and Morphology by Transmission Electron
Microscopy: Particle size and morphology of the hybrid particles were
studied using transmission electron microscopy (FEI Tecnai T20 TEM).
Samples were prepared by drop casting 3.0 L aliquots of the particle
dispersions onto holey carbon film-coated, 300 mesh copper grids
(EM Solutions), which were then air dried for at least an hour, prior to
analysis.

Protein  Profiling by SDS-PAGE: Protein profiles of the RBC
membranes, hybrid particles, and RBC membrane-coated hybrid
particles were studied using the 12% denaturing SDS-PAGE method.

In vitro Protein Corona Studies: Protein corona formation on the
synthesized bare and RBC membrane-coated PDA/BSA/CaCO; hybrid
particles was explored using a method similar to that described by
Rao et al.l®®! An isotonic PBS (pH 7.4) mixture containing 1.0 mg mL™
particles and the model protein solution was mixed for 4 h at room
temperature, then centrifuged and washed with isotonic PBS (pH 7.4).
Model protein solutions used in the experiments were 10.0 mg mL™
FBS, and anti-FY* solution (Immucor, Inc.), containing 55% human
blood plasma. The resulting pellets were saved for analysis. Changes
in the particle size and zeta potential were evaluated using DLS and
PALS, respectively. Changes in particle morphology were studied using
TEM. Protein profile and contents of the untreated particles, and corona-
coated particles were determined using 12% denaturing SDS—PAGE and
Bradford assay.?’]

Ultrasound and pH Response Evaluation: To quantify the ultrasound
contrast that may arise from the particles, dispersions of the particles
(4.0 mg mL™") in PBS at different pH levels (5.5, 6.0, 6.5, 7.0, and 7.4)
were loaded into 5.0 cm polyethylene tubes (2.0 and 3.0 mm inner
and outer diameter, respectively). The tubes, embedded in a lump of
ultrasound gel on a paraffin platform, were imaged using a Vevo 2100
Ultrahigh Frequency ultrasound scanner with a 40 MHz ultrasound
transducer at different time points for 90 min. Ultrasound images were
recorded and processed into grayscale images for quantitative image
analysis using Image) %l

To evaluate the CO,-generating capacity of the hybrid particles,
dispersions of the hybrid particles in PBS at different pH values
(4.0 mg mL™", 300 pL) were placed into 2 mL vials with bonded-in
polytetrafluoroethylene/silicone septa. Carbon dioxide gas, generated
in the headspace, was monitored by gas chromatography using an
Agilent 7890A gas chromatography (GC) system, coupled with a thermal
conductivity detector. Chromatographic separation was performed using
an HP-PLOT Molesieve GC column (Agilent). Helium was used as
carrier gas (99.999% purity) at a constant flow rate of 3.0 mL min~". The
chromatographic conditions were: oven temperature program, 150 °C
(hold 1.50 min); injector temperature, 120 °C; injection volume, 100 uL;
and split ratio, 10:1.

Zebrafish Embryo Toxicity Assay: All experiments using zebrafish were
assessed and approved by the Monash University Animal Ethics Committee
and were conducted under applicable Australian laws governing the care
and use of animals for scientific research. Wild type zebrafish (Danio
rerio) embryos from the Tiibingen strain were collected immediately after
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fertilization and were maintained according to standard protocols?! until
24 h postfertilization (hpf). Embryos were then manually dechorionated
and subjected to 3.0 mL of selected treatment with PDA/BSA/CaCO,
particles in E3 media or E3 media alone as a control solution in a six-well
plate (n = 10 embryos per well). Tested concentrations of PDA/BSA/
CaCOj; were 20, 40, 60, 80, and 100 pug mL™". Embryonic/larval survival
was scored daily from 48 hpf to 7 d postfertilization (dpf), as were the
presence of any gross morphological abnormalities at these time points.

Statistical Analyses: Statistical tests, including t-test and two-way
analysis of variance followed by Tukey’s multiple comparisons test, were
performed using GraphPad Prism version 8.0.0 for Windows, GraphPad
Software, San Diego, California, USA, www.graphpad.com

Supporting Information

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