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(NPs) have attracted considerable inter-

est in the interdisciplinary research field
involving chemistry, physics, engineering,
biology, and medicine due to their unique
physical properties'? for early detection,
accurate diagnosis, and personalized treat-
ment of diseases.>~® The most well-studied
inorganic nanomaterials including gold
NPs, paramagnetic NPs,” quantum dots
(QDs),2° and fluorescent gold nanoclusters
(AUNCs)'® ' can be used as contrast
agents for medical imaging of computed
tomography (CT),'* magnetic resonance
imaging (MRI),">"® or fluorescence-based
imaging.'®~?* Among all imaging modal-
ities, no single modality is sufficient to
obtain all the information.?*®> NPs have
large surface areas where many functional
moieties can be incorporated for multimod-
ality imaging. The combination of MR-
detectable and near-infrared fluorescent
(NIRF) nanoprobes was investigated for
in vivo tumor imaging,?**> apoptosis,?® or
atherosclerosis.>”?® Other dual-modality na-
noprobes for PET/optical,?® MRI/optical > 32
and SPECT/MRI*® imaging have also been
demonstrated either in vitro, ex vivo, or
in vivo. Ultrasound (US) contrast technique
has recently raised great interest not
only because the contrast agents used
are of lower cost but also because it elim-
inates the need to handle radioactive mate-
rials and offers convenience for monitor-
ing patients. Commercially available ultra-
sound contrast agents comprise gas-encap-
sulated microbubbles (MBs, ~1—10 um),

In recent years, various nanoparticles
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We present a general method for converting colloidal nanomaterials into microbubbles as

ultrasound contrast agents. Protein-caged nanomaterials, made either by self-assembled

nanoparticles' protein corona or by fluorescent gold nanoclusters, can be rapidly transformed

into microbubbles via a sonochemical route, which promote disulfide cross-linking of cysteine

residues between protein-caged nanomaterials and free albumin during acoustic cavitation.

The proposed methods yielded microbubbles with multiple functions by adjusting the original

nanoparticle/protein mixture. We also showed a new dual-modal imaging agent of fluorescent

gold microbubbles in vitro and in vivo, which can hold many potential applications in medical

diagnostics and therapy.

KEYWORDS: fluorescent gold nanoclusters - quantum dots - ultrasound -

microbubbles - protein corona - bimodal imaging

which enhance transiently backscattered
acoustic signals, due to the large impedance
mismatch between the MBs and the tissues,
and enable resonant scattering.>* 3¢ In addi-
tion to successful use of MBs in clinical
diagnostic imaging (B-mode ultrasound im-
age, harmonic imaging, phase inversion
imaging),>” 3 multifunctional MBs carrying
drug-loaded NPs are successfully applied
in preclinical studies, including thrombi,
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Figure 1. Synthesis of protein-caged nanomaterials toward dual-functional microbubbles (MBs). In the left column the
synthesis of the protein-caged nanomaterials is shown. (a) Nanoparticles (NPs) with hydrophobic capping are coated with
amphiphilic poly(isobutylene-alt-maleic anhydride) derivatives, giving NP surfaces a universal negative charge in aqueous
buffer (left, top). The polycorboxylate-functionalized NPs can rapidly induce serum albumin to the self-assembled monolayer
on each NP (protein-caged NPs) through complementary electrostatic interaction. The inset in (a) illustrates that the lysine-
rich domain of albumin could be electrostatically adsorbed onto the NP. (b) As-prepared fluorescent gold nanoclusters
(AUNC@DHLA) can directly induce serum albumin to electrostatically self-assemble into a complex. Another method for
synthesizing protein-caged nanoclusters (NCs) is the “biomineralization” process, in which gold ions (AuCl, ) are adsorbed
onto protein and are reduced to NCs in situ at the physiological temperature of basic solution (left, bottom). The inset in (b)
illustrates that gold ions could bind strongly with free cysteine residues during nucleation. The right column illustrates the
dual-functional MBs made from these protein-caged nanomaterials. Ultrasound-generated cavitation and superoxide
radicals could induce cross-linking of protein-caged nanomaterials with free albumin at the air—water interface, resulting
in stable (c) NP- or (d) NC-coated MBs, which comprise an echogenic core with a functional shell.

atheroma plaques, and tumors, with ultrasound-
triggered bubble disruption and subsequent drug
release.*** Further improvement in the accuracy of
clinical assessment of a disease can be achieved by
combining US with other imaging modalities such as
fluorescence or MRI imaging.>®4”~4°

Multiple imaging modalities are realized by immo-
bilizing QDs, iron oxide, and gold NPs to the shell of
MBs.**7>° Currently, MBs coated with NPs are pro-
duced in a multistep procedure, which involves sonica-
tion of a NP and oil mixture in the presence of a gas and
subsequently transferring the bubbles into an aqueous
solution.*®®! Alternatively, NPs can be attached to
the surface of bubbles in a layer-by-layer deposi-
tion process.**>? A microfluidic strategy has recently
enabled the synthesis of monodisperse NP-loaded
bubbles via the formation of double emulsions® or a
multistep® or single-step®* LbL process, which are
complicated, low-yield, and/or time-consuming. The
development of an efficient, single-step method for
producing monodisperse MBs loaded with NPs is
highly desirable.

Herein, we report for the first time a facile ultrasonic
approach to producing protein-caged nanomaterials
coated with MBs as bimodal contrast agents. Two types
of protein-caged nanomaterials, which are prepared
either by a self-assembled protein corona around

LIN ET AL.

polymer-coated nanoparticles (referred to here as
protein-caged NPs) or by protein-caged fluorescent
gold nanoclusters (referred to here as protein-caged
NCs), can be rapidly transformed into MBs by high-
intensity ultrasound-induced emulsification and cross-
linking of protein-caged nanomaterials with a com-
mon commercially available protein, bovine serum
albumin (BSA), in aqueous solutions (Figure 1). The
sonochemical route produces MBs with a mean
diameter of 1—3 um, which can safely pass through
the microvasculature without diffusing across the
endothelium.>* The morphological transformation of
versatile nanomaterials into MBs, which comprise a gas
core surrounded by a biocompatible protein/NP shell,
forms nanomaterials with the extra ability to scatter
sound waves, offering them another modality poten-
tial in clinical application®>*® as ultrasound contrast
agents. Larger bubbles possess better scattering ability
since the intensity of scattering for nonresonant gas
bubbles is proportional to the sixth power of the radius
of the bubble.®” The rapid and simple process gener-
ates monodispersed MBs with decent stability of at
least one month (Table S2). The shell materials of MBs
can be “tailor-made” by initial concentration or type of
protein-caged nanomaterial solution, which has been
demonstrated by QDs as well as iron oxide nano-
particles (FeNPs). The NP-loaded capacity is assessed
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via confocal microscopy as well as flow cytometry. This
study also highlights the importance of thiol content
in the protein-encapsulated fluorescent AuNCs for the
ultrasonic synthesis of US/NIRF dual contrast agents.
Furthermore, we show the proof-of-concept experi-
ments of the NP-functionalized MBs as imaging agents
in vitro and in vivo. This research hereby focuses on
a detailed characterization of practically important
parameters rather than on understanding the under-
lying mechanisms.

RESULT AND DISCUSSION

Protein-Caged Nanoparticles. Figure 1a shows the sche-
matic of the protein-caged NPs used in the present
work. A general surface is required before forming the
protein-caged NPs. We have previously demonstrated
that an amphiphilic polymer coating can efficiently
transfer different hydrophobic nanoparticles into the
aqueous solution, offering them a universal surface for
biomedical application.*® According to the polymer
coating strategy,”®*° hydrophobic NPs (CdSe/ZnS QDs,
Au or Fe304 NPs) in chloroform were first mixed with an
appropriate amount of 75% dodecylamine-modified
poly(isobutylene-alt-maleic anhydride), followed by a
slow evaporating procedure to remove all the chloro-
form, and finally dissolved in borate buffer solution
(see details in the Supporting Information). The hydro-
phobic portion of such amphiphilic polymer interca-
lated with the hydrophobic surfactant on the NPs and
the hydration/deprotonization of maleic anhydride
backbone stabilizes the NPs in the aqueous buffer by
electrostatic repulsion. The bands on the gel electro-
phoresis of each polymer-coated NPs (Figure 2) are
remarkably narrow, indicating a homogeneous distri-
bution of size and charges. Upon mixing with a high
concentration of BSA solution (50 mg/mL), all the
polymer-coated NPs were significantly retarded on
the gel electrophoresis, which is attributed to the
formation of the self-assembled nanoparticle—protein
corona. We conducted a series of experiments for
confirming the corona formation and activity. If poly-
mer-coated NPs mixed with the series of diluted BSA
solution, the initial self-assembled NPs with one or two
BSA biomolecules could be separated using gel elec-
trophoresis (Figure 2a and Supporting Figure S4).
The surface plasmon absorption peak of gold NPs did
not result in any red-shift even in the most concen-
trated BSA solution, indicating no protein-induced
agglomeration®®' in these polymer-coated NPs
(Supporting Figure S6). The purified NP/protein corona
mixing with bare polymer-coated gold NPs showed
no cross-linking effect and can be easily separated
by gel electrophoresis (Supporting Figures S5, S6 and
Figure 2b). In addition, all NP—protein corona ex-
tracted from the gel showed absorption characteristics
of both corresponding NPs and proteins (280 nm).
Further evidence was found in the negative-stain
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TEM image of core—shell binding complexes of poly-
mer-coated NPs with BSA proteins, ie., the clear,
unstained layer around the NPs (Figure 2c). In the
presence of excess proteins, all the NPs with a poly-
carboxylate surface were encapsulated by proteins,
showing a high binding efficiency in a core-indepen-
dent manner.

Conversion of Protein-Caged NPs into MBs. The first air-
encapsulated MB agent approved for human use by
the U.S. FDA in 1994 was formed by sonication of 5%
serum albumin,*®®2 which is highly biocompatible. We
have shown in Figure 2 that polymer-coated NPs can
quickly form NP—protein corona via mixing in a 10%
BSA solution. When the mixture solution was irradiated
with high-intensity ultrasound (Branson, 20 kHz,
3 mm microtip horn) for 30 s at an acoustic power of
200 W cm 2, the as-prepared NP-coated MBs were
separated from the remaining proteins and NPs by
flotation and repetitive washing. By using QDs as an
example, the sonication-induced MBs contain a total of
about 2 x 108 bubbles/mL of suspension with a mean
diameter of approximately 1 um (Figure S23). Figure 3
shows the typical floating property and confocal fluo-
rescence microscopy images of the MBs loaded with
green-emitting QDs (gQD: QD-520) or red-emitted QDs
(rQD: QD-610). MBs are shown to comprise a gaseous
core (dark) and a strong fluorescent shell when excited
at 488 nm (Figure 3b). The mechanism responsible for
the formation of NP-coated MBs is the combination of
two ultrasound-induced phenomena: emulsification
and cavitation.®®> Sonication might induce intermole-
cular disulfide cross-linking between NP—BSA corona
and free BSA proteins at the air—water interface,
caused by the superoxide radicals generated during
acoustic cavitation.®* To further assess the loading
potency, MBs were examined by flow cytometry, the
results of which showed more than 90% of MBs loaded
with QDs (Figure 3c).

It is also possible to load two kinds of NPs onto the
shell of MBs at the same time. To demonstrate this idea,
equal amounts of gQD and rQD mixed in 7.5% BSA
solution rapidly form protein-caged NPs, which were
then transformed into MBs upon irradiation with a
high-intensity ultrasound. Purified MBs with/without
quantum dots were assessed by flow cytometry anal-
ysis with two emission detectors, i.e., FL1-H channel
(515—540 nm) and FL2-H channel (564—606 nm). Both
gQD and rQD can be excited by a 488 nm laser and
emit two separable fluorescent spectra with peak at
520 and 610 nm, respectively. As seen in Figure 3¢, the
quantum dot-free MBs showed few detected signals in
both emission channels. MBs produced from a QD/BSA
mixture presented only single, intense signals between
the two channels. However, MBs produced from gQD/
rQD (1:1) mixtures showed intense signals in both
channels, indicating the existence of two kinds of
QDs on each microbubble.
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Figure 2. Gel electrophoresis and TEM imaging of protein-caged NPs. (a) Bovine serum albumin (BSA) molecules were
electrostatically attached to polymer-coated 6 nm gold NPs (AuNPs). The number of BSA molecules attached per AuNP was
adjusted by changing the concentration of BSA (c(BSA)) in the following range: c(BSA)/c(Au NPs) = 0, 0.04, 0.09, 0.2, 0.4, 0.7,
1.4,3,6,12,23,46,94, 188, and 375. Gel electrophoresis was performed on 2% agarose gels for 90 min. The lanes, from left to
right, show samples with increasing BSA concentration. The AuNPs grow in size and become more retarded on the gel due to
the attachment of more BSA molecules with increasing c(BSA)/c(AuNPs) ratio. (b) Gel electrophoresis of different polymer-
coated NPs, such as AuNPs (6 nm AuNPs), iron oxide NPs (15 nm FeNPs), and green-emitting quantum dots (gQD), before (1)
and after (I1) mixing with 50 mg/mL BSA molecules. Images are taken under white light (left) or UV lamp excitation (right). The
purified NPs/BSA complexes (lll) are also included. The arrow indicates the fluorescence of unattached free BSA molecules,
which disappear upon purification. (c¢) TEM image of the protein corona layer obtained by negative staining with 2%
phosphotungstic acid at pH 7. The NPs (dark core) seem to be surrounded by a white disk of unstained proteins that stands
out against the stained background. The images from left to right are unpurified AuNP, purified FeNP, and red-emitting CdSe/
ZnS QDs (rQD), respectively. The white spots within the AuNP image are contributed by unstained BSA molecules. A Hitachi
H-7100 was operated at 80 kV. Scale bar: 100 nm.

Protein-Caged Nanodusters. Protein-caged fluorescent
AuNCs used in the present work can be formed by
either self-assembly or “biomineralization”, which is
gold ions adsorbing onto a nucleation site and miner-
alizing within the “protein cage” at the physiological
temperature. Ultrasmall fluorescent gold NCs (or
AuNCs),%® whose size typically ranges from subnan-
ometer to approximately 2 nm (core diameter), have
recently become a promising biomedical nanomaterial
because they contain no toxic heavy metals, in contrast

LIN ET AL.

to CdSe/ZnS QDs.°*%” We have previously reported
fluorescent AuNCs synthesized by precursor-induced
etching of didodecyldimethylammonium bromide
(DDAB)-stabilized gold NPs, resulting in high red lumi-
nescence upon ligand exchange with dihydrolipoic
acid (DHLA) for transfer of the product to aqueous
solution.”® DHLA-protected AuNCs (AuNC@DHLA)
can also form a complex with BSA proteins
(AUNC@DHLAP*Y) via electrostatic adsorption, as as-
sessed by gel electrophoresis (Figure 4 and Figure 1b).
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Figure 3. (Row a) Scheme (a1) and time-correlated floating imaging of quantum dot (QD)-coated microbubbles (MBs) under
daylight (a2) and UV lamp (a3). Fluorescent imaging (row b) and flow cytometry (row c) analysis of different QD-coated MBs,
which were prepared via a one-pot sonochemical protocol. MBs were produced from 75 mg/mL of BSA solution containing 0.5
#M gQDs (b1, c1) or rQDs (b2, c2) or a gQD/rQD mixture (b3, c3). Confocal microscopy images of QD-coated MBs (inset) were
obtained by 488 nm excitation with 505 nm long-pass emission and labeled with pseudocolors in green, red, and yellow,
respectively. The scale bars are 20 um. For quantitative analysis of flow cytometry (row c), all MBs carrying different QDs were
excited at 488 nm, and fluorescence signals from individual MB were collected through two band-pass filters, i.e., FL1-H
channel (515—540 nm) and FL2-H channel (564—606 nm). For comparison, a control group of MBs made from 75 mg/mL of
BSA solution was also analyzed by flow cytometry (labeled in black).

Dark field images of an unstained, freeze-dried pro-
tein—NC complex of AuNC@DHLAB* were recorded
using a scanning transmission electron microscope
(STEM facility at the Brookhaven National Laboratory)
operating at 40 kV. High-angle annular dark field
(HAADF) STEM analysis indicated that the main com-
plex formed comprised protein monomers on AuNCs
with an average size of 1 nm (Figure 4d). Fluorescent
AuNCs can be synthesized directly by a simple process
similar to the biomineralization behavior that was first
described by Ying's group.%® Upon adding gold ions
(AuCl,; ") to protein solutions such as BSA and lyso-
zyme, the protein molecules sequester gold ions via
electrostatic force (see Figure 1B), followed by a reduc-
tion of the gold ions partially through functional
ligands, which may in turn enhance the binding affinity
of the gold ions. Cysteine-rich proteins could provide a

LIN ET AL.

strong binding affinity with gold ions. Au>" ions are
more easily reduced to Au® or Au™ at basic pH than
those at physiological pH.%® Therefore, the entrapped
ions are progressively reduced to form fluorescent
AuNCs in situ by changing the reaction pH to basic
under physiological temperature. More than 5% of
cysteine (Cys) content in BSA (35 Cys/monomer) and
in lysozyme (8 Cys/monomer) might dominate the
successful formation of red-fluorescent AuNCs with a
maximum intensity located at 4.« = 650 nm through
a biomineralization process (Figure 4b and also see
details in the Supporting Information).

Conversion of Protein-Caged AuNCs to Fluorescent MBs. Pro-
tein-caged fluorescent AuUNCs were formed by either
self-assembly of AUNC@DHLA with proteins (AuNC@-
DHLAB) or intramolecular “biomineralization” of
gold NCs in proteins (AuNC@BSA, AuNC@lysozyme).

A N N 72n
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Figure 4. (a) Electrophoretic mobility of gold nanoclusters (NCs) in 2% agarose gels (7.5 V/cm electric field, 25 min running
time). DHLA-protected AuNCs and BSA molecules were run as controls in lanes 1 and 3. Lane 2 shows the result from mixing
AuNC@DHLA and BSA, i.e., AUNC@DHLA®", Lane 4 shows the samples from biomineralized AuNCs with BSA molecules, i.e.,
AuNC@BSA. (b) Photoluminescence (PL, red) and photoluminescence excitation spectra (PLE, gray) of AUNC@DHLA®* (solid
line) and AUNC@BSA (dashed line). For the PL spectrum, excitation at 488 nm was used. For the PLE spectrum, a fixed emission
at 650 nm was used. (c) High-resolution TEM and (d) HAADF STEM images of BSA molecule attached to ~1.5 nm AuNCs (i.e.,
AuNC@DHLABS?), which were isolated using gel electrophoresis and ultracentrifugation. STEM imaging clearly recorded the

complex structure of AUNC@DHLABA

comprising the unstained protein (pale scattering) and AuNC (strong scattering dots),

in contrast to TEM images showing only the imaging of AuNCs. Scale bar: 10 nm.

Free cysteine residues in the protein-caged AuNCs
are assumed to be an important requirement for the
production of stable fluorescent MBs. To prove the
concept, different BSA-caged or lysozyme-caged
AuNCs mixed with an equal amount of 10% BSA are
selected to prepare air-filled MBs by following the
standard sonochemical process and discarding the
remaining protein-caged NCs by flotation/washing
steps. Figure 5 shows the confocal and fluorescence
microscopy images of the fluorescent MBs coated with
protein-caged AuNCs. The sonochemical route can
successfully induce fluorescent AuNC-coated MBs
except in the case of AuNC@lysozyme, assessed by
confocal imaging and flow cytometry (Figure 5a, c).
The correlation between size and red emission of AUNCs
(AuNC@BSA) indicates a distribution of around 25 Au
atoms capped by cysteine residues of BSA molecules
with only a small amount of Au(l) present on the surface
of the Au core.’® Similarly, the six cysteine groups in
each lysozyme molecule of AuNC@lysozyme, which
are less prevalent on the shells of MBs, could be used
only to protect the AuNGs, in contrast to AUNC@BSA,
presenting 35 thiols groups that protect the NCs as well
as cross-link with other proteins on the microbubble
shells. The data also were in agreement with the
fluorescent microscopy results (Figure 5b).

LIN ET AL.

Test of Dual-Modal Ability Using NC-Coated MBs. For clin-
ical applications, the size of the MBs should be con-
trolled preferably to around 3 um.”® As shown above,
NP-coated MBs produced by high-intensity ultrasound
in this study have significantly reduced the process
time. In addition, their size (1—5 um) was smaller than
the dimensions of the pulmonary and systemic capil-
laries and that of MBs fabricated by microfluidic
methods,”* in which the NP-loaded bubbles (5—
20 um) were generated at a low frequency of 700
bubbles/s, although they had better size distribution.
From previous reports, NP-loaded MBs not only can
intensify nonlinear ultrasound imaging signals due to
their resistance to compression®* but also offer another
imaging modality for photoacoustic,”’ fluorescent
imaging™® or MRI*®>*72 in comparison with MBs with-
out NPs. Herein, we introduced for the first time the
proof-of-concept for bimodal ability of fluorescent MBs
coated with protein-caged AuNCs. Fluorescent AUNCs
not only can be used as biocompatible markers for
in vitro'® and in vivo® labeling but can also offer good
contrast in NIR fluorescence imaging in vivo.”®
We proved the concept of AUNC@DHLA-coated MBs
in two imaging modalities: an in vivo optical imaging
system (Xenogen VIS 200) and a clinical diagnostic
ultrasound imaging system (CGMC OPUS 5000). The
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Figure 5. Optical properties of MBs produced from different protein-caged AuNC solutions. (Row a) Scheme and flow
cytometry histograms of MBs carrying different AuNCs excited at 488 nm, and fluorescence signals from individual MBs
collected through a long-pass filter (FL3-H channel, >650 nm). (a2) Scattering signals versus fluorescent intensity. (a3) Counts
versus fluorescent intensity recorded from MBs produced from 50 mg/mL of BSA solution containing 10 M AuNC@Lysozyme,
AuNC@BSA, and AUNC@DHLABSA through a one-pot sonochemical protocol. (b) Morphology and (c) fluorescence imaging of
MBs carrying different AuNCs, obtained by inverted microscopy labeled with pseudocolor in red. Confocal microscopy images
of NC-coated MBs (inset) were obtained by 488- nm excitation with 505 nm long-pass emission. Note that all of the confocal
images were equally corrected for brightness and contrast. The scale bars are 20 um.

NP-loaded MBs produced from 0, 25, 50, and 100 uM
AuNC@DHLA in 10% BSA solution were suspended in
water and placed in a 1 cm well of 1.5% agarose gel.
Figure 6a shows in vitro ultrasound images of the
dispersion of NC-free and NC-coated MBs. A strong
contrast ultrasound image signified a strong echo-
genic signal for NC-coated MBs as well as NC-free
MBs. Contrast intensity was then significantly reduced
upon ultrasound-induced destruction of the MBs
through prolonged exposure to ultrasound imaging
(30 min).>*”* Furthermore, Figure 6b presents fluores-
cence reflectance images of different surface densities
of AUNC@DHLAB*” on the same MBs (10” bubbles/mL).
MBs carrying a higher amount of fluorescent Au NCs
exhibited enhanced photoluminescence intensity,
as shown by the quantified color images. In contrast
to ultrasound imaging, the fluorescent signals of
NC-coated MBs display no significant difference from
the ones subjected to ultrasound-induced destruction.
Similar results appeared in in vivo imaging (Figure S25).

LIN ET AL.

A NC-coated MB solution (200 uL) was subcutaneously
injected into BALB/c nude mice, and the in vivo ima-
ging was performed immediately after ultrasound-
induced destruction of MBs. NC-coated MBs without
destruction (close to left hind limb) showed intense
signals in both US and IVIS modalities, but the dis-
rupted NC-coated MBs in proximity to the right hind
limb lost the ability to produce contrast US imaging. In
our further characterization of MBs under ultrasound
exposure (Figure S27, S28), the contrast enhancement
of MBs was 11—12 dB under the condition of acoustic
pressures below 0.8 MPa. Increasing the acoustic pres-
sure to higher than 0.8 MPa significantly decreased
the contrast enhancement, indicating the occurrence
of MB destruction. The acoustic pressure of 1 MPa,
at which the contrast enhancement decreased to
about half the original level, can be referred to as
the destruction threshold of MBs. For comparisons,
our previous study showed that the commercial lipid-
based MBs SonoVue can be thoroughly disrupted
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Figure 6. (a) Bimodal imaging of fluorescent AuNC-coated MBs “before” and “after” ultrasound-induced MB destruction. MBs
produced from 100 mg/mL of BSA solution containing 0, 25, 50, and 100 M AuNC@DHLA (left to right: 1, 2, 3, and 4) loaded in
a 1% agarose well (diameter/height: 1 cm/1.5 cm) contained 107 bubbles/mL. In vitro ultrasound imaging was performed by
using a mechanical index of 0.5 and frequency of 7.5 MPa. Each MB loaded in a 1% agarose well (diameter/height: 1 cm/1.5 cm)
contained 107 bubbles/mL. All contrast-enhanced ultrasound imaging signals were significantly reduced after destruction of
MBs induced by prolonged exposure of ultrasound imaging (30 min). (b) Fluorescence reflectance images (excitation filter,
500/30 nm, and emission 700/20 nm) of MBs containing different surface densities of AUNC@DHLA, the same as the samples
with in vitro ultrasound imaging. Related fluorescent intensity is labeled with a color bar of photon counts. (c) B-mode images
at different time points, and (d) time—intensity curves for a rat brain with the skull removed after an intravenous injection of
MBs. The B-mode images are demonstrated with a color-coded overlay to represent the spatial distribution of MBs. The
time—intensity curves were analyzed for two regions of interest, in the dorsal sagittal sinus and left cerebral cortex.

under similar insonation conditions but at an acoustic cortex. The results are shown in Figure 6d and the
pressure of 400 kPa.”> One difference lies in the thick Supplementary video (Video S1). The rapid rise and
shell of around 20—30 nm, compared with ~5—10 nm relatively slow falling rates in contrast enhancement

for lipid-based MBs, as measured from the SEM image indicate the wash-in and wash-out phases of MBs,

(Figure S22). These results suggested that the NC- respectively. A maximum contrast enhancement of

coated MBs would be suitable for US/NIRF imaging 12 dB was measured in the dorsal sagittal sinus. The

as well as ultrasound-triggered MB disruption toward MBs also flowed into the capillary bed and clearly
4046

drug release. enhanced the contrast in the left cerebral cortex by
We also investigated the contrast-enhancing ability up to 6—7 dB.

of NC-coated MBs in a rat brain with the skull removed.

The experiment was conducted using a self-developed CONCLUSION

high-frequency (40 MHz) ultrasound imaging system, We have described a simple method for producing
as shown in Figure $26.7° Figure 6¢ shows the B-mode MBs coated with various types of NPs. We have also
images of the brain with the skull removed at different reported the general route for synthesizing protein-
time points after the injection of MBs. Local variations caged nanomaterials, which can be used for producing
in image contrast extracted by a high-pass interframe bimodal US contrast agents. Our previously reported
filter are demonstrated as a color-coded overlay to amphiphilic polymer, poly(isobutylene-alt-maleic and-

represent the spatial distribution of MBs. Time—inten- ydride) derivatives, not only can transfer hydrophobic

sity curves were analyzed for two regions of interest, NPs to aqueous solution but can also offer a universal

selected in the dorsal sagittal sinus and left cerebral surface for self-assembly of NPs with serum proteins,
ACINTARNTTS
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which yields the first type of protein-caged nano-
materials: a core—shell complex of NP protein corona.
The polycarboxylate polymer was used successfully
for linking inorganic colloidal NPs of different materials
(Au, CdSe/ZnS, Fes0,4) to BSA protein corona. The
polymer-coated NPs with size ranging from 2.5 to
15 nm demonstrated the universality of the approach,
in which the formation of the protein corona is only
mediated by the electrostatic interaction and does
not depend on the core materials and size. Protein-
caged AuNGCs, the second type of protein-caged
nanomaterials, can be synthesized by intraprotein
“biomineralization” or self-assembly of AuNCs with
proteins, thus resulting in high photoluminescence
in red to near-infrared emission. Both types of pro-
tein-caged nanomaterials can be rapidly converted
into MBs by a simple and straightforward sonochem-
ical route. The MBs thus obtained exhibit a small

METHODS

Experimental Setup of Ultrasound Brain Imaging. We performed
ultrasound imaging of a rat brain with the skull removed to
observe the echogenicity of AUNC@DHLA-coated MBs. The
experiment was conducted using a self-developed high-fre-
quency ultrasound imaging system equipped with a single-
element 40 MHz LiNbOj; ultrasound transducer, as shown in
Figure $26.° In brief, a two-dimensional motor (model HRS,
Galil Motion Control Inc, CA, USA) and a motion controller
(model DMC-2160, Galil Motion Control Inc., CA, USA) were used
to regulate the position of the transducer. An anesthetized
Sprague—Dawley rat was placed below the transducer, with the
skull removed (approximately 1 x 1 cm?) for ultrasound trans-
mission. As the transducer scanned over the brain, three-cycle
pulses were generated by an arbitrary waveform generator
(model AWG 2040, Tektronix, CA, USA) and amplified by a
50 dB power amplifier (model 325LA, E&I, NY, USA) to drive
the transducer at an acoustic pressure of 2.4 MPa. The same
transducer received acoustic echoes from the brain through a
diode limiter/transformer diplexer circuit (model DIP-3, Matec
Instruments NDT, MA, USA). The received signals were amplified
by a preamplifier (model AU-1114, MITEQ Inc., NY, USA) and
then digitized by a 12-bit analog-to-digital board (model
CS12400, Gage Applied Tech Inc,, IL, USA) at a sampling rate
of 400 Msamples/s. A counter/timer board (model PCI-6602,
National Instruments, TX, USA) synchronized all triggers with
the sampling clock to eliminate trigger jitter. Acquired data
were processed off-line into B-mode images using MATLAB
(MathWorks Inc.,, MA, USA) software. During the experiment,
MB solution (600 uL) at a concentration of 5 x 10” MBs/mL was
injected through the right jugular vein. A series of B-mode
images were then acquired at a frame rate of 1 fps to monitor
the perfusion of MBs.
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size as well as long-term stability, due to intermolecular
disulfide cross-linking between protein-caged nano-
materials and free BSA proteins during acoustic
cavitation. The free thiol residues in protein-caged
nanomaterials dominated the formation of nanoma-
terial-coated MBs, evidenced from the rare formation
of MBs upon sonication of AuNC@lysozyme protein
mixtures. Further, the functionalization of MBs can be
easily achieved by adjusting the original NP/protein
mixture. We also demonstrated different imaging
modalities with biocompatible AuNC-coated MBs,
used in conjunction with both in vitro and in vivo
ultrasound and fluorescent imaging. Finally, this gen-
eral method of rapid conversion of versatile nano-
materials into MBs might have many potential applica-
tions in medical diagnostics and therapy, such as
targeted diagnostic imaging and drug and gene
delivery.39'55'56'70'77

nanoparticles/protein corona; SI.1-1: General description; SI.1-2:
Chemicals; SI.1—3: Synthesis of amphiphilic polymer; SI.1—4:
Polymer coating of hydrophobic NPs; SI.1-5: Formation of
self-assembled protein corona on polymer-coated NPs; SI.1-6:
Characterization of self-assembled protein corona on polymer-
coated NPs; SI.1-6a: Monolayered protein corona formation and
reactivity; SI.1-6b: Estimating the quantities of BSA on the
nanoparticles; SI.1-6¢: Transmission electron microscope; SI.2:
Synthesis of protein-caged fluorescent AuNCs; SI.2-1: General
description; SI.2-2: Chemicals; SI.2-3: Synthesis of DHLA-pro-
tected AuNCs; SI.2-4: Synthesis of “biomineralized” protein-
caged fluorescent AuNCs; SI.3: Synthesis and characteriza-
tion of air-filled MBs from protein cage nanomaterials; SI.3-1:
General description; SI.3-2: Synthesis of MBs from protein-caged
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protein corona; SI.3-4: Flow cytometry analysis of fluorescent
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setup of ultrasound brain imaging; SI.5: Acoustic characteriza-
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MBs. This material is available free of charge via the Internet at
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