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ABSTRACT: Glioblastoma (GBM) is one of the deadliest and most invasive
brain cancers/gliomas, and there is currently no established way to treat this

disease. The treatment of GBM typically involves intracranial surgery followed by ’)JJ

Nanobubbles
Glioblastoma

chemotherapy. However, the blood—brain barrier (BBB) impedes the delivery of

the chemotherapeutic drug, making the treatment challenging. In this study, we

embedded a chemotherapeutic drug and other nanomaterials into a nanobubble Tastorin
(NB), utilized active tracking and other guidance mechanisms to guide the
nanocomposite to the tumor site, and then used high-intensity focused ultrasound
oscillation to burst the nanobubbles, generating a transient cavitation impact on
the BBB and allowing the drug to bypass it and reach the brain. FePt enhances the
resolution of T2-weighted magnetic resonance imaging images and has magnetic
properties that help guide the nanocomposite to the tumor location. FePt
nanoparticles were loaded into the hydrophobic core of the NBs along with
doxorubicin to form a bubble-based drug delivery system (Dox-FePt@NB). The
surface of the NBs is modified with a targeting ligand, transferrin (Dox-FePt@NB-Tf), giving the nanocomposite active tracking
abilities. The Dox-FePt@NB-Tf developed in the present study represents a potential breakthrough in GBM treatment through
improved drug delivery and biological imaging.
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B INTRODUCTION water to pass through. The BBB is crucial in protecting the

Glioblastoma (GBM) is an aggressive type of brain cancer that brain from pathogenic inflammation and infections; however, it

has several different treatment methods but remains very also prevents most chemotherapeutic drugs from entering the

difficult to treat. > Currently, the primary treatment method brain, making intracranial treatment difficult. Other techniques
includes surgical treatment followed by radiation therapy and deliver drugs into the brain, but they have drawbacks, including
then chemotherapy, and the treatment can consist of one or all high invasiveness, nonlocal administration, and permanent
of these treatments.” ® The treatment of GBM usually involves brain damage.” """ To overcome the BBB, recent studies have
surgery and radiotherapy to remove the tumor followed by shown that high-intensity focused ultrasound (HIFU)
chemotherapy to help clean the remaining cancer cells. This oscillations break ultrasonic contrast reagents,' ~"* such as
progress is generally the preferred treatment method due to its nanobubbles (NBs), creating temporary cavitation on the BBB
lower risk of side effects and learning curve in patients. and allowing the drugs to pass through and be delivered into

Although chemotherapy is considered for treatment after
surgery, it also tends to show inferior effectiveness because the
blood—brain barrier (BBB) prevents more than 98% of
chemotherapeutic drugs from entering the bloodstream to
the brain. The BBB is a semipermeable membrane that is
composed mostly of endothelial cells with astrocytes and
basement membranes.” These cells create a boundary between
the brain and the bloodstream that filters foreign substances,
preventing them from entering the brain, and allows only
essential nutrients such as oxygen, amino acids, glucose, and

the brain locally and noninvasively."*™'® When GBM is
generated and grown in the brain tissue, it will cause
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irregularities in the BBB. However, the BBB structure of early
generation GBM has not been significantly destroyed, which
also makes opening the BBB through ultrasound a means of
early drug delivery. "~

The drug enters the patient’s bloodstream, where it is guided
by high-precision HIFU guidance until it reaches the brain,
where the ultrasonic energy breaks the NBs.”*~** NBs allow
the drug to be effectively delivered to the brain, where these
particles generate small and transient cavitation in the BBB
when exposed to ultrasonic oscillation.”® The cavitation effect
is caused by the difference between the internal gas medium
and the liquid environment, which, in turn, opens the BBB
structure.”” The temporary cavitation in the BBB allows the
chemotherapeutic drug, doxorubicin, to reach the brain and
treat brain GBM. This treatment allows the monitoring of drug
release as well as brain tumors, epilepsy, and other
degenerative diseases in the brain."> A study has demonstrated
that transferrin receptors (TfRs) are overexpressed on brain
capillary endothelial cells (a major part of the BBB) and
malignant brain tumor cells.”® Therefore, Tf-conjugated
nanomedicine delivery systems are used to allow NBs to
accumulate around the BBB and GBM. TfRs mediate the Tf-
bound iron entry into cells and initiate the formation of an
endosome.”*** Ton exchange phenomena similar to this
mechanism can be seen commonly in nerve cells, where the
upregulation of TfRs facilitates GBM cell proliferation.”” Iron-
platinum (FePt) nanoparticles also act as a magnetic resonance
imaging (MRI) contrast reagent and are encapsulated in the
NB and delivered to the brain to assist in imaging tracking,
which is very helpful in the interpretation and diagnosis of
GBM.>"™** High-resolution imaging diagnoses also increase
the accuracy and speed of GBM diagnoses.” Current imaging
examinations include MRI, computed tomography (CT),
electroencephalography (EEG), and cerebrovascular photog-
raphy.**7*® MRI uses magnetic fields to create images of the
brain, and it is the most useful form of imaging to diagnose
GBM because it allows visualization through the skull and
other tissues. MRI also allows the visualization of tumors and
blood vessels at the same time, a feature that is important to
analyze the spread and metastasis of GBM cells.”” It is also
more sensitive than CT, making it better for imaging smaller
tumors. Adding additional contrast reagents near the tumor
site improves the resolution of the MRI image, which allows us
to see the GBM tumor more clearly.”*™*

This study is the first to combine nanomaterials (to
overcome the BBB with targeted tumor-tracking ability),
chemotherapeutics, and MRI contrast agents all in one
nanocomposite, Dox-FePt@NB-Tf. Dox-FePt@NB-Tf enters
the body via intravenous injection and accumulates in the brain
region through magnetic induction. This nanoplatform was
labeled with Tf ligands and treated with HIFU at the same
time to achieve the active effect of drug accumulation. After
ultrasonic treatment, the NB rupture causes a transient
cavitation effect that temporarily opens the BBB, where the
targeting effect of Tf allows the remaining nanocomposites and
Dox to accumulate on GBM for chemotherapy. FePt is
transported into the brain alongside Dox in the NB and allows
long-term MRI tracking and a high signal-to-noise ratio to
improve the resolution of biological images. The nano-
composite developed in this study breaks through the BBB
for drug delivery, effectively imaging and tracking the brain
tumor, and can target GBM tumor cells to enhance the
therapeutic effect of GBM treatment.

B EXPERIMENTAL SECTION

Synthesis of FePt NPs. Fe(acac); (0.75S mmol) and Pt(acac),
(0.5 mmol) were used as the reaction precursors and were added to
the reaction solvent tetraethylene glycol (30 mL) in a SO mL flask.
Argon was introduced into the flask for 30 min for gas replacement.
The mixture was heated slowly at 5 °C per minute until the solution
reached 200 °C. After holding at 200 °C for an hour, an oleic acid
surfactant (1 mL) was added to the mixture. After allowing the
mixture to stand at 200 °C for another 30 min, the solution was then
heated at 5 °C per minute until it reached 300 °C. During the heating
process, the color of the solution was observed to change from
blackish red to black, indicating that FePt nanoparticles (NPs) had
formed. The mixture was given an hour to reflux, and then ethanol
was added. The mixture was then centrifuged at 6000 rpm for 1 h
before the procedure for particle purification was carried out. The
particles had precipitated due to the increased polarity of the solvent,
and the purified FePt NPs were washed five times before being dried,
leaving just a black powder that was hydrophilic-phase FePt NPs.

Synthesis of NBs. Three different phospholipids were used to
synthesize NBs: DPPC, DPPA, and DSPE-PEG2000-amine. The
three phospholipids were combined and dissolved in 4 mL of
chloroform. The mixture was given time to evaporate and form a
phospholipid film. A surfactant with glycerol (10%) and pluronic F-
127 (8 mg) was added to the phospholipid film and placed in a
shaking incubator for 1 h at 37 °C. The solution was then sonicated
under N, and C;F; gases for 2 min to agitate the particles and form
the C;Fg-cored NBs, which were stored at 4 °C.

Synthesis of FePt@NB. The synthesis of FePt@NB was similar to
that of the NBs. The same procedures were followed to create the thin
phospholipid film. After the film had formed, instead of adding only
the surfactant to the phospholipid film, the surfactant was added
alongside 0.4 mg of FePt and simultaneously mixed with the thin film
on a shaking incubator at 37 °C for 1 h. The solution was then
sonicated for 2 min as before to form FePt@NB. The samples were
once again stored at 4 °C.

Synthesis of FePt@NB-Tf and Dox Encapsulation (Dox-
FePt@NB-Tf). First, an NHS-ester activation process was used for
DSPE-PEG2000-amine modifications. EDC (0.4 mg) was added
directly to 1 mL of transferrin (Tf). NHS (0.6 mg) was added to the
reaction, and the reaction components were mixed well and reacted
for 15 min at room temperature. DSPE-PEG2000 was added to the
solution containing activated Tf, and the solution was mixed well to
allow the reaction to proceed for 2 h at room temperature. The
product was the phospholipid Tf-DSPE-PEG2000, the new precursor
to synthesize the NBs. For doxorubicin (Dox) encapsulation, 52.5 nM
Dox and 0.4 mg of FePt were added to this thin-film suspension
before hydration. The suspension was sonicated for 2 min in an ice
bath and inflated by octafluoropropane (C,Fg) in the bubble
formation process. The as-prepared NBs were extruded using a 0.45
um pore syringe filter. Before bubble extrusion, Dox-FePt@NB-Tf
was dialyzed using a Cellu-Sep (Dongil Biotech, Seoul, Korea) T1
membrane at 4 °C for 2 h.

Magnetic Vibration and MRI Analysis. A vibrating sample
magnetometer (VSM) measures the magnetic field and moment of
the material by placing the sample at a fixed frequency in the direction
of a certain vertical magnetic field. An electromagnet generated the
magnetic field. Two sets of coils were mounted on the two poles of
the electromagnet to measure the changes in the magnetic field, and
the voltage signal may be induced to obtain a hysteresis curve. The
magnetic properties of the FePt@NB nanocomposites were measured
using a VSM at normal room temperature with an applied magnetic
field of 16,000 to —16,000 Oe. T2-weighted MRI was performed
using the multi-slice multi-echo (MSME). method (TR/TE = 8000/8
ms; slice thickness = 1.5 mm) using a 7 T scanner (in vivo BRUKER
Biospec 7 T 40 cm bore horizontal MRI system; Karlsruhe,
Germany). For in vivo MRI T2-weighted imaging and the parameter
settings for a 7 T magnetic field, we set echo spacing = 8 ms, TE = 15
ms, FOV = 6.5 X 6.5 cm? matrix size = 256 X 256, NEX = 2, and
concentration of added FePt@NB = 0.1—1.6 mM.
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Evaluating the Expression of TFRC1 in TCGA, Rembrandt,
and the Human Protein Atlas Database. The related TFRCI
expression was analyzed from the Gene Expression Profiling
Interactive Analysis (GEPIA, http://gepia.cancer-pku.cn/) and the
GlioVis website (http://gliovis.bioinfo.cnio.es/). The GEPIA website
is based on the UCSC Xena project (http://xena.ucsc,edu) with the
standard pipeline from the Cancer Genome Atlas (TCGA) database,
including brain tumors. The GlioVis website is included in the
Rembrandt microarray database, which contains 874 glioma speci-
mens, including 566 gene expression arrays, 834 copy muner arrays,
and 13,472 clinical phenotype data points. In this study, we compared
the related expression of TFRC1 in brain tumor patients based on the
TCGA and Rembrandt datasets. The TFRCI1 expression level
demonstrates in the Human Protein Atlas (HPA) dataset to compare
the difference between a normal brain tissue and GBM by the
histochemical staining evaluation (https: //www.proteinatlas.org/
ENSG00000072274-TFRC).

Cellular Uptake and Localization Analysis. Approximately
20,000 cells/mL SVG p12 or DS4MG cells was plated on a well plate
slide for 12 h, and 250 pg/mL FePt@NB or FePt@NB-Tf was added
to the culture followed by incubation at 37 °C in 5% CO, for 12 h.
The cells were washed with 10 mM phosphate-buffered saline (PBS;
pH 7.4) and fixed in 4% paraformaldehyde to maintain their intrinsic
form. The dye DAPI was added for nuclear staining. After 5 min of
incubation, the dye was removed and observed using laser scanning
confocal microscopy (LSCM). The DAPI-stained nuclei were excited
at 408 nm, and the emission image was detected at 450—500 nm.
FePt@NB and FePt@NB-Tf were also stained with the labeling dye,
Dil, which is excited by 550 nm green light, and its emission was
detected as a yellow to orange fluorescence at 565 nm.

In Vivo Phototherapeutic Effect. The Institutional Animal Care
and Utilization Committees of Academia Sinica approved all the
animal experiments (IACUC no. 16-05-957). The NOD-SCID (NS)
mouse experiment was divided into two parts: one part was a
subcutaneous tumor injection assessment, and the other part was an
orthotopic brain tumor injection evaluation (the detailed MRI
information of the mice is mentioned in the Supporting information).

Subcutaneous Tumor Injection. The DS4MG GBM cancer cell
line (5 X 10° cells/100 uL) was injected subcutaneously into the right
thigh of the mouse. The control, FePt@NB, Dox-FePt@NB, and
Dox-FePt@NB-Tf nanocomposites (100 mg) were intravenously
injected into the tumors when the latter had grown to 125 mm®
during the fourth week. The drug administration process used 10 mg/
kg samples for the treatment of each mouse via intravenous injection
Iv.).

Orthotopic Brain Tumor Injection. Initially, the head surface of an
anesthetized mouse was disinfected with 70% alcohol. The hair on the
head was shaved, and a 10—15 mm sagittal incision was made with a
sterile scalpel. The optimum number of cells injected (5§ X 10°
DS54MG cells) was resuspended in 3—5 uL of PBS. The syringe was
slowly lowered to a depth of 3 mm below the surface of the skull.
After the needle entered the brain, the cells were penetrated slowly via
an electric pump at a rate of 1 yL per minute for 6—8 min to avoid
any backflow. The samples were injected into the mice, as described
above. The only difference was the use of a magnet to guide the
materials to accumulate in the brain tissue and treatment with
ultrasonic energy to break the BBB and send the drug into GBM cells.

Histochemical Staining (Hematoxylin and Eosin Stain) and
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). All
the tumors were acquired after 10 weeks. The tumor sections were
formalin-fixed and paraffin-embedded. Cross sections of the tumor
were stained with hematoxylin and eosin (H&E). Each tumor taken
from the formalin-fixed, paraffin-embedded tissues was selected using
the morphology that is typical for the diagnosis. A Leica STS010
Autostainer XL (Wetzlar, Germany) was used for H&E staining.
Briefly, the sections were dewaxed in a 60 °C oven, deparaffinized in
xylene, and rehydrated in graded alcohol. All the stained tumor
sections were observed using a Leica Aperio AT2 scanner. For the
ICP-MS (X series II, Thermo) analysis, the Fe> element was chosen
to confirm the biodistribution and test the DOX-FePt@NB-Tf. The

26761

tissue (S mg) of each organ (especially the brain tumor) was dissolved
in nitric acid at 60 °C overnight. After the tissue dissolved, the buffer
was used to dilute the sample solution with a concentration of
1:10000. The diluted sample solution was passed using a Millex-GN
filter (0.2 ym, nylon 13 mm) to remove impurities and obtain the
analytical sample for ICP-MS.

B RESULTS AND DISCUSSION

Characterization of the Basic Physical Structure of
FePt@NBs. To characterize the basic physical structure of
FePt@NBs, we designed and performed the procedures of the
Dox-FePt@NB-Tf nanosystem in the vessel (Figure 1). The

N,

Nanobubbles —=¢ Blood-Brain Barrier

Glioblastoma

Transferrin
Receptor

Figure 1. Design of the nanosystem for glioblastoma cell treatment.
The targeted system, Dox-FePt@NB-Tf, can be guided using
magnetism and ultrasound to treat glioblastoma.

nanosystem comprising Dox and FePt NPs embedded in NB
carriers accumulated at the GBM tumors using Tf/TfR
targeting. Ultrasonic induction was used to break the surface
of the BBB and cause brief cavitation, allowing the Dox drug
and FePt NPs from the NBs to pass through the BBB to treat
and track (with MRI) the treatment effect of GBMs. Figure 2a
shows the structure of Dox-FePt@NB-Tf, which was used as
the magnetic and ultrasonic theranostic guidance platform.
After the FePt NPs were encapsulated in the lipid precursors
and functionalized with transferrin, FePt@NB-Tf was analyzed
using several different methods. Transmission electron
microscopy (TEM) was used to measure the size and d-
spacing of FePt NPs, which had a diameter of approximately
3—S5 nm and a d-spacing of 0.3 nm (Figure Slac). To
determine the crystal plane of FePt NPs, the TEM image was
differentiated by the selected area electron diffraction (SAED)
pattern and peaks (111) and (200) were matched in the X-ray
diffraction (XRD) pattern (Figure S1d,e). A scanning trans-
mission electron microscopy energy-dispersive spectrometer
was used to confirm that the Fe and Pt elemental ions showed
specific alloy distribution and that they had successfully formed
FePt NPs (Figure S1f)i). The characteristics of the NBs were
evaluated using TEM, SEM, and confocal microscopy. We
synthesized the core—shell structure of Dox encapsulated in
NBs using a C;Fg hydrophobic core and the three
phospholipids DPPC, DPPA, and DSPE-PEG2000-amine as
the shell (Figure S2ab). The lipid surface of the NBs was
doped with a Dil dye, which formed a red fluorescent circle
around the lipid layer of NBs when examined by confocal

https://doi.org/10.1021/acsami.1c04990
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Figure 2. Basic material identification of Dox-FePt@NB-Tf. (a)
Schematic diagram of the combination of nanomaterials to form the
nanocomposite material Dox-FePt@NB-Tf. (b) TEM (transmission
electron microscopy) image of FePt@NBs and (c) zoomed-in image
on a single FePt@NB to prove that FePt NPs are embedded in the
NB. (d) Zeta potential and DLS test the surface potential and size of
various particles. (e) Schematic diagram of the ultrasonic equipment
setup that was used to obtain ultrasonic images of each sample in the
96 wells. (f) Ultrasonic images of FePt@NB in a concentration
gradient over time when exposed to ultrasound. (g) TEM image of
FePt@NB with a fractured NB after ultrasonic treatment for 4 min.

microscopy (Figure S2c). Herein, Figure 2b presents the TEM
images of FePt@NB, indicating that uniform singlet NBs were
evenly dispersed throughout the copper mesh. A typical
liposphere was approximately 200 nm in size. Image enlarge-
ment showed that the FePt NPs were encapsulated in the
cavity of the NBs (Figure 2c). The size and surface electrical
distribution of the nanoparticles were detected using dynamic
light scattering (DLS) and the zeta potential (Figure S3a,b). In
Figure 2d, the almost uncharged FePt NPs had a particle size
of 50 nm. The aggregation of FePt in water produced a
significant increase in the hydration radius. After the FePt NPs
were embedded in the NBs, they had a particle size of
approximately 200—300 nm, which matched the TEM image
due to uniform dispersion. Adding FePt NPs to the NBs
showed an insignificant effect on their particle size. The NB
surface was also negatively charged because it is a lipid layer.
Figure 2e shows a schematic diagram of the ultrasonic device.
We divided the ultrasonic test group into two groups. The first
group was tested immediately after the ultrasonic wave broke
the FePt@NB. The concentration of the solution was kept
constant at 1 mM, and the FePt@NB sample was processed by
the ultrasonic wave for 0, 2, 4, 6, 8, and 10 min. The bubbles
began to rupture after about 6 min (Figure 2f), and the
ultrasonic signal that was generated by the FePt@NBs was no
longer observable after 10 min.

Next, 4, 2, 1, 0.5, 0.25, and 0.125 mM FePt@NB solutions
were used for the test, and consecutive TEM images at
different time points are shown in Figure S4ab. The results
showed that the ultrasonic contrast agent likely had a
concentration sufficient to generate echo information to be
detected by the transducer. We also treated 1 mM FePt@NBs
with ultrasound for 4 min and observed them by TEM. A TEM

image of a nanobubble broken with ultrasound is shown in
Figure 2g.

Magnetic Properties of FePt@NB. FePt has excellent T2-
weighted MRI imaging capabilities. As a hard magnetic
material, it has ferromagnetism and high magnetocrystalline
anisotropy.*" It has also been applied extensively in biomedical
fields. The superparamagnetism of FePt NPs makes them
attractive candidates for use as MRI/CT scan agents and as a
high-density recording material. An MRI image of FePt and
Fe;0, is shown in Figure SSa. Compared with Fe;O,, FePt has
a higher magnetic out-of-phase constant Ku value and
saturation magnetization than other materials."* T2-weighted
MRI images using a FePt concentration of at least 0.64 mg/mL
showed noticeable quality advantages compared with T2-
weighted MRI images without FePt. A significant MRI
variation was also achieved in quantifying the T2-weighted
values (Figure SSb).

In Figure SSc, which shows the linear regression of 1/T2, R*
is 17.18 mM™" 57!, indicating that FePt NPs can reduce the
lateral relaxation time and serve as a contrast agent for MRI to
reduce the signal strength of magnetic resonance. The
saturation magnetization of FePt (Figure S5d) measured
using a vibrating sample magnetometer (VSM) was 9.745
emu/g and showed a paramagnetic magnetic behavior. NBs
were used as an encapsulation vehicle, and the experimental
design using MRI for mouse evaluation is demonstrated in
Figure 3a. The measured FePt@NB nanocomposites revealed

~ FePt@NB ) (c)®
25

Hei: 105.64 O
Ms: 6.794 emulg

YT, (57)

y =29.321x + 7.4015
R?=29.32 (mM"s)

R 5

0 02 04 06 08
Concentration (mg/mL)

20000 -15000 10000 5000 5000 10000 15000 20000

Field(G)

\ FePt@NB
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L=~
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L

FePt@NB l

w/ magnet

FePt@NB
Control . wlo magnet

Figure 3. T2-weighted MRI and ultrasonic tumor imaging. (a)
Schematic diagram of ultrasonic and magnetic guidance MRI. A
magnet guides the FePt@NB to the tumor site. Next, a HIFU
transducer creates an ultrasonic wave to break the NB and release
FePt. (b) VSM curve of FePt@NB (inset: the enlarged curve between
—300 and 300 emu). (c) T2-weighted calibration curve of FePt@NB.
(d—f) T2-weighted MRI images of tumor contrast evaluation. The
MRI image of the tumor site is the brightest in the control group, and
it is darker in the FePt@NB group. In the FePt@NB group with the
magnet, the tumor site is even darker than both previous groups. (g—
i) The ultrasonic images demonstrate that NBs can be applied for
tumor imaging as they darken the tumor region.

an R? value of 29.32 mM ™" 5! and a saturation magnetization
of 6.794 emu/g, indicating that the MRI signals of FePt@NB
and FePt NPs are not significantly different (Figure 3b,c).
FePt@NB is useful in two different types of image-rendering
techniques. The first involves using MRI and ultrasonic image
processing simultaneously. For this imaging technique, FePt@
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Figure 4. Evaluation of active transferrin targeting. (a) Schematic diagram of Tf attaching to TfR, which actively transports it into GBM. (b)
Western blotting results show the amounts of TfR present in different cell types. (c) Confocal images of FePt@NB stained with DAPI and
fluorescent Dox in DS4MG and A172 cells. Cryo-EM images of DS4MG cell slices show different (d) control and FePt@NB groups. The yellow
arrows point to the FePt@NB particles in DS4MG cells. (e) Flow cytometry plots show the trend of endocytosis with targeting Tf in DS4MG and

Al72 gliomas.

NB makes it easier to distinguish the tumor location and aids
analysis by improving the image resolution. Figure 3d,f shows
MRI images of mice. DS4MG cells were the test cells used in
this experiment, and 5 X 10° DS4MG cells were implanted
under the skin of the right thigh of the mouse. After 3 weeks,
FePt@NB was injected intravenously into the mice at doses of
10 mg/kg. MRI was used to observe the tumor shape. After
FePt@NB was injected and guided to the tumor site by
attraction to a magnet, a clear dark-field contrast was obtained
using a 7 T MRI machine and showed that FePt@NB had
produced significant changes in the T2-weighted MRI images
of the mouse system.”> Moreover, the T2 cortex SNR was used
to quantify the subcutaneous groups of control, FePt w/o the
magnet, and FePt w/ the magnet and the values are 92, 75, and

26763

63, respectively. Compared with the control group, this can
increase the signal of T2 contrast by 32% after being attracted
to an external magnetic field. Figure 3g,i shows ultrasound
images. In contrast to the control group, the appearance of a
tumor edge was obtained immediately after the addition of
FePt@NB. After using a magnet to actively guide the NBs to
the tumor site, the ultrasonic signal of the bubbles showed that
the NBs had accumulated at the tumor site.

Targeting Ability of Transferrin (Tf) for Glioma Cell
Lines. The expression of TFRC1 (transferrin receptor 1, TfR)
can be evaluated in the TCGA and Rembrandt (Repository of
Molecular Brain Neoplasia Data) datasets to provide clinical
relevance of TfR expression in human glioma samples. In
Figure S6a)b, we compared TfR expression of low-grade vs
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What Is DAPI?
DAPI, or 4',6-Diamidino-2-Phenylindole, Dihydrochloride, is a commonly used fluorescent dye that binds to double-stranded DNA (dsDNA).

What Does DAPI Stain?
DAPI binds to and ‘stains’ double-stranded DNA, preferably binding to A-T-rich regions in DNA. DAPI stain is excited by ultraviolet (UV) light, with its largest excitation wavelength at ~360nm, and it produces a vibrant blue color with its largest emission wavelength at ~460nm when bound to DNA. Due to its fluorescent properties and rich blue color, it is readily used for visualization in fluorescence microscopy and other assays. Because it can pass through the cell membrane and stain DNA, DAPI is a useful dye for nuclear quantification and has been utilized in numerous assays, such as live or fixed cell staining, cell viability assays, flow cytometry, cell cycle analysis, mycoplasma contamination detection and in fluorescence microscopy. Because of its wide range of applications, Boster offers an affordable DAPI stain solution (Catalog# AR1176) that has been validated and cited in several publications.

What Is DAPI Staining Used For?
Cell cycle analysis & flow cytometry

Since DAPI binds to DNA, it can be used to determine the relative amount of DNA in cells for cell cycle analysis. Cells currently in the G2 phase of mitosis will have twice the amount of DNA as cells in the G1 phase of mitosis, which will be reflected in the amount of fluorescence from DAPI in each cell. Apoptotic cells will have less DNA than a single cell, since DNA is being degraded, and will be reflected in the decreased amount of fluorescence. Cells processed with DAPI can then be analyzed with flow cytometry using a UV laser at ~360nm to determine the fluorescence per cell. Relative fluorescence will correspond with the different stages of the cell cycle. Live or fixed cells incubated with DAPI can be processed via flow cytometry, though live cells have a lower efficiency of DAPI staining.

DAPI live cell staining

DAPI has the benefit of staining both live and fixed cells. In order to stain live cells, though, the concentration of DAPI must be increased. Common DAPI live cell staining protocols generally involve incubating cells with DAPI stain for approximately 10 minutes, then visualizing cells under a fluorescent microscope.

Mycoplasma detection

Mycoplasma is a type of bacteria without a cell wall that contaminates cell culture. Mycoplasma cannot be visualized by simply looking at cells through the microscope, but this contamination is often suspected due to changes in cell growth, viability, and other alterations in cell lines. One simple method of detecting mycoplasma presence in cell culture is by staining cells with DAPI. Cells without contamination will only show fluorescent DAPI staining within the nucleus, but cells with mycoplasma contamination will also have DAPI staining outside of the nucleus. This simple visualization with DAPI, performed on a regular basis, can help ensure your cell culture remains free of mycoplasma.

DAPI in fluorescence microscopy

DAPI is commonly used in fluorescence microscopy due to its ease of use and bright blue color. Utilizing DAPI-stained cells in fluorescence microscopy enables researchers to visualize the nucleus. Common protocols call for either live or fixed cells. Fixed cells are typically incubated in DAPI for 5-10 minutes, then rinsed in PBS or TBS-T multiple times to remove excess stain. Once mounted, antifade reagents can be added. Samples can then be visualized under a fluorescence microscope with a blue/cyan filter for DAPI. To note, the excitation wavelength for DAPI stain is 360nm. For more information, Boster offers a simple protocol for staining fixed cells, tissues, adherent, and suspension cells using our DAPI stain.

DAPI as a counterstain

Due to DAPI’s vibrant blue fluorescence and relatively low background ‘noise’ in labeling, it is frequently used as a counterstain in assays requiring the use of multiple fluorescent probes. Its specificity as a nuclear stain also helps DAPI to be used in multicolor fluorescence staining assays.

DAPI Compared To Other Stains:
DAPI is one of many fluorescent dyes that are often used in cell staining. Other frequently used stains include Hoechst 33342 (blue) and Propidium iodide (PI, red). PI is a fluorescent dye that binds DNA and RNA, but it cannot pass the plasma membrane, so it can only stain apoptotic, dead, or permeabilized cells. Hoechst 33342 stain is a DNA stain that can pass the plasma membrane, like DAPI, and binds to A-T rich regions in DNA. Some non-fluorescent stains include Trypan Blue and H&E (Haematoxylin–eosin). Trypan blue is a simple-to-use blue dye that cannot pass through the plasma membrane of healthy, live cells; hence it is most often used in cell counting to stain dead cells and in determining cell viability in mouse tissue. H&E staining is a well-known histopathology stain, in which hematoxylin (H) stains the nucleus and eosin (E) stains the cytoplasm of fixed cells. In comparison with other stains, DAPI has the advantage of being able to be used in live and fixed cells, it only stains DNA (unlike PI which stains RNA too), and it provides a vibrant, rich blue that can be easily visualized in fluorescent microscopy, imaging, flow cytometry, and numerous assays.
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high-grade glioma as well as a normal brain vs low/high-grade
glioma (TCGA datasets). Moreover, we also arranged the
GBM data by their grades and observed that the TiR
expression in high-grade gliomas is higher than that in low-
grade gliomas (Rembrandt datasets). Based on the results of
these analyses, we can infer that high-grade GBM has a high
expression level of TfR. Moreover, the histochemical staining
of primary human GBM samples in the online database
Human Protein Atlas (HPA) is available to evaluate TfR
protein expression. In Figure S6c, the TFRC antibody was
used to stain different patients. Compared with the GBM
samples and normal brain staining, no obvious expression of
TfR can be detected in the normal brain tissues. In addition,
immunostaining results demonstrate that the staining pattern
of GBM tissues is membranous, which confirms that TfR
indeed has a higher expression in glioma cells than the normal
tissues’ surroundings. To provide more information about the
modified Tf-DSPE-PEG2000, we measured the NMR (Figure
S7a) and ICP-MS (Figure S7b) data to confirm that Tf was
modified with the DSPE-PEG2000-amine. The H'-NMR
spectra signals at 3.5—3.8 ppm attributed to the most
characteristic peak protons of DSPE-PEG2000-amine, and
those at 3.40—3.85 (4 nH—(CH,CH,0),—) ppm were the
methylene protons of PEG. The proton peaks of DSPE-
PEG2000-amine and Tf were chemically small-shifted due to
the steric effect (4.82—4.65 and 3.34—3.2 ppm). The specific
peak of Tf was introduced to the modification with DSPE.
Since the molecular weight of DSPE-PEG2000-amine is not
consistent and depends on the modified PEG, DSPE-
PEG2000-amine showed an interval distribution at My, =
2700 in the mass spectrum. The addition of Tf molecules
combined with DSPE-PEG2000-amine could be observed as a
significant shift in mass (AMS = 457.285).

Arising from the starting N-terminal amino acid sequence of
Tf, which is “VPDK” and could be digested by trypsin during
sample processing, it was confirmed that Tf is indeed
compatible with DSPE-PEG2000-amine conjugation. We
confirmed the transferrin’s (Tf) ability to facilitate receptor-
mediated transcytosis in several intracranial orthotopic mouse
models of glioma cells (Figure 4a): SVG p12 (the human fetal
brain cell line) and A172, C6, DS4MG, and U87MG (glioma
cell lines).”” Western blot analysis demonstrated that the
expression of Tf receptors in DS4MG cells was significantly
greater than that of SVG p12 cells and relatively greater than
that of any of the other tumors observed (Figure 4b). To be a
clear comparison, we chose A172 cells as the low TR
expression group to compare the expression levels of TfR in
different cells that will affect the cellular uptake ability of
FePt@NB-Tf. Next, we compared the LSCM images of
DS4MG and A172 cells incubated with Dox-FePt@NB and
DS4MG cells incubated with Dox-FePt@NB-Tf. The DS4MG
cells incubated with Dox-FePt@NB-Tf showed stronger
fluorescence signals coming from the region of the cells than
A172 cells, indicating that Tf had successfully guided Dox into
the nucleus of the tumor cells (Figure 4c). This intracellular
uptake was then quantified by cryo-EM, which revealed the
distribution of the DS4MG cells incubated with Dox-FePt@
NB and Dox-FePt@NB-Tf. More materials appeared to enter
the cells after the modification of Tf onto the surface of the
NBs. The distribution of FePt@NB in DS4MG cells using Tf
as a tumor-targeting probe was observed in the endosome and
showed that more materials had entered the cells (Figure 4d).
These results suggested that functionalizing FePt@NB with Tf

is required for the efficient cellular uptake of FePt@NB into
the DS4MG glioma cells. The quantifying endocytosis
efficiency of Dox-FePt@NB-Tf between DS4MG and Al72
can also be demonstrated by flow cytometry. It is worth noting
that, since the Dox-FePt@NB-Tf is facilitating the uptake by
D54MG, the amount of cell fragments is more than A172 (the
first quadrant in Figure 4e). The results also indicated that the
nanocomposites are accumulated in DS4MG cells and cause
death.

Analysis of Drug Release in the Brain and In Vitro
Cytotoxicity. Drug release and cytotoxicity tests were
conducted to prove that the drugs could be successfully
released into the brain safely. Dox-FePt@NB was applied onto
an osmotic membrane where an ultrasound transducer was
used to stimulate it and cause the drug to be released into the
solution environment outside of the membrane.”* Figure S8a
confirms that, after Dox-FePt@NB had been subjected to 7
MHz ultrasonic treatment for S min, the NBs broke, causing
Dox to be released and transmitted into the solution through
UV—vis for S min. To confirm that the broken NBs were
caused by ultrasonic damage, we confirmed that the
encapsulated nanoparticles were released in a very short
time. In Figure S9a, ultrasonic treatment was performed at 20,
100, and 180 s. After each treatment, a stronger Dox
absorption peak was obtained, confirming that the drug was
released because of the bubble burst.”” Additionally, to
evaluate the amount of DOX, we use the UV—vis spectrometer
to measure the spectrum of DOX (Figure S9b). The
encapsulation efficiency and loading capacity of Dox in the
NBs had been quantified with a specific absorption wavelength
of DOX at 480 nm. Before performing the in vivo tests, we
evaluated the ultrasonic effect and therapeutic efficacy of the
Dox-FePt@NB-Tf nanosystem using the cell viability assay. To
compare the impact of ultrasound on the material, we designed
another set of experiments using transwells to confirm the
therapeutic effect of the drug. First, we placed the sample in a
transwell with a pore size of 0.4 ym (compared with the drug
DOX, the NB should not easily pass through). The groups
were divided into samples with or without ultrasound, and
then the transwells were placed into the 24-well plate of the
cultured cells. The cell compatibility test was carried out after
24 h of incubation. In Figure S8b, the drug transports through
the pore and causes cell death.

However, if only ultrasonic processing is used, then biosafety
tests of the different ultrasonic treatment groups confirmed
that the energy waves did not cause cell damage (Figure S8c).
Dox-FePt@NB and Dox-FePt@NB-Tf effectively entered the
SVG pl2 cells after 4 h of incubation but did not produce any
obvious effects on cell viability after 24 h, even at a
concentration of 250 mg/ mL, indicating that the nanomaterials
had excellent biocompatibility (Figure S9c). Next, we
compared Dox-FePt@NB and Dox-FePt@NB-Tf using glioma
cells. The three materials were compared in D54MG cells, and
the increased concentrations of Dox-FePt@NB and Dox-
FePt@NB-Tf resulted in decreased cell viability. The Dox-
FePt@NB-Tf nanosystem killed half of the gliomas at 83 mg/
mL and killed 70% of the gliomas at 250 mg/mL because of
the targeting effect of transferrin (Figure S9d).

Evaluation of the Therapeutic Efficacies of FePt@NB,
Dox-FePt@NB, and Dox-FePt@NB-Tf. Evaluation of the
therapeutic efficiencies of FePt@NB, Dox-FePt@NB, and
Dox-FePt@NB-Tf was performed to prove that Dox-FePt@
NB-Tf had a superior ability to deliver the drug to the glioma
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Figure S. In vivo LV. injection for the treatment of GBM tumors. (a) The weights of the mice were monitored for S weeks. The weight of the mice
increased from 19 to 24 g. (b) Volumes of tumors from the control, FePt@NB, Dox-FePt@NB, and Dox-FePt@NB-Tf groups. n = 6 per group (*p
< 0.05 compared to the control group). (c) Comparisons of the true tumor sizes of the control, FePt@NB, Dox-FePt@NB, and Dox-FePt@NB-Tf
groups. (d) Weights of tumors from the control, FePt@NB, Dox-FePt@NB, and Dox-FePt@NB-Tf groups. (e) Groups with the collected tumor
tissue and H&E staining. The full tumor images were obtained at a 5X visual magnification level, and the close-up images of the tumor reveal that
the detailed tumor cell conditions were obtained at a 40X magnification level (scale bar: 200 nm).

compared to FePt@NB or Dox-FePt@NB. We injected
nanomaterials intravenously into NS mice and treated them
with ultrasound at three different time points (days 21, 25, and
29) after they had been implanted with DS4MG subcuta-
neously and orthotopic brain tumors and tracked their tumor
progression regularly. We sacrificed the mice on the 35th day
and collected their tumors for analysis (Figure Sa). The size of
the tumor decreased significantly with both Dox-FePt@NB
and Dox-FePt@NB-Tf treatment, but an even larger decrease
was observed with Dox-FePt@NB-Tf treatment (Figure Sb).
Compared with the control group, Dox-FePt@NB-Tf treat-
ment almost completely suspended tumor growth and even
reduced the tumor size by almost 70% after S weeks of
cultivation. Even with Dox-FePt@NB treatment, the tumor
size was reduced by approximately 60% in contrast to the

26765

control group because of the passive accumulation effect of the
nanobubbles (Figure Sc,d).

To explore the results of animal experiments, we used Ki67
(anti-Ki67 antibody, Abcam, ab92742) and cleaved caspase-3
(cleaved caspase-3 antibody, Cell Signaling, #9661) immuno-
histochemically staining to try to evaluate the proliferation and
apoptosis of cells in the tissue. In Figure S10a, Ki67 staining
demonstrates the staining intensity and amounts are fewer in
the Dox-FePt@NB-Tf group than other treatment groups but
the cleaved caspase-3 has been stained in the parts marked
with red arrows. The statistical results of staining demonstrated
in Figure S10b may indicate that the Dox-FePt@NB-Tf can
target more specifically than the Dox-FePt@NB particles to the
tumor tissue to affect their ability of proliferation and induce
apoptotic pathways to make cell death. In Figure S10c,d, we
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Figure 6. Orthotopic GBM therapeutic and diagnostic evaluation. (a) Mouse examination plan showing the LV. drug administration for GBM
treatment. On the first treatment day, the Dox-FePt@NB-Tf material was injected into the mouse through a tail vein, and strong magnets were
used to help the nanocomposite accumulate in the tumor area. On the second treatment day, ultrasonic waves were used to break the NBs and
release Dox into the brain tissue. (b) Photos of mouse brains with GBM tumors. The tumors are circled in all three treatment groups: control,
FePt@NB, and Dox-FePt@NB-Tf. (c) Brain tissues with H&E staining of the mice from the three treatment groups. The images of the full brain
were obtained at a visual magnification of 5X, and the detailed images of the tumor revealed that the tumor cell conditions were obtained at visual
magnifications of 40X (scale bar: 200 nm). (d) T2-weighted MRI images of mouse brains with GBMs. The GBM tumors are highlighted in yellow.
The quantification values are based on MRI results of the (e) T2 cortex SNR and (f) tumor volume. (g) Weight and (h) survival curves of
orthotopic GBM therapeutic mice (n = 8).

added an extra Dox-only test group to compare with the Dox-
FePt@NB and Dox-FePt@NB-Tf groups. It can be observed
that the inhibitory effect of Dox on tumors is less significant
than those of Dox-FePt@NB and Dox-FePt@NB-Tf groups.
Because all of the in vivo experimental groups use a magnetic
field under MRI analysis (Figure 3a), this result might indicate
that the Dox-FePt@NB has the effect of actively accumulating
cancer cells through the application of a magnetic field to
induce the material to accumulate cancer cells, resulting in the
insignificant difference between the Dox-FePt@NB and Dox-

FePt@NB-Tf groups. Based on recent literature reports, the
liver and other tissues may absorb FePt NPs and cause the
cumulative effect not to be significant. Conjugate specific
tumor-targeting ligands such as Tf can enhance the targeting
effect of magnetic nanoparticles. It can shorten the stagnation
time of the drug carrier in the blood and that the induction of
an external magnetic field and Tf molecular targeting can both
increase the accumulation of the material in cancer cells.*™*
Next, the glioma-specific therapeutic effect was confirmed by
H&E staining, confirming that the tumor tissues had been
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damaged by Dox-FePt@NB and Dox-FePt@NB-Tf treatments
(Figure Se). These results indicated that Dox-FePt@NB-Tf
had superior therapeutic efficacy to reduce disease progression
in vivo.

Therapeutic Effects and Image Tracking Abilities of
Dox-FePt@NB-Tf In Situ. To confirm the therapeutic effect
and image tracking abilities of Dox-FePt@NB-Tf in situ, we
examined NS mice bearing D54MG brain orthotopic tumor
implantation treated with ultrasonic materials via intravenous
injection three times, on progression days 21, 25, and 29
(Figure 6a). The brain organs were then collected for
therapeutic analyses (Figure 6b). To determine that FePt
NPs can enter the intracranial tissue through HIFU treatment,
the ultrasonic cavitation effect induced the BBB to open
temporarily, as shown in Figure S1la. Because GBM can self-
regenerate blood vessels, the accumulation of materials by
normal intracranial tissues is more clearly observed. After
treatment with 7 MHz HIFU, FePt NPs accumulated on the
surface of the brain. Regarding GBM orthotopic theranostics,
we first confirmed the therapeutic effect of gliomas via
histological examination with H&E staining and confirmed
that the brain tissues recovered with Dox-FePt@NB and Dox-
FePt@NB-Tf treatment (Figure 6¢c). Next, we monitored the
Dox-FePt@NB-Tf performance in the mouse brain and
observed that FePt could be applied for T2-weighted MRIL
T2-weighted time course detection has been added to Figure
S11b. After injecting the material by intravenous injection and
the accumulation for S and 10 min, the contrast situation
where the brain tumor area is darkened can be observed. We
also use high-resolution MRI to show the long-term changes in
the intensity of FePt, and the size of the tumor was reduced
after intravenous injection of Dox-FePt@NB-Tf for 3 weeks,
indicating that the accumulation of nanocomposites in the
brain needed time to arrive at the tumor site (Figure 6d). We
considered that NBs with ultrasound treatment that generated
transient cavitation would release the tight junctions of the
BBB, which could be examined at the circular point of the
brain and send FePt in GBM cells. To evaluate GBM growth
inhibition, we quantified the MRI results to confirm the
changes in the mouse brain for 3 weeks. In Figure Ge,f, three
different groups were used to treat the GBM cells: control,
FePt@NB, and Dox-FePt@NB-Tf. Figure 6d shows that the
size of the GBM decreased in the Dox-FePt@NB-Tf group.
Moreover, T2-weighted MRI indicated that the GBM cells
became darker after FePt accumulation. Additionally, the ICP-
MS data were evaluated to confirm the targeting capability of
Tf and the efficacy of ultrasonic treatment. The survival curve
analysis has been added to Figure 6h. We will sacrifice all mice
after 10 weeks (n = 8). The weight evaluation is also added to
Figure 6g to confirm the changes of the different treatment
groups. Meanwhile, the material distribution of the entire
mouse body was evaluated at the same time to confirm that
Dox-FePt@NB-Tf can indeed enter the mouse glioma for
accumulation and treatment. First, the PKH26 red fluorescent
lipid layer linker was used to label the accumulation of FePt@
NBs in different tissues (Figure S12). To avoid auto-
fluorescence and tissue shielding in mice, mouse organs were
taken out for the measurement by the fluorescence signal,
which was evaluated under the conditions of 4., = 535 nm; 4,
= 580 nm under IVIS detection. In the control group directly
injected into PKH26, almost no fluorescence signal is
accumulated in the brain. The FePt@NB and FePt@NB-Tf
group have the accumulation of the brain tissue. Based on the

IVIS results, the FePt@NB-Tf group has a more obvious
accumulation effect. According to the results obtained from the
inductively coupled plasma mass spectrometry (ICP-MS) data,
due to the targeted guidance of FePt@NB-Tf, the total amount
of FePt nanoparticles accumulated in the brain was
significantly improved (Figure S13). The total amount of
FePt in other organs (e.g., spleen, liver, and kidney) was also
increased partly due to the addition of FePt@NB. Notably,
because the material was fed via IV, FePt@NB in the blood
could reach the brain because of Tf-targeted accumulation,
thereby reducing the content in the blood. Thus, the design of
Dox-FePt@NB-Tf can allow drugs to accumulate in GBM to
improve the effectiveness of treatment and diagnosis.

B CONCLUSIONS

Nanobubble cavitation bioimaging displays the mean intensity
of acoustic cavitation over time and is correlated with areas of
acoustic cavitation-induced BBB opening. At present, there are
still not many articles using nanomaterials to actively pass
through the blood—brain barrier and perform MRI detection
of glioblastoma. This research work provides a nanoplatform
combining ultrasonic and specific targeting technology
together and enhances the accumulation of magnetic nano-
material FePt in glioblastoma. After the FePt NPs are
encapsulated in the lipid bubbles, the nanocomposite enhances
ultrasonic and optical imaging and optimizes the conditions of
the T2-weighted MRI signals to improve the detection of the
brain tumor. Those results demonstrate that this is an
impressive way to accumulate magnetic materials through the
BBB. We integrate these technologies for the first time and
research early theranostics of glioblastoma. The MRI images
from our experiments confirmed that the FePt@NBs
successfully guided the hydrophobic chemotherapeutic Dox
drug to GBM, where HIFU oscillation broke the NBs to
generate a transient cavitation opening in the BBB, allowing
the drugs to bypass it and enter the brain to treat the GBM
tumor.
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