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ABSTRACT

High-intensity focused ultrasound (HIFU), with inherent advantages of improved ultrasonic depth and low off-target damage,
holds the promising capability for glioma treatment, but the relatively long therapeutic time and potential physical complications
may hamper its clinical application. Herein, a bovine serum albumin (BSA)-based nanoplatform with in situ growth of MnO, was
synthesized, and Protoporphyrin IX (PplX) was further anchored to obtain a versatile PpIX@MnO,@BSA nanoplatform (denoted
as BMP). By employing HIFU as the exogenous irradiation source, a high-efficacy sonodynamic therapy (SDT) is developed, in
which the excited BMP enables the production of tumoricidal reactive oxygen species (ROS). The inherent tumor
microenvironment (TME)-responsive property of MnO, endows BMP with specific T;-weighted magnetic resonance imaging
(MRI) by releasing Mn?, and the simultaneously generated O, facilitates hypoxia alleviation as well as 'O, generation. Compared
with HIFU therapy alone, suppression of glioma growth and improved survival benefits are achieved through the designed TME-
responsive nanocomposite under HIFU exposure. The high-efficacy SDT strategy combining BMP and HIFU demonstrated
favorable TME-responsive T;-weighted MRI, hypoxic environment alleviation, and anti-tumor capability, providing a perspective
paradigm for MRI-guided glioma treatment.
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1 Introduction

Glioma, the most frequent primary neoplasms of the central
nervous system (CNS), is characterized with varied managements
and prognoses [1-3]. Although considerable developments have
been recently achieved in surgery, chemotherapy, and
radiotherapy, conventional therapeutic effects are often plagued by
complicated tumor progression, recurrence, and chemo/radio-
resistance, thereby compromising the overall survival of patients
with glioma [2, 4]. High-intensity focused ultrasound (HIFU) is a
developing micro-invasive modality with precise ultrasonic energy
delivery and decreased attenuation, which has been arguably
reported to hold the promising possibility for treating intracranial
glioma [5, 6]. It lessens dissipation during propagation, enhances
spatio-temporal depth and, ultimately, offers incisionless on-target
eradication with vicinity spared [7,8]. However, relative long
sonication time is often required for HIFU therapy alone on
account of a narrow treatment envelope, which contributes to the
increased risk of physical complications such as risen body

temperature, highlighting the urgent requirement to improve its
efficacy and bio-safety [9].

Sonodynamic therapy (SDT), a non-invasive modality
involving sonosensitizer to generate tumoricidal reactive oxygen
species (ROS), principally singlet oxygen (‘O,), under ultrasound
(US) exposure in routine practice, possesses the alternative
substitutability in cancer eradication [10-14]. Based on the
activation of chemical sonosensitizer, SDT could induce cellular
apoptosis in a site-directed manner [13]. However, certain
inherent limitations of conventional SDT, such as insufficient
ultrasonic penetration and reliance of abundant oxygen (O,),
may hamper its further clinical application in glioma treatment
[14, 15]. Conceivably, the employment of HIFU, as an exogenous
excitation source, could improve the therapeutic efficiency of
conventional SDT by decreasing ultrasonic dissipation. Moreover,
combining HIFU with sonosensitizer would create a synergistic
effect, in which sonosensitizer is capable of converting non-toxic
O, into those harmful ROS when irradiated by HIFU, and
therefore, it carries the potential to shorten acoustic time in
support of the high-efficacy SDT.
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Modern imaging techniques are crucial for HIFU-associated
therapy to visualize tumor location and guide treatment time
[5,16]. Magnetic resonance imaging (MRI) has been widely
performed for integrated intervention procedure, due to its
favorable anatomic resolution, non-ionizing radiation, and
objective repeatability [5,17]. Contrast agents (CAs), such as
gadolinium (Gd)-based CAs, are commonly administrated to
improve MRI diagnostic accuracy, but they are “always-on”
enhancement with lower specificity, promoting numerous
translational researches towards the replaceable candidates
[18,19]. Manganese (Mn)-based CAs, especially manganese
dioxide (MnO,) nanoparticles, have been explored extensively in
the past few years, owing to their immanent responsive property
to the special tumor microenvironment (TME) that featured with
weak acidity and hydrogen peroxide (H,O,)/glutathione (GSH)
overproduction [20-22]. Based on the reactivity with H,0,, MnO,
can simultaneously generate Mn* and O, in the TME, rendering
activatable T)-weighted contrast effects to enhance distinction
between glioma and surrounding structures [23-26]. Moreover,
except hypoxic environment alleviation, the supplied O, can
further enable sonosensitizer to ulteriorly produce 'O, under
HIFU irradiation, attributing to selective cancerous tissue
destruction [27-29]. Thus, MRI-guided high-efficacy SDT, with
MnO, as the CAs, can be considered as an ideal way for
glioma treatment.

In order to improve water solubility as well as pharmacokinetic
property, various nanocarriers, including endogenous and
exogenous ones, have been designed and developed for molecules
delivery [30-32]. Owing to their intrinsic biological security and
low immunogenicity, endogenous nanovehicles are in widespread
explored [30]. In addition to the aforementioned characters,
albumin, representing the most abundant plasma protein, also
displays satisfactory stability, long half-life in blood circulation as
well as versatile modification [33-42]. Besides, albumin-based
nanoplatforms, mainly constructed from bovine serum albumin
(BSA) or human serum albumin (HSA), can be easily and
inexpensively synthesized under mild conditions through
biomineralization, covalent conjugation, or hydrophobic
interaction [43]. Hence, albumin-based multifunctional
nanoplatforms have been aroused intensive interest in the field of
tumor theranostics given their admirable advantages.

With regard to these factors, a BSA-based nanoplatform was
designed for TME responsive MRI-guided SDT of glioma
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(Scheme 1). The MnO, nanocrystals grown in BSA nanocarrier
(MnO,@BSA, denoted as BM) provided self-enhanced T;-
weighted MRI capability for pretreatment guidance, as well as
simultaneous O, production for hypoxia alleviation and ROS
generation. Protoporphyrin IX (PpIX), a common sonosensitizer,
was further introduced to obtain PpIX@MnO,@BSA nanoparticle
(denoted as BMP) to produce noxious 'O, under HIFU
irradiation. The prepared BMP realized satisfactory biosafety,
imaging, and therapeutic efficiency both in vitro and in vivo
experiments, eliciting the potential application of high-efficacy
SDT combining with HIFU and sonosensitizer in treating glioma.

2 Experimental

2.1 Materials

BSA (= 98%) was obtained from Baomanbio (Shanghai, China).
Manganese chloride tetrahydrate (MnCl4H,0) and sodium
hydroxide (NaOH) were ordered from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). N,N-Dimethylformamide
(DMF), 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide
hydrochloride (EDC-HCI), N-hydroxy succinimide (NHS), 2,7-
dichlorofluorescin ~ diacetate (DCFH-DA), and fluorescein
isothiocyanate (FITC) were purchased from Sigma-Aldrich (St.
Louis, USA). PpIX (= 95%) was from Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). H,0, (30%) was brought
from Aladdin (Shanghai, China). Single oxygen sensor green
(SOSG) and Dulbecco’s modified Eagle medium (DMEM/high
glucose) were provided by Thermo Fisher Scientifc Co., Ltd. (MA,
USA). Fetal bovine serum (FBS), penicillin-streptomycin solution,
and trypsin-ethylene diamine tetraacetic acid (trypsin-EDTA,
0.05%) were acquired from Life Science (Gibco™, Pittsburgh,
USA). Calcein-AM and propidium iodide (PI) apoptosis detection
kit, hydrogen peroxide assay kit, and 4,6-diamidino-2-
phenylindole dihydrochloride (DAPI) were obtained from
Beyotime Biotechnology (Shanghai, China). Hypoxyprobe kit was
from Maokang Biotechnology Co., Ltd. (Shanghai, China).
AnaeroPack™-Anaero and Anaero-indicator were acquired from
MITSUBISHI GAS CHEMICAL COMPANY, INC (Japan).

2.2 Cells and animals

C6 cells were obtained from Chinese Academy of Sciences Cell
Bank (Shanghai, China). The cells were incubated in DMEM

BSA@MnO, BSA@Mno,@Pplx

- I’plX

EDC/NHS

MR imaging

Scheme 1 Schematic illustration of the preparation, imaging, and antitumor effect of BMP. The high reduction of MnO, under the presence of H,O, contributes in
TME-responsive T;-weighted MR imaging. Under HIFU irradiation with MRI guidance, BMP alleviates hypoxic environment by releasing O,, and further facilitates
the generation of toxic ROS to enhance the suppression of glioma growth, thereby realizing the high-efficacy SDT.
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medium supplemented with 10% FBS and 1% penicillin-
streptomycin solution under a humidity atmosphere containing
5% CO, at 37 °C. BALB/c nude mice (male, 6-8 weeks old, and 20
+ 2 g) and Sprague-Dawley (SD) rats (male, 6-8 weeks old, and
200 + 20 g) were provided by BK lab (Shanghai, China). The
animal study protocol was approved by the Institutional Animal
Care and Use Committee at Fudan University.

2.3 Synthesis and characterization of BMP

BM was firstly constructed in situ synthesis procedure via
biomineralization. In brief, 60 mg of BSA was dissolved in 30 mL
of double distilled water (DDW), followed by the addition of 1 mL
of MnCl, under magnetic stirring. After 5-min mixing, the
solution pH was adjusted to 10 with NaOH solution meticulously,
and the products were subsequently dialyzed for 2 days after 1 h
reaction. Different Mn contents (0.01, 0.04, 0.08, and 0.1 M) were
designed to evaluate the optimized input. Besides, the growth
process of MnO, was monitored at varying timepoints with an
ultraviolet-visible (UV-vis) spectrum (SHIMADZU UV-3600
spectrophotometer, Japan).

To obtain an activated PpIX solution, 2.4 mg PpIX, 2.4 mg
EDC-HC], and 1.44 mg NHS were dispersed in 2 mL of DMF in
the dark. After 2 h magnetic stirring, the mixture was added
dropwise to the 30 mL of BM solution (2 mg/mL) for further 6 h
reaction to acquire the BMP. Those superfluous materials were
sequentially removed by dialysis for 2 days. The solution was
lyophilized and stored away from light for the following
experiments. The hydrodynamic size and zeta potential were
measured using a Malvern Instrument (Nano ZS90, UK).
Transmission electron microscopy (TEM) (Tecnai G2 20 TWIN,
USA) was adopted to observe the morphology. X-ray diffraction
(XRD) was performed with a MiniFlex600 (Rigaku, Japan). The
elemental valence state was investigated by X-ray photoelectron
spectroscopy  (XPS) (Thermo Scientific K-Alpha, USA).
Thermogravimetric analyser (TGA) (TA Instruments Q500, USA)
was performed to ascertain the amount of coupled PpIX on BMP
nanoplatform. The spectra of different nanoparticles were assessed
using the aforementioned UV-vis spectrum. The fluorescence
intensity of nanoparticle was estimated with a fluorescence
spectrophotometer  (FS) (SHIMADZU RF-5301, Japan).
Assessment of hydrodynamic size and UV-vis spectrum were
conducted at different timepoints to evaluate the stability in
various conditions.

The MnO,-relevant H,O, consumption experiment was
conducted with the hydrogen peroxide assay kit. The reduction in
H,0, content (with an initial concentration of 100 pM) was
measured quantitatively in the presence of BMP with different
concentrations (0.05, 0.1, or 0.2 mg/mL) under the weak acid
environment (pH = 6.5). To evaluate the H,O,-triggered
degradation, BMP (at a final concentration of 0.25 mg/mL) was
dissolved in phosphate buffer saline (PBS) or H,0,-containing
PBS with different pH values (pH = 6.5 or 7.4), and shaken at a
speed of 300 rpm at 37 °C to simulate the internal environment.
The UV-vis spectrum was employed to record their spectra at
varying time. In addition, the impact of pH values and the
presence of H,O, on O, generative capacity of BMP were
estimated every 10 s by a dissolved oxygen analyzer (JPBJ-609L,
INESA Instrument, China). SOSG, a selective fluorescence probe
for 'O, detection, was utilized to assess ROS generation of BMP
under H,0, and different pH conditions (pH = 6.5 or 7.4), with or
without US irradiation, and their fluorescence intensities were
measured on the FS. Three groups, including US+H,0O, group,
BMP group, and BMP+US+H,0, group, were categorized, and
'O, production was quantified by an electron spin resonance
(ESR) (JEOL-FA200, Japan).
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24 MRI tests in vitro and in vivo

The responsive MRI ability of BMP in vitro and in vivo was all
tested with a 3.0-Tesla MR system (Discovery MR750, GE Medical
System, USA). T, mapping sequence was examined to elucidate
the T) signals of BMP solutions collected in 5 mL of centrifuge
tubes with varied Mn concentrations (6.25, 12.5, 25, 50, and
100 uM) at different pH values (pH = 74, 6.5, or 5.0), with or
without H,0,. The sequence parameters were as follows:
repetition time (TR)/echo time (TE) = 5,000 ms/7.9 ms, field of
view (FOV) = 70 mm X 70 mm, matrix = 256 x 128, slice
thickness (ST) = 2 mm, gap thickness (GT) = 2 mm, and
inversion time (TI) = 50/100/200/500/800/1,200/1,500 ms. The
region of interest (ROI) was drawn inside samples manually to
measure T, value and determine the longitudinal relaxation
rate (ry).

To investigate the self-enhanced MRI capacity in glioma cells,
C6 cells were cultured with DMEM medium or BMP-containing
medium (100 pg/mL) for 4 h. Then, cells were collected and
resuspended in PBS in 5 mL of centrifuge tubes for T}-weighted
imaging using the following parameters: TR/TE = 1,500 ms/
12.8 ms, FOV = 70 mm x 70 mm, matrix = 256 x 128, and ST/GT =
2 mm/2 mm. Their imaging performances were compared with
free DMEM medium as well as BMP solution. Besides, cells were
incubated with BMP-containing media at different concentrations
(125, 25, 50, 100, or 200 pug/mL) or culture time (0, 0.5, 1, 2, or
4 h) to explore the factors influenced on imaging performance.
The ROIs were delineated on the samples and background to
calculate signal noise ratio (SNR).

The orthotopic and subcutaneous glioma models were
established in rats and nude mice for MRI evaluation in vivo,
respectively. Rats were divided into BMP group (at an injected Mn
dose of 0.1 mmol/kg) and gadolinium-gadopentetic acid (Gd-
DTPA) group (at an injected Gd dose of 0.1 mmol/kg) randomly.
T\-weighted images (T;WI) was performed at pre- and post-
intravenous injection (5, 30, 60, 120, and 240 min) under the
following parameters: TR/TE = 600 ms/12 ms, FOV = 90 mm x
70 mm, matrix = 192 x 192, and ST/GT = 2 mm/2 mm. Mice
were injected with BMP at a Mn dose of 5 mg/kg and scanned at
pre- and post- intravenous injection (0.5, 1, 2, 4, and 24 h). The
parameters of T\WI were set as follows: TR/TE = 700 ms/12 ms,
FOV = 60 mm x 60 mm, matrix = 256 x 256, and ST/GT =
2 mm/2 mm. The ROIs were drawn on the tumors and muscles to
determine SNR, and contrast to noise ratio (CNR) was defined as
the ratio between the SNRs of tumor and muscle.

2.5 Cell toxicity in vitro

The influences of BMP concentration at different cultured
environments, HIFU intensities, and HIFU durations on cell
viability were estimated. C6 cells were planted on 96-well plates
with a density of 7 x 10° cells/well. After 24-h incubation, the cells
were treated with BMP-containing media at gradient
concentrations (0, 25, 50, 100, 200, 400, 600, or 800 ug/mL) under
simulative physiological environment (pH = 7.4) or TME (pH =
6.5 and 100 uM H,0,), or HIFU irradiation at varied intensities
(2.8, 8.5, or 9.3 W/cm?) and durations (1, 1.5, 2, 3, or 4 min). The
cell counting kit-8 (CCK-8) assay was conducted after 24 h to
assess the cell viability.

2.6 Cellular uptake study

C6 cells were cultured for 24 h in confocal dishes at a density of
1 x 10° cells/well for confocal laser scanning microscope (CLSM)
(Olympus Company FV1000, Japan) observation or 6-well plates
at a density of 2 x 10° cells/well for flow cytometry analysis (BD
FACSAria II, USA). Afterwards, the media were replaced by FITC-
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labelled BMP-containing media (200 pg/mL) and incubated for 0,
1, 2, or 4 h, respectively. The cells seeded in confocal dishes were
further fixated by paraformaldehyde for 10 min and stained by
DAPI for 30 min.

2.7 Cellular apoptosis assay

7 x 10° C6 cells were cultured in each 96-well plate. After 24 h, the
substituted media with H,O, (100 puM) and varying BMP
concentrations (0, 25, 50, 100, or 200 pM) in different pH
conditions (pH = 7.4 or 6.5) were added. Cells were subsequently
treated with HIFU and the cell viability was appraised with the
CCK-8 assay.

To qualitatively elucidate the therapeutic effect, C6 cells were
seeded in confocal dishes at a density of 2 x 10° and incubated for
24 h. Five groups, including control group, HIFU group,
BMP+H,0,+pH?7.4 group, BMP+H,0,+HIFU+pH7.4 group, and
BMP+HIFU+H,0,+pH6.5 group, were classified. = The
experimental procedure was set as a BMP concentration of
200 pg/mL, H,O, concentration of 100 M, and HIFU power of
8.5 W/cm? with a duration of 1.5 min. Calcein-AM (10 mM) and
PI (2 mM) were stained for 30 min after managements, and the
cellular apoptosis was imaged by CLSM.

2.8 Detection of ROS generation

C6 cells were seeded in 6-well plates and grouped identical to
those in the above cellular apoptosis qualitative experiment. DAPI
was adopted to stain the cell nuclei, followed by incubation of
DCFH-DA (25 puM) for 30 min. The 'O, production was
investigated by an inverted fluorescence microscope (Olympus,
Japan). Semiquantitative analysis was performed to determine the
relative fluorescence intensity for ROS production with the Image]
software (version 1.8.0, National Institutes of Health, USA).

2.9 Pharmacokinetic, distribution, and biocompatibility
studies in vivo

For biocompatibility study, healthy BALB/c mice were
intravenously treated with 100 uL. BMP (20 mg/mL), while a
control group was set and injected with equivalent normal saline
(NS). Mice were weighted and monitored every other day for
2 weeks. Their orbital blood and major organs were collected after
observation for hemanalysis as well as hematoxylin-eosin (H&E)
staining. For pharmacokinetic study, healthy BALB/c mice were
administered with 100 uL BMP with a Mn dose of 5 mg/kg via the
tail vein. Blood from the orbit was collected at several time points
after injection and dissociated for inductively coupled plasma
optical emission spectrometry (ICP-OES) (Agilent 725, Agilent
Technologies) evaluation.

For distribution study, glioma-bearing nude mice were
administered with 100 pL. BMP with a Mn dose of 5 mg/kg
intravenously and sacrificed after 4 h. Their major organs as well
as tumor were excised, weighted, and further digested for ICP-
OES assessment.

210 Imaging of hypoxia improvement in vitro and in
vivo

The hypoxyprobe kit was adopted to evaluate the ability of the
BMP nanoplatform in hypoxia improvement. At the cellular level,
four groups, including normoxia group, hypoxia group,
hypoxia+BMP group, and hypoxia+BMP+H,0, group, have been
assigned. In brief, C6 cells were cultured under hypoxic
environment for 2 h with a O, content of < 0.1%, which was
induced by the AnaeroPack™-Anaero and further confirmed with
a Anaero-indicator. BMP (200 pg/mL) and H,O, (100 uM) were
added in the hypoxia+BMP group and hypoxia+BMP+H,0,
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group, respectively. Normoxia group was set as a contrast with
routine culture condition. Then, cells were fixed as well as
conducted following the kit instruction, and further stained with
DAPI for CLSM observation.

Nude mice with subcutaneous glioma were randomly divided
into control group and BMP group (n = 3). BMP solution was
injected intravenously with a Mn dose of 5 mg/kg, whereas
control group was injected with 100 uL NS. 200 uL pimonidazole
hydrochloride (60 mg/kg) was intraperitoneally administered after
6 h. Tumors were collected 1.5 h later, and incubated with CD 31,
MAb-4.3.11.3, and FITC-HRP, followed by CY3-labelled Donkey
anti-goat and FITC-labelled Donkey anti-rabbit IgG as secondary
antibodies. After stained with DAPI, CLSM was conducted for
hypoxia visualization.

2.11 Anti-cancer effect in vivo

Subcutaneous glioma-bearing nude mice were established and
randomly divided into 5 groups (n = 5), including control group,
BMP group, HIFU group, HIFU+PpIX group, and HIFU+BMP
group. The intravenous injection doses of BMP and PpIX were
both 5 mg/kg. For HIFU parameters, the intensity was set as
8.5 W/em® with a duration of 20 s. The weight and tumor volume
of mice were recorded every other day until tumor volume
approximately reached 2,000 mm’. When the course ended, the
harvested tumors were analyzed with H&E and terminal-
deoxynucleotide transferase mediated nick end labeling (TUNEL)
staining using inverted fluorescence microscope. The
quantification for tumor apoptosis was executed with the Image]J
software. Major organs were stained with H&E staining for
histological estimation. Moreover, to overall assess the therapeutic
outcome, survival evaluation was further performed in glioma-
bearing mice (n = 6). The primary composite endpoint was the
censored tumor volume or death, and the Kaplan-Meier survival
curve was determined within 45 days.

212 Statistical analysis

All statistical analyses were executed with IBM SPSS (version 20.0,
Chicago, USA) and GraphPad prism (version 7.0, California,
USA). Measurement data were expressed as mean + standard
deviation (SD). The differences were compared with Student’s ¢-
test or one-way analysis of variance (ANOVA), as appropriate. A
p value of < 0.050 was considered statistically significant, whereas
n.s. was represented as insignificance.

3 Results and discussion

3.1 Synthesis and characterization of BMP

The BMP was constructed through a facile in situ synthesis
strategy to obtain BM, followed by conjugating with PpIX via
amide reaction (Scheme 1). The impacts of certain experimental
parameters on BM characters were explored with UV-vis and
dynamic light scattering (DLS) (Fig.S1 in the Electronic
Supplementary Material (ESM)). A molar ratio of reactants
(BSA/MnCl,) for BM fabrication was eventually assigned as 1:40,
offering an optimal particle size of 24.4 nm (Fig. 1(b)). The BM
was further anchored with a sonosensitizer of PpIX to obtain the
resultant BMP. As revealed by TEM images, both BM and BMP
exhibited a monodispersed and regular spherical morphology (Fig.
1(a) and Fig. S2 in the ESM). Compared with BM, the BMP
nanoplatform possesses an increased diameter of 50.3 + 1.3 nm
and an approximate zeta potential of —18 + 0.32 mV (Figs. 1(b)
and 1(c)). The hydrodynamic size of BMP remained steady for
21 days in PBS (Figs. S3(a) and S3(b) in the ESM), and its stability
in DDW, PBS, FBS, and DMEM solution was also confirmed via
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UV-vis spectra (Figs. S3(c) and S3(d) in the ESM). As illustrated
by the Fourier transform infrared (FTIR) spectra (Fig. 1(d)), the
absorbance peaks of BMP at 1,650 and 1,540 cm™ indicate the
N-H stretching, ascribing to the template of BSA for the versatile
nanoplatform. XRD analysis in Fig. $4 in the ESM displayed the
structure of BMP with diffraction peaks at about 36.3° and 65.4°,
indicating the successful growth of MnO, in situ. Compared with
BM, the distinct absorption peak of BMP at about 400 nm
represented the successful modification of PpIX (Fig.1(e)). In
addition, a relatively flat emission peak within the wavelength
range of about 600-750 nm, which could be attributed to the
anchored PpIX, was found in the FS of BMP, compared with that
of BM (Fig. S5 in the ESM). As shown in Fig. 1(f), XPS pattern of
Mn 2p spectrum appeared two obvious peaks located at 642.19
and 653.99 eV, corresponding to the characteristic of Mn(IV) 2p,;,
and Mn(IV) 2p,,, respectively, suggesting the presence of MnO,
in BMP. Besides, Mn 3s spectrum in Fig. S6 in the ESM showed
the energy separation (AE) is about 4.88 eV, which also indicates
the oxidation state of Mn(IV). When temperature reached to
800 °C, TGA analysis revealed ~ 22.64 wt% BM was preserved
while only ~ 18.43 wt% BMP remained, indicating the loading
content of PpIX was ~ 88.40 wt% (Fig. 1(g)).

3.2 0O,and 'O, generative capability in vivo

In the presence of H,0,, MnO, could be reduced into Mn*,
contributing to the decomposition of H,O, for O, generation [44].
When BMP was added, the content of H,O, decreased, with a
BMP concentration-dependent manner, indicating H,O, could be
consumed by MnO, (Fig. S7 in the ESM). As shown in Fig. S8 in
the ESM, the stable absorbances of BMP in PBS at different pH
values (pH = 6.5 or 7.4) decreased when incubated with H,O,,
especially in the simulative TME. Consistently, the O, production

Nano Res. 2022, 15(10): 9082-9091

displayed prominent increase in comparison to that in the
simulative physiological environment, which may be a favor for
the hypoxia alleviation in the TME (Fig. 1(h)).

The following ROS generative capability of BMP was tested
using FS and ESR. After ultrasound irradiation, fluorescence
intensity of BMP in the simulative TME was dramatically elevated,
whereas mild increment was found for that in the neutral solution
(Fig. S9 in the ESM). It may be ascribed to the abundance of O,
supplied from the effective degradation of MnO, in the weak
acidic environment to produce 'O, reasonably. Moreover, the 'O,
generation for the BMP+US+H,0, group was further verified by
the detected ESR signal intensity, while only little signals were
found for the both BMP group and US group (Fig. 1(i)).
Collectively, the propitious conjugation of PpIX in BMP
empowered the transfer of O, into 'O, when expose to ultrasound,
and the high-efficacy SDT could be achieved in the TME.

3.3 Self-enhanced MRI performance in vitro and in vivo

On account of the TME-responsive reducibility of MnO,, the
generated dissociative Mn* ion, as a paramagnetic substance,
potentially bestows bioimaging capability on BMP [20]. To
evaluate its T-weight MRI performance, T, signals of BMP at
different settings were measured to determine the longitudinal
relaxation rate (r;). As shown in Figs. 2(a) and 2(b), accompanied
with the decrease of solution pH from 7.4 to 5.0, the calculated r,
relaxivity of BMP rose from 1.55 to 4.14 mM™s™ correspondingly,
attributing to the pH-responsive enhancement on T,WIL In
particular, the r, relaxivity significantly elevated in the presence of
H,0,, with an approximate r; value of 9.76 mM™s™" under the
stimulated TME, a 5.3-fold increasement compared to the
physiological condition. Except the pH- and H,O,-dependent
manifestations, the signal intensity on T,WI also presented a
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positive Mn concentration dependence, especially for the acid
and/or H,O,-containing groups. These in wvitro results
demonstrate the potential capability of BMP on tumor targeting
detection, which may be eligible as an MRI CA for imaging-
guided high-efficacy SDT.

Then, C6 cells were employed to further validate the self-
enhanced imaging property of BMP. On T,WI, the signals of
glioma cells incubated with BMP-containing medium were
statistical significantly higher than that cultured with DMEM
medium, or pure BMP solution as well as DMEM medium, which
verified the bioresponsive MRI performance at the cellular level
(Fig. 2(c)). In addition, T signals were enriched as the increment
of incubated time or BMP concentration, illustrating the time- and
Mn concentration-dependent manner on imaging (Fig. S10 in
the ESM).

Delighted by the above discoveries in vitro, the feasibility of
BMP bioimaging in vivo was subsequently explored in glioma-
bearing animal models. The MRI performances of BMP and Gd-
DTPA were evaluated in rats with orthotopic gliomas. As revealed
in Figs. 2(d) and 2(f), and Fig. S11 in the ESM, despite the similar
tumor reinforcement, conspicuous hyperintensity was observed
for 1 h and remained visible for 4 h after intravenous injection of
BMP, whereas prompt high T; signal emerged at 5 min but was
washed out 2 h later for the Gd-DTPA group. The trend of
determined SNR was consistent with MR manifestations,
substantiating that BMP, with BSA as the nanovehicle, holds the
competence in delayed clearance in the blood circulation,
contributing to the prolonged enhancement window compared
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with the commercial CA. Most notably, in contrast to the
discernible enhancement on adjacent muscles for the Gd-DTPA
group, there was no statistical difference among the SNRs after
BMP injection (Fig. 2(g)). However, a 3-fold increasement of CNR
was exhibited in BMP-injected tumor (Fig. 2(h)), which suggests
the TME-responsive property could strengthen the contrast
between glioma and surrounding structures for specific MR
imaging. Afterwards, mouse bearing with subcutaneous glioma
underwent tail-vein administration of BMP was examined. As
shown in Figs. 2(e) and 2(i), T signals reached the highest for 2 h,
and the tumor region was still brightened even for 24 h, with
slightly enhanced muscles at each timepoint, further proving the
qualification of BMP on contrast improvement to realize
spatiotemporal controllability of MRI guidance.

34 Cytotoxicity and phagocytosis in vitro

The cytotoxicity of BMP under different cultured environments
was measured by CCK-8 assay. After 24 h of incubation, BMP
demonstrated a favorable biocompatibility against C6 cells, and
little influence was observed under the simulative physiological
environment within the given concentrations from 25-
600 pg/mL. Even when BMP was at a high concentration of
600 pg/mL, the survival rate under the TME was slightly decreased
to 77.3% merely (Fig.3(a)). Furthermore, the impact of HIFU
parameters on cellular variability, including intensity and
duration, was investigated. As shown in Fig. S12 in the ESM, a
HIFU intensity of 8.5 W/cm® with a duration of 1.5 min possessed
a negative cytotoxicity on C6 cells, and thus, it was selected as the
therapeutic project for the following experiments.
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Figure2 The TME-responsive T;-weighted MRI performance of BMP. (a) The r; values and (b) in vitro MR images of BMP under different conditions. (c) The MR
images and SNR results of DMEM media, BMP solution, C6 cells incubated with DMEM medium as well as BMP-containing medium. Iz vivo T,WI of the orthotopic
(d) and subcutaneous (e) glioma models examined at various time points after intravenous injection of BMP. The SNR results of (f) tumor region and (g) non-tumor
region after BMP or Gd-DTPA administration in orthotopic glioma-bearing rats. (h) The CNR results of BMP and Gd-DTPA. (i) The SNR results of tumor area and

non-tumor area in nude mice with xenograft after BMP infection.
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As a fluorescent dye, FITC was labelled on the surface of BMP
to trace the cellular internalization by C6 cells. The flow cytometry
analysis and CLSM examination were also conducted. Flow
cytometry analysis quantificationally elucidated a time-dependent
increase of fluorescence intensity, with a significant difference after
2 h of coincubation in statistics, which further enhanced at 4 h
assessment (Figs. 3(b) and 3(c)). Besides, -efficient cellular
phagocytosis was also evidenced by CLSM observation, in which
green fluorescence gradually became stronger in the cytoplasm
following the extended time (Fig. 3(d)).

3.5 In vitro therapeutic efficiency and detection of ROS
generation

To explore the therapeutic efficiency of BMP against C6 cells,
CCK-8 assay was adopted. As illustrated in Fig. 3(e), after HIFU
exposure, cell viability showed a concentration-dependent
inhibition under the simulative environment containing H,O, and
neutral media. Importantly, it was further depressed under the

Nano Res. 2022, 15(10): 9082-9091

TME, with a suppressive rate of 83.4% at a BMP concentration of
200 pg/mL, which was statistically higher than that of 30.5% in the
neutral environment. Calcein-AM/PI dual-staining was further
applied to observe the cell status with CLSM. The C6 cells were
compatible in the BMP+H,0,+pH?7.4 group, and slightly inhibited
when irradiated by HIFU only, as evidenced in Fig. 3(f). Most
notably, cell death was more prominent in the simulative TME
after treated with BMP followed by HIFU irradiation, compared
with that in the BMP+HIFU+H,0,+pH7.4 group. These results
confirmed BMP is capable of eliminating cells upon HIFU
treatment, and its therapeutic efficacy could be specifically
enhanced at tumor site.

The mechanism in cell apoptosis was subsequently investigated
by characterizing intracellular 'O, levels using DCFH-DA probe.
As shown in Fig.3(g), abundance of 'O, was observed only when
cells received BMP combined with HIFU therapy, and the ROS
production was more obvious in the BMP+HIFU+H,0,+pH6.5
group, as verified by the stronger green fluorescence in the
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Figure 3 Evaluation of BMP performance at the cellular level. (a) The cytotoxicity of C6 cells cultured with varied concertation of BMP under simulative physiological
environment (pH7.4) or TME (H,0,+pH6.5). (b) Flow cytometry analysis with (c) corresponding fluorescence intensity of cellular uptake of BMP. (d) Confocal
images of C6 cellular uptake of BMP at varied timepoints. Scale bar = 20 um. (e) Concentration-dependent cytotoxity of C6 cell after different treatments. (f) CLSM
analyses of cellular apoptosis under various conditions. Scale bar = 50 um. (g) Confocal images of ROS generation under different managements. Scale bar = 20 pm.
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cytoplasm. The semiquantitative analysis in Fig. S13 in the ESM
also confirmed the CLSM results. After BMP and HIFU
treatment, the relative fluorescence intensity representing ROS
level statistically increased under the weak acid environment in C6
cells, compared with that of simulative physiological environment.
Therefore, the efficient cell damage could be reasonably ascribed
to the excellent sonosensitizer capability of BMP on converting O,
into ROS under the special TME.

3.6 In vivo biocompatibility, pharmacokinetic, and
distribution studies

The biocompatibility assays, including hemocompatibility and
histocompatibility, were conducted to evaluate the systemic
toxicity of BMP. As shown in Fig. S14 in the ESM, there were no
obvious body-weight losses during the observation period.
Besides, no distinct abnormality was noticed in blood indexes
compared with the control group, implying that BMP has
negligible impacts on hematologic, liver as well as renal function.
The H&E staining results also confirmed the negative effect of
BMP in vivo, with negative histopathological changes in the major
organs. The pharmacokinetic behavior of BMP was estimated by
tracing the Mn concentration in the blood circulation. After
injected with BMP, the Mn content diminished rapidly in the first
30 min, and the residue was below 1 pg till 8 h (Fig. S15(a) in the
ESM). The biodistribution of BMP, in addition, was measured
with ICP-OES, and the dominating accumulation was detected in
the liver and kidney, which conforms with the pattern of small
sized nanoparticle (Fig. S15(b) in the ESM) [45].

3.7 Improvement of hypoxic microenvironment in vitro
and in vivo

Hypoxia, a well-established hallmark of the TME, resulting from
an imbalance between undersupply and over-consumption of O,,
governs diverse tumor processes such as neovascularization,
proliferation, invasiveness, metastasis, and chemo/radio-resistance
[46,47]. Considering the efficient O, production in vitro, the
improvement of hypoxic microenvironment by BMP was imaged
at the cellular level firstly. As shown in Fig. S16(a) in the ESM,
compared with normoxia group, obvious green fluorescence
representing the hypoxic condition was detected in the hypoxic
cells. The hypoxia was slightly alleviated in the hypoxia+BMP
group, while it was significantly improved after treated with BMP
and H,O,, ascribing to the generation of O, under the similative
TME. Moreover, the semiquantitative results were consistent with
quantitative observations, as displayed in Fig. S16(b) in the ESM.

The ability of BMP in improving hypoxia was further estimated
on mice bearing with glioma. After injection of BMP, the green
fluorescence of hypoxia region was decreased in comparison with
the control group, with the approximate vascular as well as cellular
fluorescence between the two groups, indicating the instrumental
effect of BMP on O, modulation (Fig. 4(a)). The semiquantitative
analysis in Fig 4(b) further certified the dramatically reduced
green fluorescence intensity in the BMP group, in accordance with
the CLSM manifestations.

3.8 Therapeutic efficacy of BMP in vivo

Excellent performance of ROS-inducing therapeutic response in
glioma cells by BMP necessitated estimating the efficacy of MRI-
guided SDT in vivo. As illustrated in Figs. 4(c) and 4(d), rats
administrated with BMP only showed little decrease in tumor
volume and weight indicative of little toxicity of the
nanocomposite alone. In contrast, compared with the others,
including the HIFU group and HIFU+PpIX group, BMP
combined with HIFU therapy showed the most prominent

9089

suppression on tumor growth, reasonably owing to the hypoxia
alleviation in the TME and substrate supplementary for 'O,
generation by BMP. The tumor photographs were in consistent
with the aforementioned results of tumor volume and weight (Fig.
4(e)). The Kaplan-Meier survival curves revealed the PpIX
combined with HIFU therapy could partially improve the
outcome when compared with the control group, BMP group,
and HIFU group, but glioma-bearing mice all died within 39 days.
Notably, the survival time of mice received with the high-efficacy
SDT was significantly prolonged, in which the survival rate
maintained 100% even till the censored date (Fig. 4(f)). Besides, no
noticeable change was observed in the bodyweight, as well as H&E
staining of the major organs during the treatment (Figs. S17 and
S18 in the ESM).

To elucidate the potential mechanisms underlying the
antitumor effect, histopathological performances within the tumor
region were investigated. As expected, obvious adverse
abnormalities in the H&E staining, including cytoplasmic
vacuolation, nucleus condensation and fragmentation, as well as
necrocytosis, were found in the HIFU group, HIFU+PpIX group,
and HIFU+BMP group, especially for the HIFU+BMP group (Fig.
4(g)). Besides, much more tumor necrosis was also manifested in
the HITU+BMP group with stronger and broader green
fluorescence. Compared with HIFU therapy alone, the mean FITC
intensity representing tumor apoptosis significantly increased in
the HIFU+PpIX group, and it further statistically elevated when
tumor received with BMP and HIFU therapy, as quantified in the
semiquantitative analysis (Fig. S19 in the ESM). These findings
suggest the combination of HIFU and BMP could augment the
therapeutic effect of HIFU to achieve the high-efficacy SDT.

4 Conclusions

A versatile nanocomposite BMP was prepared to augment HIFU
efficiency for TME-responsive MRI-guided SDT, in which MnO,
was in situ grown into BSA followed by PpIX conjugation. The
degradation of BMP in response to the TME contributes to Mn**
release for specific T)-weighted MRI to visualize glioma. Besides,
the high reactivity of MnO, toward H,0, simultaneously
generates O, to alleviate tumor hypoxia, and further enhance the
therapeutic efficiency of SDT under HIFU by facilitating 'O,
production, thereby realizing the efficient glioma suppression.
Considering the facile synthesis procedure, in situ MRI capacity,
satisfactory antitumor effect, and favorable biocompatibility, this
research provides a promising perspective for enhanced SDT in
glioma treatment with potential clinical translation.
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