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Photosensitizer-Loaded Bubble-Generating Mineralized
Nanoparticles for Ultrasound Imaging and Photodynamic Therapy

Dong lin Park,t* Kyung Hyun Min,t* Hong Jae Lee,” Kwangmeyung Kim,® Ick Chan Kwon," Seo
Young Jeong® and Sang Cheon Lee*’

In this work, we have developed photosensitizer-loaded bubble-generating calcium carbonate (CaCOs)-mineralized
nanoparticles that have a potential for ultrasound imaging (US)-guided photodynamic therapy (PDT) of tumors. A
photosensitizer, chlorin e6 (Ce6)-loaded CaCO;-mineralized nanoparticles (Ce6-BMNs) were prepared by an anionic block
copolymer-templated in situ mineralization method. The Ce6-BMNs were composed of the Ce6-loaded CaCO; core and the
hydrated poly(ethylene glycol) (PEG) shell. The Ce6-BMNs exhibited excellent stability under a serum condition. The Ce6-
BMNs show enhanced echogenic US signals at tumoral acid pH by generating carbon dioxide (CO,) bubbles. The Ce6-BMNs
effectively inhibited Ce6 release at physiological pH (7.4). At a tumoral acidic pH (6.4), Ce6 release was accelerated with
CO; bubble generation due to dissolution of the CaCO3; mineral core. Upon irradiation of Ce6-BMNs-treated MCF-7 breast
cancer cells, the cell viability dramatically decreased with increasing Ce6 concentration. The phototoxicity of the Ce6-BMNs
was much higher than that of free Ce6. On the basis of tumoral pH-responsive CO, bubble-generation and simultaneously
Ceb6 release at the target tumor site, this CaCO; mineralized nanoparticles can be considered as a promising theranostic

nanoparticle for us

Introduction

Theranostic nanoparticles combining diagnostic imaging and
therapeutic functionalities have been extensively developed in the
field of nanomedicine for tumor treatment. They have played a
significant role in detecting exact location, margin and size of
tumors before therapy, and expressed additional therapeutic
activities for successful tumor treatment.™ Currently, diverse
theranostic nanoparticles have been employed for a variety of
diagnostic imaging modalities such as magnetic resonance imaging
(MRI), positron emission tomography (PET), computed tomography
(CT), optical imaging, and ultrasound (US) imaging have been
used.? In particular, US imaging, as a non-invasive real-time
imaging tool, has unique advantages such as high safety, low cost,
and ease access to patients.m With the use of US contrast agents,
the improved sensitivity and high resolution of US imaging have
been obtained.”! Conventional US contrast agents have been
developed in a form of microbubbles composed of the inner gas
such as perfluorocarbon and the outer shell materials including
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imaging-guided PDT in the field of

tumor therapy.

proteins, lipids, and polymers.”a’sl It is known that perfluorocarbon-
encapsulated microbubbles have shown to be easily destroyed by
diffusing away of perfluorocarbon at body temperature, which
caused the short half-life of contrast agents,[el Owing to micro size,
low stability, and lack of prolonged circulating properties, their
applications are limited for imaging of target tumor tissues.**”) For
this reason, developing effective US contrast agents with long half-
life and enhanced stability for the diagnostic use of tumor tissues is
a significant challenge in clinical and research fields.

Recently, with a specialty
nanoparticles, we have reported various useful pH-responsive
nanoparticle systems to improve anticancer diagnostic and
therapeutic activity.[8] We have developed calcium phosphate (CaP)
or CaCO;z-mineralized nanoparticles based on various templates,

in biomimetically mineralized

including block copolymers, polymer micelles, and mesoporous
silica nanoparticles. CaP and CaCO; have unique aqueous solution
properties: The aqueous solubility of CaP and CaCO; is largely
dependent on pH level. ! At physiological pH, they exist as stable
crystalline solids, whereas, around or below weak acidic pH, they
dissociated as non-toxic ionic species. Based on this aqueous
property, CaCO; has been used as absorbable templates for
fabrication of hybrid colloidal spheres.[m] Additionally, CaCO;
minerals react with the proton (H") and decompose to generate
carbon dioxide (CO,) gas in an acid environment.” Using this
unique gas-generating property of CaCO; minerals, we have
recently suggested a novel concept of CaCO,
nanoparticles that could serve as a US imaging contrast agents.

Photodynamic therapy (PDT) has emerged as an alternative to
common therapies such as chemotherapy, and

mineralized
[8c]

surgery,
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radiotherapy, since it is a non-invasive method and a relatively
painless treatment for patients.[m Moreover, the photosensitizer in
PDT only acts as a cytotoxic agent when irradiated with the proper
wavelength of light. Upon light irradiation, the photosensitizers
transfer energy to tissue oxygen, leading to production of singlet
oxygen and free radical, which cause serious cellular toxicity.[m
However, there are limitations of photosensitizes for clinical
application due to their low selectivity to target tumor tissues,
thereby causing prolonged phototoxicity at the normal tissues.™!
To prevent skin and eye phototoxicity, patients are recommended
to avoid sunlight exposure during clinical trials for several weeks or
months.[1121415]

To date, diverse nanoparticle systems have been designed to
enhance delivery efficacy of photosensitizers into tumoral
environments for photodynamic therapy. However, prior to
irradiation, identification of the location and size of tumors is a
prerequisite. In addition, the photodynamic treatment procedure
needs to be monitored in real time during therapy. US imaging can
be one of the promising choices to address these requirements.

Journal Name
Therefore, combination of US imaging and photodynamic
therapeutic functions into a rationally designed nanoparticle system
is a challenging research subject for imaging-guided photodynamic
therapy.
Herein, we have developed a novel theranostic agent based on
a photosensitizer-loaded pH-responsive bubble-generating
nanoparticle fabricated by CaCO; mineralization process on the
block copolymer (poly(ethylene glycol)-b-poly(L-aspartic acid) (PEG-
PAsp)). It can allow for generating CO, gas bubbles and
simultaneously triggering release of photosensitizers at tumoral
acidic pH for US image-guided photodynamic therapy. The
extracellular pH (6.4-7.2) in tumor tissues is lower than the
extracellular pH in normal tissues (7.4) because of up-regulated
glycolysis and insufficient vascular formation, which produced
hypoxia extracellular environment.™ This difference of pH in the
tumor tissue was chosen as a target for tumoral US imaging and
PDT. As a model photosensitizer, chlorin e6 (Ce6) was selected on
account of its high absorption at long wavelengths and high efficacy
of singlet oxygen generation.m]

o
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Fig. 1 Schematic illustration of (a) fabrication process of Ce6-BMNs and (b) CO, bubble generation for US imaging and subsequent Ce6

release for photodynamic therapy after
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of Ce6-BMNs at tumor tissues.
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Fig. 1 shows an overall mineralization process for developing of the
Ce6-loaded bubble-generating mineralized nanoparticles (Ce6-
BMNs) and a postulated working principle of US imaging-guided
PDT that shows how the Ce6-BMNs can generate the CO, gas
bubbles and facilitate Ceb6 release at tumoral environments. In this
work, we evaluated the potential of the Ce6-BMNs for US imaging-
guided PDT. We estimated the pH-controlled gas content from
mineralized nanoparticles, in vitro US imaging by bubbling
generation, and pH-responsive Ce6 release behavior. We also
investigated the generation of singlet oxygen of the Ce6-BMNs
under pH control. In addition, in vitro cell experiments were
performed to support cellular uptake, biocompatibility of
mineralized nanoparticles, and a phototoxicity of the Ce6-BMNs for
MCF-7 breast cancer cells was also evaluated.

Experimental

Materials

o-Methoxy-w-amino-poly(ethylene glycol) (CH3;0-PEG-NH,) (M, =
5000 g/mol) was purchased from IDBIOCHEM Inc. (Seoul, Korea). B-
Benzyl L-aspartate (BAsp), p-nitroso-N,N’-dimethylaniline (RNO),
and histidine were purchased from Sigma Co. (St. Louis, MO) and
used without further purification. N,N-Dimethylformamide (DMF)
was dried and distilled over calcium hydride. Chlorin e6 (Ce6)
trisodium salt was purchased from Wako Pure chemical Industries,
Ltd (Osaka, Japan). Calcium chloride (CaCl,) and sodium carbonate
(Na,CO;) were of the reagent grade. B-Benzyl L-aspartate N-
carboxyanhydride (BAsp-NCA) of high purity was synthesized by the
Fuchs-Farthing method using triphosgene.“sl All other chemicals
and solvents were of the analytical grade.

Synthesis of PEG-b-PAsp copolymer (PEG-PAsp)

Poly (ethylene glycol)-b-poly (L-aspartic acid) (PEG-PAsp) that had
EG units of 113 and Asp units of 53 was synthesized by a modified
procedure established in our Iaboratory,[lgl In brief, to a stirred
solution of CH;0-PEG-NH, (3 g, 0.6 mmol) in dry DMF (20 mL) was
added BAsp-NCA (9 g, 36 mmol) at 35 °C under nitrogen. After 24 h,
PEG-PBAsp was isolated by repeated precipitation from DMF into
diethyl ether. Yield: 81 %. Finally, hydrolytic deprotection of benzyl
groups in PEG-PBAsp was performed by treating the block
copolymer (3 g) with 0.1 N NaOH (300 mL). The aqueous solution
was then dialyzed using a membrane (Molecular weight cut-off
(MWCO): 1,000 g/mol) for 24 h, followed by freeze-drying. 'H NMR
spectroscopy showed that the molar composition ratio of
monomeric repeating units in PEG and PAsp was 113:53, and the M,
of PEG-PAsp was calculated to be 11,000 g/mol. Gel permeation
chromatography (GPC) analyses showed a narrow molecular weight
distribution (M,,/M,, = 1.09).

This journal is © The Royal Society of Chemistry 20xx
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Preparation of Ce6-loaded bubble-generating mineralized
nanoparticles (Ce6-BMNs)

The Ce6-BMNs were prepared by a PEG-PAsp-templated in situ
mineralization method. In a brief procedure, PEG-PAsp (200 mg,
0.018 mmol) was dissolved in doubly distilled water (4 mL) at pH 8.0
for 1 h, and then mixed with an aqueous CaCl, solution (2 mL, 0.95
mmol) under stirring at 800 rpm. After 2 h, Ce6 (20 mg) was
subsequently added and stirred in the dark at room temperature for
2 h. To initiate CaCO3 mineralization, an aqueous solution of Na,CO3;
(2 mL, 0.95 mmol) was slowly dropped to the mixture, and the
solution was stirred at 800 rpm at room temperature for 12 h. The
molar concentration ratio of [Asp : ca®: C032'] was fixed as 1:1:1 for
a stoichiometric ratio. To remove unreacted ionic species and
unloaded Ce6, the solution was dialyzed for 12 h in distilled water
using a membrane (Molecular weight cut-off (MWCO): 3500 g/mol)
and then lyophilized to obtain the Ce6-BMNs as a green powder.
Ce6-unloaded mineralized nanoparticles were prepared by the
identical process except the step of adding Ce6 salts.

Characterization of Ce6-BMNs

For sample preparation, the Ce6-BMNs were dispersed in the
phosphate buffered saline (PBS) solution (1 mg/ml, pH 7.4, 37 °C)
and sonicated for 10 min using a bath-type sonicator. Dynamic light
scattering (DLS) measurements for the hydrodynamic diameter and
size distribution of the Ce6-BMNs were performed using a 90 Plus
particle size analysis (Brookhaven Instruments Corporation). The
scattered light of a vertically polarized He-Ne laser (632.8 nm) was
measured at an angle of 90° and was collected on an autocorrelator.
The hydrodynamic diameters (d) and polydispersity factor of the
Ce6-BMNs were calculated by the cumulant method.”” The
morphology of the Ce6-BMNs was determined by transmission
electron microscopy (TEM) (CM30, Philips), operated at an
acceleration voltage of 200 kV. Each sample was dissolved in doubly
distilled water and dropped on the carbon-coated 200 mesh copper
grid. TEM-associated energy-dispersive X-ray photoelectron
spectroscopy (TEM-EDX) measurement was carried out using CM30
(Philips) equipped with a DX-4 (EDAX), operated at an acceleration
voltage of 200 kV. The selected area of the Ce6-BMNs was evaluated
by EDX to reveal atomic components. To evaluate the serum
stability, DLS analysis was performed. The Ce6-BMNs (3 mg) was
immersed into the mixed solution (50:50, v/v) of the PBS solution
(pH 7.4) and fetal bovine serum (FBS). At predetermined time
intervals, scattered light intensity (SLI) was analyzed and compared
to the initial SLI (SLly). For Ce6 loading content, the Ce6-BMNs was
dissolved in 1.0 N HCI solutions. The absorbance at 405 nm was
measured using a UV-Vis spectrophotometer based on the standard
curve of free Ce6 salt. The content of CaCO; minerals was
determined by assaying the concentration of Ca* asa complex of
Arsenazo lll/Ca®" at 656 nm.

J. Name., 2013, 00, 1-3 | 3
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pH-Controlled gas generation from Ce6-BMNs

The quantification of generated CO, gas from the Ce6-BMNs was
performed with a quadruple mass spectrometer (Prisma QME 200,
Germany) at room temperature. This instrument was equipped with
a Faraday cup detector. The generated gas was analyzed with an
emission current of 0.058 mA, electron energy of 8 eV, and
resolution of 750. Before measurement, a sample chamber was
evacuated with a turbo molecular pump (Pfeiffer vacuum, CA, USA).
Aqueous buffer solutions (phosphate buffer of pH 7.4 and pH 6.4, 2
mL) and Ce6-BMNs (20 mg) were placed in the sampler,
respectively. The solution in the chamber was frozen under vacuum
and thawed after 30 min. As a control, the amount of inherent CO,
present in the PBS solution (pH 7.4) and the amount of CO, from
the PEG-PAsp polymer in the PBS solution (pH 7.4, pH 6.4) were also
calculated based on an identical procedure.

In vitro Ce6 release from Ce6-BMNs

In vitro release behaviors of Ce6 from the Ce6-BMNs were
investigated in the aqueous buffer solution (phosphate buffer of pH
7.4 and pH 6.4). After dispersed in each release media, the Ce6-
BMNs (1 mg/ml) were transferred to a dialysis membrane bag
(MWCO: 3500 g/mol, Spectra/Por®). The submerged membrane bag
in 10 mL of each release medium was shaken at 150 rpm at 37 °C.
The release medium (10 mL) was replaced with fresh one at
predetermined time intervals. The cumulative amount of Ce6 was
analyzed using a UV-Vis spectrometer by calculating the absorbance
at 405 nm based on the standard curve obtained using Ce6.

In Vitro US imaging

In vitro US imaging of the Ce6-BMNs was performed in the PBS
solutions (pH 7.4 and pH 6.4). A phantom gel plate, made by
embedding a 500 pL Eppendorf tube in the agar-gel and then
removing the tube after the phantom gel had cooled, was used for
in vitro US imaging. Echogenic US images were obtained using
Visualsonics Vevo 770® (High-Resolution Micro-Imaging System,
Visualsonics, Toronto, Canada) with RMV 706 transducer at 40 MHz
at a static state. The US images at pH 7.4 and 6.4 was obtained up to
180 min, and, as a normalizing process, the US intensity obtained
from the water (control solution) was subtracted from that
observed for Ce6-BMNs solutions.

Visualization of CO, bubble-generating images from Ce6-BMNs

A drop of the aqueous Ce6-BMNs solution (5 mg/mL, PBS, pH 6.4)
was placed on the slide glass. As a control, the sample for an
aqueous solution of the Ce6-BMNs (PBS, pH 7.4) was also prepared
as described above. The CO, bubble-generating images from the
Ce6-BMNs were traced for 90 min using optical microscope (IX71;
Olympus Co. Ltd., Japan) equipped with 40 x focal lens (Optical
magnification is x400).

Singlet oxygen generation of Ce6-BMNs

The generation of singlet oxygen was detected by oxidation of RNO
in the presence of histidine as a singlet oxygen trap.[m Aqueous
RNO (250 uM, 100 pL) solutions were mixed with the histidine (300
pL, 0.03 M) solution. Free Ce6 (20 pg) or the Ce6-BMNs containing
20 ug of Ce6 were dissolved in each of 700 uL of buffer solutions
(phosphate buffer of pH 7.4 and pH6.4). Each solution was added

4| J. Name., 2012, 00, 1-3

into the RNO solution containing histidine. The solution was
bubbled with water-saturated oxygen for 10 min and then irradiated
with a laser (671 nm, 6 Jcm'z) for 50 min. The absorbance of RNO
was monitored at 440 nm using a spectrophotometer (UV-1650PC).
The bleaching of the RNO absorption indicated the generation of
singlet oxygen.

Cytotoxicity of PEG-PAsp and BMNs

MCF-7 human breast cancer cells were obtained from the Korean
Cell Line Bank (KCLB, Seoul). Cell were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco BRL) containing 10% (v/v)
heat-inactivated fetal bovine serum (FBS, Gibco BRL), and 1% (v/v)
penicillin-streptomycin (Gibco BRL). Cells were incubated in a
humidified incubator at 37°C with 5% CO,. The medium was
replaced every two days. To estimate cell viability, MCF-7 cells were
seeded onto 96-well flat-bottomed tissue-culture plate at 5x10°
cells per well in 200 pL of medium, and incubated for 24 h at 37 °C
with 5% CO,. The medium of each well was then replaced by 200 pL
of fresh medium containing PEG-PAsp and BMNs at various
concentrations from 1 to 1000 pg/mL, and the plates were
incubated at 37 °C with 5% CO,. After 24 h, the medium was
removed, and washed with PBS. Cell viability was evaluated by cell
counting kit-8 (CCK-8) solutions (Dojindo Laboratories, Kumamoto).
The absorbance of each well was measured at 450 nm by a
microplate reader (Bioradm Elizer, PA).

Cell phototoxicity

MCF-7 cells were seeded onto 96-well plate at 5x10° cells per well
in 200 pL, and incubated for 24 h at 37 °C with 5% CO,. The medium
of each well was then replaced by 200 pL of fresh medium
containing free Ce6 at various concentrations from 0.5 to 10 pg/mL
and the Ce6-BMNs (equivalent concentration range of Ce6), and the
plates were incubated at 37 °C with 5% CO,. After 2 h, the medium
was removed and washed twice with PBS, and then fresh medium
was added. Sample-treated cells were irradiated using LED lamp
(670-690 nm, 100 mW/cmZ) for 30 min. Cells were incubated for
additional 24 h, and then cell viability was determined by CCK-8
solutions.

Intracellular distribution of Ce6-BMNs

To visualize intracellular distribution, MCF-7 cells (2><104 cells per
well) were seeded onto 6-well plate in 2 mL of DMEM
supplemented with 10% fetal bovine serum (FBS), 1% antibiotics
(penicillin 100 U/mM, streptomycin 0.1 mg/mL) and allowed to
attach for 24 h. After the medium was removed, cells were treated
with LysoTracker (100 nM) and then incubated another 1 h at 37°C
in a CO, incubator. The medium was then replaced with 2 mL of
fresh medium containing the Ce6-BMNs. The cells were incubated
for 0.5 h and 2 h, then rinsed two times with PBS and fixed with 4
wt% paraformaldehyde solution. The confocal laser scanning
microscopy (CLSM) images of Ce6-BMNs-treated MCF-7 cells
labeled with LysoTracker were obtained by a confocal laser scanning
microscope (C1si, Nikon, Japan) by green fluorescing (A, = 470-490
nm) and red-fluorescing (Ae = 520-550 nm).

This journal is © The Royal Society of Chemistry 20xx
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Live/dead image of Ce6-BMNs-treated cells

MCF-7 cells were seeded onto 24-well cell culture plates at a density
of 2x10* cells/well in 1 mL of DMEM medium supplemented with
10% FBS, 1% penicillin streptomycin. After 24 h incubation, the
culture medium was replaced with 1 mL of medium containing an
equivalent Ce6 concentration (5 pg/mL) of free Ce6 and the Ce6-
BMNs. After 2 h incubation, the cells were washed three times with
the PBS solution, and the fresh medium was added. Cells were then
illuminated with a LED lamp (670-690 nm, 100 mW/cmz) for 30 min
and incubated at 37 °C for 5 h prior to viability staining. Live/dead
images were assessed using fluorescence microscopy (IX71,
Olympus, Japan) by incubating cells for 5 min in a 200 L solution of
the PBS solution containing 4 mM calcein AM 1 pL for live cells
(green) and 2 mM EthD-1 4 uL for dead cell (red).

Results and discussion

Fabrication and characterization of Ce6-BMNs

For fabrication of the Ce6-BMNs, the anionic PEG-PAsp was
employed as a template for CaCO; mineralization in the presence of
calcium cations (Caz+), carbonate ions (C032'), and a negatively
charged Ce6 photosensitizer. The Ce6-BMNs were composed of two
distinct domains, the outer PEG shell and the CaCOjz-mineralized
inner core loaded with Ce6. The PEG block formed the hydrated
shell and may contribute to the prolonged colloidal stability in the
blood stream and decrease the nonspecific interaction with plasma
proteins because of the feature of PEG.2222 Particularly,
carboxylate anions in the PAsp domain are the key moieties for
nucleation and growth of CaCO; core during the mineralization
process. As illustrated in Scheme 1a, Ca® sourced from calcium
chloride were preferentially localized in PAsp domains because of
electrostatic interaction between Ca®* ions and PAsp carboxylate
anions. Subsequent addition of negatively charged Ce6 and C032'
anions generated double ionic layers adjacent to PAsp surfaces,
leading to a partial supersaturation, which act as a driving force of
nucleating and growth of CaCO; mineral cores. To obtain uniform
mineralized nanoparticles by preventing uncontrolled growth of
CaCO; crystals, we fixed a stoichiometric molar ratio of [Asp : ca™:
CO32'] at 1:1:1. Our previous observations verified that the molar
ratio of [Asp] to [Ca’*]/[COs**] was a determining factor for
fabrication of BMNs with a uniform dimension and morphology.[8°]
During the mineralization process, Ce6 was simply loaded into the
inner CaCO; core in situ through the ionic interactions. The
successful loading of Ce6 was confirmed by UV-Vis spectroscopy.
The UV-Vis spectrum indicates that the Ce6-BMNs exhibited two
main peaks of absorbance at 405 nm and 655 nm, which was
originated from free Ce6 (Fig. S1 in the ESI). The content of CaCO; in
the Ce6-BMNs was estimated to be 32.8 wt%. The loading content
and loading efficiency of Ce6 were calculated to be 8.3 wt% and
83.3%, respectively (Table S1). The mean hydrodynamic diameter of
the Ce6-BMNs, measured by dynamic light scattering (DLS), was
estimated to be 354.0 nm (Table S1). Transmission electron
microscopy (TEM) analysis (Fig. 2a) shows that the Ce6-BMNs have
spherical and uniform structure. TEM images indicated that the size
of the Ce6-BMNs was around 300 nm, which was a consistent range
compared with the hydrodynamic diameter determined by DLS.
TEM-associated energy-dispersive X-ray spectroscopy (EDX)

This journal is © The Royal Society of Chemistry 20xx
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confirmed that the Ce6-BMNs mainly contained Ca, C, and O, which
are the elements of CaCO; minerals (Fig. 2b). TEM-associated
selected-area electron diffraction (SAED) analysis shows that the
Ce6-BMNs had a vaterite crystalline structure (Fig. 1a). Fourier
transform infrared (FT-IR) analysis supported that the Ce6-BMNs
showed the existence of CaCO; crystalline structure in a vaterite
polymorph as showing stretching band at 877 and 746 cm™? (Fig.
ZC).[gc'ZA]

Ideally, the pH-responsive nanoparticle need to maintain the
nano-sized structure and minimize the loss of loaded payloads in
the bloodstream, and also can facilitate release them within the
target tumoral acidic environment for successful treatment. Serum
proteins of the blood components are known as major species that
destabilize the nanoparticle structure before it reaches target
tissues when the nanoparticles are administered by intravenous
injection.83 This circumstance in the bloodstream can cause low
delivery efficiency at the target tumor site. Therefore, it is critical to
verify the stability of the Ce6-BMNs under serum conditions. To
examine the kinetic stability of the Ce6-BMNs in serum solution
(50% fetal bovine serum (FBS) in a PBS solution), DLS analysis was
used. As shown in Fig. S2 in the ESI, time-dependent change of the
ratio of scattered light intensities (SLI/SLIy) of the Ce6-BMNs did not
show any significant changes for 3 days due to the robust structure
of vaterite CaCO3; mineral cores at pH 7.4. This results indicated that
the serum protein cannot change or destabilize the structures of the
Ce6-BMNs. Thus, the CaCO; mineral cores could effectively hold Ce6
in the core domains and maintain the robustness of nanoparticle
structure as well as prevent the collapse of the particles in vivo
blood stream. In addition, the outer PEG shell may also contribute
to the prolonged colloidal stability of Ce6-BMNs due to its hydrated
structure in aqueous media.

% 200 nm

100 200 300 400
keV (Energy)

A
4=
A 1/

ﬂ \ 877 cmi™”
—— PEG-PAsp
—— Ce6-BMN

T T T
1400 1200 1000 800
Wavenumbers (cm"1)

4

Fig. 2 (a) TEM image and TEM-associated SAED pattern of CaCO;
cores of Ce6-BMNs and (b) TEM-associated EDX data. The white
circle in Fig. 2a indicates the selected area for SAED and EDX
analyses. (c) FT-IR data of PEG-PAsp and Ce6-BMNs.
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Gas content from Ce6-BMNs

The contents of generated CO, gas from the Ce6-BMNs under the
pH control at 37 °C was quantified using a mass spectrometer. As
shown in Fig. 3, the amount of CO, present in the pH 7.4 buffer
solution (0.020 cc/atm) was estimated as a control. There was no
meaningful difference between the amount of CO, from PEG-PAsp
(pH 7.4 (0.020 cc/atm) and pH 6.4 (0.019 cc/atm)) and the amount
of CO, in pH 7.4 buffer solution, indicating the PEG-PAsp polymer
itself generated no CO, bubble at pH 7.4 and pH 6.4. Interestingly,
the Ce6-BMNs at pH 6.4 generated considerable contents of CO, gas
(0.076 cc/atm), whereas the gas content of the Ce6-BMNs at pH 7.4
was only 0.025 cc/atm, which indicated the negligible amount of
generated CO, comparable to the control groups. These results
were supported by the previous report in the literature for aqueous
CaCO; chemical equilibria describing that, when the pH level
decreased, the CaCO; mineral reacted with acids, producing
carbonic acid that generates CO, gas.[ZS]

0.084
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Q
L
c
3 0.04-
[
o
S
o~ T I
9 0,024
9 0.02
0.00- ' .
PBS PEG-PAsp PEG-PAsp Ce6-BMN Ce6-BMN
PH74  pH74  pHE4  pH7.4  pHE4

Fig. 3 The amount of CO, generated from Ce6-BMNs at various pH.

Visualization of bubble generation

To confirm the pH-responsive bubble generation, the Ce6-
BMNs in the buffer solutions (pH 7.4 and 6.4) were time-
dependently visualized using optical microscopy (Fig. S3 in the ESI).
As a control, the Ce6-BMNs at pH 7.4 did not exhibit particular
morphological change, and any bubble formation was not observed
for 90 min (data not shown). In contrast, we observed that the Ce6-
BMNs at pH 6.4 formed micro-sized bubbles at 30 min.
Furthermore, the size of bubble generated from the mineralized
Ce6-NPs gradually grew up to about 10 pm at 90 min, which
indicated generated CO, bubbles from the Ce6-BMNs. Based on this
result, we demonstrated that the pH-responsive Ce6-BMNs
generated micro-sized bubbles for effective echogenic US imaging.

pH-Responsive in vitro echogenic properties of Ce6-BMNs

To ascertain the potential of the Ce6-BMNs as US contrast agents,
we estimated in vitro US echogenic characteristics of Ce6-BMNs
(Fig. 4). The Ce6-BMNs at pH 7.4 did not show any substantial
acoustic reflectivity contrast under a US field, because the Ce6-
BMNs did not generate sufficient CO, gas for microbubble
formation. This observation is consistent with the results of the pH-
dependent quantification assay of CO, generation (Fig. 3).
Noticeably, the US contrast images of the Ce6-BMNs were
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significantly enhanced at weakly acidic pH condition (pH 6.4). The
extended US images could be obtained possibly due to the slow rate
of dissolution of CaCO; cores at pH 6.4. This long-term acoustic
reflectivity is desirable for more accurate imaging of the tumor
tissues of interest. This pH-dependent echogenic US image is in
accordance with the gas content and the microscopic bubble-
generating image of the Ce6-BMNs. The contrast enhancement of
the Ce6-BMNs at a specific cellular pH (tumoral acidic pH 6.4)
showed that the generation of CO, bubbles was responsible for the
resonation under a US field. In particular, by utilizing pH-responsive
bubble-generating feature of this Ce6-BMNs, we were able to
identify tumoral regions from normal tissues at a real time under US
imaging, which provide the guidance of Ce6-based photodynamic
therapy for tumors simultaneously.

10 min 20 min 30 min 60 min 90 min 120 min 150 min 180 min

(b) 700 —m—pH6.4
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Fig. 4 (a) Time-dependent in vitro US images and (b) US contrast
intensity from Ce6-BMNs at various pH.

In vitro pH-responsive Ceb6 release from Ce6-BMNs

To date, diverse classes of stimuli-responsive nanocarriers have
been developed for improving anticancer therapeutic activity.[26’27]
Of various systems, pH-responsive nanocarriers have been designed
mostly based on organic polymers with acid-labile linkers, such as
acetal, ketal, and citraconic amides. 19252 CaCO;, as an inorganic
material, may display the pH-responsive controlled drug-releasing
property. According to the chemical equilibrium of CaCOj; in the
aqueous phase (Fig. 1b), the CaCO3; mineral has a pH-dependent
aqueous solubility and dissolves with generating CO, gas below
weak acidic pH, whereas it can maintain the solid mineral state at
physiological pH (pH 7.4). Therefore, the mineralized CaCO; core is
expected to improve the particle structure as well as hold loaded
Ceb at physiological pH, while degrades at the tumoral acidic pH to
trigger encapsulated Ce6.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. In vitro pH-dependent Ce6 release profiles from Ce6-BMNs.

For a high efficacy of PDT, the photosensitizer-loaded nanocarriers
need to be dissociated at tumor environments because the
photosensitizers loaded at the core domains of the nanocarriers
may undergo the intramolecular energy transfer, which leads to the
reduced singlet oxygen generation. We examined the pH-
dependent in vitro Ce6 release profile of Ce6-BMNs in aqueous
buffer solutions (pH 7.4 and 6.4) (Fig. 5). These data showed that, at
pH 7.4, the Ce6-BMNs effectively retarded Ce6 release even after 24
h, which is attributed to the low solubility of CaCO;. On the other
hand, Ce6 was released rapidly from the Ce6-BMNs at tumoral
acidic pH (pH 6.4) by 98% within 12 h, indicating that CaCO, mineral
core reacts with acids to produce carbonic acid, thereby making
CaCO, more soluble, which could trigger the effective Ce6 release.

In vitro singlet oxygen generation of Ce6-BMNs

Fig. 6 shows the time-dependent monitoring of singlet oxygen
generation from the Ce6-BMNs in the presence of RNO and
histidine. The RNO assay is a useful in detecting oxidation of RNO in
the presence of imidazole as a result of singlet oxygen
production.[sm Generation of singlet oxygen from the Ce6-BMNs
leads to reaction with imidazole-containing histidine to form a
peroxide intermediate, which subsequently oxidize RNO to cause
bleaching of RNO absorbance. After being exposed to light, free Ce6
sharply decreased in the RNO concentration at both pH 6.4 and 7.4
buffer solution, demonstrating rapid generation of singlet oxygen.
However, the solution of the Ce6-BMNs at pH 7.4 showed retarded
decrease compared to free Ce6, indicating some of the loaded Ce6
may form intermolecular aggregates and underwent self-quenching,
which hinder the singlet oxygen generation from the Ce6 of Ce6-
BMNSs. Notably, at pH 6.4, the rate of singlet oxygen generation from
loaded Ce6 in the Ce6-BMNs increased to a similar level to that
from free Ce6, suggesting that encapsulated Ce6 was released from
Ce6-BMNs by dissolution of CaCO; cores to recover its inherent
fluorescence of monomeric structures.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6. Singlet oxygen generation determined using RNO as an
indicator as a function of irradiation time.

In vitro laser-mediated phototoxicity of Ce6-BMNs

Next, we evaluated cell viability of PEG-PAsp and Ce6-free BMNs at
various concentrations using MCF-7 human breast cancer cells (Fig.
7). Both PEG-PAsp and BMNs were not cytotoxic up to 250 ug/mL.

EEE PEG-PAsp
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Fig. 7 In vitro cytotoxicity of PEG-PAsp and BMNs without irradiation
after 24 h incubation. Results represent means+SDs (n=3)

Although the cell viability slightly decreased with increasing the
concentration of BMNSs, this result is acceptable for laser-mediated
phototoxicity test because we carried out that experiment under
250 pg/mL of BMNS.

120
100
—
X 804
<
>
=
8 60+
8
s
3 404
O
20 | —®— Ce6-BMN wio irrad\at\onl
—A— Ce6-BMN with irradiation
—4&— free Ce6 wio irradiation
0 - —m— free Ce6 with irradiation
1 1 1 1 1 1

0 2 4 6 8 10
Concentration (ug/mL)

Figure 8. In vitro phototoxicity of free Ce6 and Ce6-BMNs with or
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without irradiation after 24 h. Results represent means+SDs (n=5)

We estimated in vitro phototoxicity of the Ce6-BMNs and free Ce6
for MCF-7 cells with and without light irradiation. As shown in Fig. 8,
cytotoxicity was not observed in the case of non-irradiated Ce6-
BMNs and free Ce6. However, irradiated with an adequate amount
of near-infrared (NIR) wavelengths of laser for 30 min, MCF-7 cells
showed phototoxicity according to the concentration of Ce6 in each
sample. It is of great importance to note that the phototoxicity of
the Ce6-BMNs was generally higher than that of free Ce6, which
indicated that the Ce6-BMNs would undergo facile cellular uptake in
comparison with negatively charge free Ce6. Therefore, we can
suggest that the Ce6-BMNs might be useful in PDT, because Ce6-
loaded mineralized nanoparticles may maintain a robust structure
and minimize Ce6 loss in the blood for a high delivery efficacy,
thereby resulting in enhanced therapeutic activity at the target
tumor site.

Intracellular distribution of Ce6-BMNs

We observed the intracellular uptake of the Ce6-BMNs using
confocal laser scanning microscopy (CLSM). Green-fluorescent
LysoTracker was used as a marker of acidic cellular endosome. As
shown in Fig. S4 in the ESI, after 30 min of incubation, MCF-7 cells
treated with the Ce6-BMNs showed low intensity of red
fluorescence within cytoplasm because of the
intermolecular aggregates and self-quenching of loaded Ce6 in the
CaCO; mineral core. This result suggested the endocytosis of Ce6-
BMNs and preferential localization within acidic environments, in
which the CaCO; mineral core would dissolve to accelerate Ce6
release. Furthermore, after incubation for 2 hours, MCF-7 cells
treated with the Ce6-BMNs presented homogeneous distribution of
strong red fluorescence in the cytoplasm, indicating that a large
amount of Ce6 releasing from the Ce6-BMNs by the acidic
environment has been diffused to the cytoplasm. These results
demonstrated that CaCO5; mineralized nanoparticles could efficiently
deliver Ce6 into the cytoplasm of cancer cells.

the acidic

Live/dead image of Ce6-BMNs-treated cells

To visualize the laser-triggered PDT effect of the Ce6-BMNs,
fluorescence microscopic images of calcein-AM & EthD-1 double
stained (live and dead cells) MCF-7 cells were obtained (Fig. 9).

e o

100 pm' 100 pm

100 pm

190 pm

Figure 9. Live/dead cell viability staining of MCF-7 cells incubated
with (a) free Ce6 (w/o irradiation), (b) Ce6-BMNs (w/o irradiation),
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(c) free Ce6 (with irradiation), and (d) Ce6-BMNs (with irradiation).

For the control groups, where the cells were incubated with free
Ceb6 or the Ce6-BMNs without light irradiation, negligible cell death
(red fluorescence) was observed (Fig. 9a and b). However, upon
light irradiation for 30 min, the Ce6-BMNs-treated cells showed
remarkably death by expressing strong
fluorescence compared with free Ce6 treated cells (Fig. 9c and d).

increased cell red
Eventually, according to the results of intracellular distribution (Fig.
S4 in the ESI) and phototoxicity test (Fig. 8), this different PDT
efficacy between free Ce6 and the Ce6-BMNs indicates that the
enhanced cellular uptake of Ce6 molecules loaded in the nano-sized

Ce6-BMNs is responsible for the improved PDT activity.

Conclusions

We successfully constructed the photosensitizer-loaded mineralized
nanoparticles (Ce6-BMNs) composed of bubble-generating CaCO;
cores for contrast-enhanced diagnostic US imaging and NIR-
absorbing photosensitizers for remote photodynamic therapy. The
Ce6-BMNs generated CO, bubbles at the tumoral pH level, which
resonated under a US field with triggering the release of Ce6 to
photodynamically destruct MCF- cancer cells. Simultaneous CO,
bubble generating and Ce6 releasing from the Ce6-BMNs at the
tumoral pH could serve as a useful feature for US image-guided PDT
for This simple and highly efficient
nanoparticles would serve as a useful theranostic agent for imaging-

tumors. mineralized

guided PDT for various tumors.
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<Graphical Abstract>

Photosensitizer-loaded CaCO;-mineralized nanoparticles expressed theranostic potentials for
cancer treatment by generating CO, bubbles and releasing photosensitizers at tumoral acidic

pH for ultrasound imaging and simultaneous photodynamic therapy.
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