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ABSTRACT: Prussian blue (PB) as a clinically adapted agent recently
has drawn much attention in cancer theranostics for potential applications
in magnetic resonance (MR) imaging as well as photothermal cancer
treatment. In this work, we take a closer look at the imaging and therapy
performance of PB agents once they are doped with Mn?*. It is found that
Mn?*-doped PB nanocubes exhibit increased longitudinal relaxivity along
with enhanced optical absorption red-shifted to the near-infrared (NIR)
region. Those properties make PB:Mn nanocubes with appropriate
surface coatings rather attractive agents for biomedical imaging and
cancer therapy, which have been successfully demonstrated in our in vivo

experiments for effectively tumor ablation.
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Bl INTRODUCTION

Prussian blue (PB) is a U.S. Food and Drug Administration
(FDA) approved agent for clinical use in the treatment of
radioactive exposure.”” In recent years, PB-based nanoagents
have been reported as photothermal therapy (PTT) agents
because their high optical absorbance peaked at ~700 nm.**
Compared with other inorganic PTT agents including carbon-
based nanomaterials,’”® noble metal-based nanostruc-
tures,"®™ as well as transition-metal sulfides and oxides,'®™*
which in general are not biodegradable and thus have
tremendous difficulties in terms of clinical translation, PB is
already a clinically approved agent and can be obtained with
low costs. Therefore, many groups including ours have explored
the applications of PB-based nanoa§ents as PTT agent for
cancer treatment in animal models.>’>® Further, it has been
found that doping of other paramagnetic ions, such as Gd** and
Mn*" into PB could enhance its T1 contrasting ability in
magnetic resonance (MR) imaging.zg_34 However, the
applications of such Gd- or Mn-doped PB nanostructures in
terms of improving therapy and imaging performance at the
same time have not yet been demonstrated in vivo to the best
of our knowledge.

This work as a revisit of Mn-doped PB (PB:Mn)
nanostructures would like to carefully look into how the
optical and magnetic properties of PB are tuned by Mn**
doping, and explore in vivo applications of such nanoagent after
appropriate surface engineering for bimodal imaging and
photothermal cancer treatment (Figure 1a). It was found that
Mn**-doped PB nanocubes fabricated in this work, on one
hand possess an improved photothermal effect resulting from
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their increased optical absorption red-shifted to the near-
infrared (NIR) region, on the other hand exhibit higher
longitudinal relaxivity (r1), which is preferred for T1-weighted
MR imaging. After coating with polyethylene glycol (PEG) via
a layer-by-layer (LBL) polymer coating and conjugation
strategy, PEGylated PB:Mn nanocubes were obtained and
used for in vivo bimodal MR & photoacoustic (PA) imaging
and photothermal cancer treatment, achieving a great tumor
ablation therapeutic effect in a mouse tumor modal. Our results
highlight the great promise of Mn**-doped PB nanostructures
for applications as a safe and effective nanoscale theranostic
agent, which may have a substantial potential for future clinical
translation.

B EXPERIMENTAL SECTION

Materials. FeCl;-6H,0, MnCl,-4H,0, K,[Fe(CN)4]-3H,0, and
citric acid were obtained from Sinopharm Chemical Reagent CO., Ltd.
(China) and used as received. Polyacrylic acid (PAA, M, ~ 1800),
poly(allylamine hydrochloride) (PAH, M, =~ 15000), 1-(3-
(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride (EDC),
propidium iodide (PI), 3-(4,S-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), and calcein acetoxymethyl ester (Calcein
AM) were obtained from Sigma-Aldrich. Amino group terminated
glycol (PEG-NH,, M,, ~ 5000) was obtained from (Biomatrik Inc.).
Aqueous solutions were prepared with deionized water (18.2 MQ cm)
collected from a Milli-Q_system.
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Figure 1. PB:Mn nanocubes synthesis and characterization. (a) Scheme illustration for the synthesis of PB:Mn-PEG. (b—e) TEM images of PB:Mn-
PEG nanocubes: (b) PB:Mn(0%), (c) PB:Mn(5%), (d) PB:Mn(15%), (e) PB:Mn(25%). The scale bar is 100 nm. (f) UV—vis spectra of PB:Mn
nanocubes with different ratios of Mn-doping. Inset: photos of PB:Mn solutions. (g) Absorption at 808 nm of PB:Mn nanocubes with different
doping ratios of Mn solutions with the same concentration of metal ions (a sum of [Fe]+[Mn]). (h) Photothermal heating of PB and PB:Mn(15%)
solutions at the same concentration of 0.05 mg/mL. The irradiation time was 5 min.

Synthesis of Mn-Doped PB Nanocubes. PB nanocubes were
produced according to a previous protocol, whereas Mn?**-doped PB
nanocubes were synthesized with modifications.®® In brief, to prepare
PB nanocubes without Mn>* doping, 0.5 mmol of citric acid was first
added into 20 mL of water solution of FeCl;-6H,0 (10 mM) at 60 °C,
whereas 0.5 mmol citric acid was added into 20 mL of solution of
K,[Fe(CN),]-3H,0 (1.0 mM) at 60 °C. The solution of K,[Fe-
(CN)¢]-3H,0 (1.0 mM) was dropwisely added into the solution of
FeCl;-6H,0 at 60 °C under magnetic stirring. The solution turned
into bright blue gradually. After S min, the solution was cooled down
to room temperature. To precipitate PB nanocubes from the solution,
we added 10 mL of NaCl (0.5 M). Afterward, the solution was
centrifuged at 14800 rpm for 10 min to collect PB nanocubes, which
were then dispersed in water to form a solution at the concentration of
2.0 mg/mL. When producing Mn-doped PB nanocubes, all steps were
the same except that a mixed solution of FeCl;-6H,0 and MnCl,:
4H,0 at the desired ratio (see the Supporting Information, Table S1)
was used to replace the FeCl;-6H,0O solution used to synthesize PB
nanocubes.

Surface Modification of PB:Mn Nanocubes. To increase the
biocompatibility and physiological stability of PB:Mn nanocubes, we
carried out surface modifications by the LBL polymer coating.>*
PB:Mn nanocubes were first modified with PAH and PAA in a layer-
by-layer (LBL) manner via the electrostatic interaction and then were
conjugated with PEG in the presence of EDC. In brief, 2 mmol of as-
prepared negatively charged PB:Mn nanocubes were added into 8 mL
solution of cationic polymer PAH (M,, & 15000, 4 mg/mL) under
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magnetic stirring. Four h later, excess PAH polymer was removed by
centrifugation at 14800 rpm for 5 min and washed with DI water for 2
times. The PAH coated PB:Mn nanocubes redispersed in water were
then added with 4 mL solution of anionic polymer PAA (M,, =~ 1800,
4 mg/mL). Excess PAA was removed by centrifugation at 14800 rpm
after 4 h with magnetic stirring. Thirty milligrams PEG-NH, (M,, ~
5000) and 15 mg EDC were added into the solution of PB:Mn coated
with PAH/PAA at pH ~7.4. After ultrasonication for 15 min, the
reaction was kept under stirring overnight. PEGylated PB:Mn
(PB:Mn-PEG) were then purified by centrifugation and redispersed
in water for future use.

Characterization. Transmission electron microscopy (TEM, FEI
Tecnai F20, acceleration voltage = 200 kV) was applied to characterize
the shape and size of PB and PB:Mn nanocubes. Energy-dispersive X-
ray spectroscopy (EDX) was carried out to acquire elemental
information on our samples. X-ray diffraction (PANalytical X-ray
diffractometer) equipped with Cuka radiation A = 0.15406 nm) was
used to acquire the information on crystallography and phase of as-
prepared PB:Mn nanocubes. Fourier transform Infrared (FT-IR)
spectra were obtained by HYPERION (German, Bruker) from 4000 to
400 cm™'. UV—vis spectra were measured with a PerkiinElmer
Lambda 750 UV—vis-NIR spectrophotometer. The sizes and zeta
potentials of PB or PB:Mn nanocubes were measured with a Malvern
zetasizer (ZEN3690, Malvern, UK). Concentrations of Fe and Mn
were measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES).
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In Vitro Cytotoxicity Assay. 4T1 murine breast cancer cells were
cultured in RPMI-1640 medium containing 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37 °C under 5% CO,.

For in vitro cell toxicity assay, 4T1 cells were seeded in 96-well
plates at a density of 1 X 10* cells per well and cultured at 37 °C
overnight. Then, the cells were added with PB:Mn-PEG solutions with
different concentrations and then incubated for 24 h. Then MTT
solution (25 uL, S mg/mL) was added to each well and further
incubated at 37 °C for another 4 h. After that, 150 yL of dimethyl
sulfoxide (DMSO) was added into each well after carefully removing
the original culture medium. After being shaken at room temperature
for 10 min, the absorbance at 570 nm of each well was recorded by a
microplate reader (model 680 Bio-RAD) to determine their relative
cell viability.

Cell Internalization of PB:Mn(15%)-PEG. Internalization of
PB:Mn(15%)-PEG by cells was measured with ICP-AES. 105 4T1
cells were seeded in the 35 mm culture dish and incubated at 37 oC
overnight. One ml PB:Mn(15%)-PEG (0.2 mg/mL) was added. After
incubating for various periods of time, cells were collected and washed
with PBS for two times before being boiled in aqua regia
supplemented of 25% perchloric acid. Afterward, the concentration
of Fe in each sample, which was diluted into 10 mL by water, was
measured by ICP-AES.

In Vitro PTT Efficacy of PB:Mn Nanocubes. The photothermal
treatment effect of PB:Mn(15%)-PEG nanocubes was determined by
using a standard MTT assay and live/dead dual staining assay. For
MTT assay, 4T1 cells were seeded in 96-well plates at a density of 1 X
10* cells per well and cultured at 37 °C overnight. Then, the cells were
incubated with fresh complete medium containing PB:Mn(15%)-PEG
of 0.025, 0.05, 0.1, and 0.2 mg/mL, respectively, for 4 h before being
irradiated by an 808 nm laser at 0.5 W/ cm? or 0.8 W/cm? for S min.
Afterward, the cells were incubated with MTT solution for additional 4
h before measuring its absorbance using the microplate reader as
aforementioned.

For live/dead dual staining, 8 X 10° 4T1 cells were seeded in the 35
mm culture dish and incubated at 37 °C for 24 h. Then, the cells was
incubated with of PB:Mn(15%)-PEG at 0.025, 0.0S, 0.1, and 0.2 mg/
mL for 4 h, respectively, followed by being irradiated with the 808 nm
laser for 5 min at 0.8 W/cm™2 Fifteen min later, the cells were
incubated with fresh medium containing Calcein-AM and PI at 1 and 3
pug/mL at 37 °C for 30 min before being imaged using a confocal laser
scanning microscope (Leica SPII, Germany).

Tumor Modal. Balb/c mice were obtained from Nanjing Peng
Sheng Biological Technology Co. Ltd. and used under protocols
approved by Soochow University Laboratory Animal Center. The 4T1
tumors were generated by subcutaneous injection of 1 X 10° cells in
~30 pL serum-free RMPI-1640 medium onto the back of each female
Balb/c mice. When the tumor size reached about 60 mm?, in vivo
experiments were then carried out.

In Vivo PA/MR Biomodal Imaging. 4T1 tumor-bearing mice
were intravenously (i.v.) injected with PB: Mn(15%)-PEG at a dose of
20 mg/kg (body weight). PA and MR imaging were performed
respectively at time points of O h, 1 h, and 24 h, respectively. PA
images (Endra Nexus 128, Ann Arbor, MI) were taken while the mice
were kept in a water system at 37.5 °C. MR images (GE Healthcare,
USA) were taken under a 3.0 T magnetic field with a special coil for
small animal imaging.

In Vivo Photothermal Therapy. Eight 4T1 tumor-bearing mice
were involved in the in vivo experiment. Four mice were iv. injected
with PB:Mn(15%)-PEG at a dose of 20 mg/kg, while the other four
were taken as the control group. After 24 h, the tumors were irradiated
with an 808 nm laser at the power density of 0.8 W/cm? for 5 min. An
infrared (IR) thermal camera was used to monitor the temperature at
tumor site during the photothermal process. Eighteen days after
injection of PB:Mn(15%)-PEG, the mice were sacrificed for toxicity
evaluation. Major organs include liver, spleen, kidney, heart, and lung,
were harvested, fixed in 10% neutral buffered formalin, processed into
paraffin, and sectioned into 8 ym slices, which were then stained with
H&E and imaged under a digital microscope (Leica Qwin).

Bl RESULTS AND DISCUSSION

Mn?*-doped PB with various doping ratios were synthesized by
partly replacing FeCl; with MnCl, in a conventional procedure
to produce PB nanocubes."> TEM images of the synthesized
PB:Mn nanostructures are shown in Figure 1b—e. It could be
found that the morphology of PB:Mn nanocubes with different
Mn?* doping ratios was all in cubic shape. The crystallography
and phase information were acquired through X-ray diffraction
(XRD) measurement from which PB:Mn nanocubes could be
ascribed to be cubic (JCPDS. 52—1907) (see the Supporting
Information, Figure S1), agreeing well with literature." Also,
from the XRD result of PB:Mn (50%), which was produced by
mixing K,[Fe(CN),] with only MnCl, (no FeCly), it could be
seen that replacing Fe’" totally by Mn*" did not change the
crystal phase of PB, indicating that Fe®* within the lattice
structure of PB was likely replaced by Mn®* in our Mn-doped
PB samples, consistent to a number of previous reports.””*°
Meanwhile, The sizes of PB:Mn nanocubes obtained with
different doping rates of Mn?* (0, 5, 15, and 25%, representing
the feeding molar ratios of [Mn]/ ([Mn] + [Fe]) increased
from 60 to 160 nm with the increased Mn** doping ratios (see
the Supporting Information, Figure S2). The changes in size
evidently revealed that more Mn*" doping into the nanocubes
could result in a larger size, which might result from the doping
of Mn?" ions with a larger ionic radius into the nanocube
lattice.*>**

To confirm the successful Mn** doping, we show through
energy-dispersive X-ray (EDX) analysis of the obtained
PB:Mn(15%) nanocubes that there were indeed manganese
(Mn) elements doped into the nanocubes (see the Supporting
Information, Figure S3). Inductively coupled plasma (ICP-
AES) was employed (see the Supporting Information, Table
S1) to quantify the final doping ratios of Mn®* in PB:Mn
nanocubes. With the increasing amount of added MnCl,, more
Mn*" was doped into the nanocubes, with the eventual Mn**
doping ratios ([Mn]/([Fe] + [Mn])) measured to be 4.1, 15.3,
and 26.8% for PB:Mn(5%), PB:Mn(15%), and PB:Mn(25%)
respectively. Fourier transform Infrared (FT-IR) spectra were
recorded for PB and PB:Mn samples (see the Supporting
Information, Figure S4). According to literature, typical
vibration bands of Fe¥*-NC-Fe?* and Mn?'-NC-Fe?*, which
locate at 2074 and 2067 cm™", respectively,**** could hardly be
separated in the IR spectrum and would appear as a
superimposed and broad band with two contributions of
asymmetric vibrations of the bridged cyanides Mn**-NC-Fe*"
and Fe*"-NC-Fe’". As the increase of Mn*" doping level, this IR
band shifted to lower wavenumbers, further indicating that Fe3*
was partly replaced by Mn** (both with S unpaired 3d
electrons) in the coordination structure matrix of PB:Mn
samples.**’

The optical properties of the obtained PB:Mn nanocubes
were then studied. Figure 1f showed the UV—vis—NIR spectra
of PB:Mn nanocubes with the same total metal ion
concentrations (a sum of [Fe] + [Mn]). A broad absorption
band from 500 to 900 nm with a strong absorption peak at 704
nm was observed for PB nanocubes, corresponding to the
energy of the metal-to-metal charge transfer (MMCT) between
Fe?* and Fe** through the cyanide bridge.> Interestingly, after
doping Mn?* into PB nanocubes, it was found that the color of
the solution also changed from blue to green with the
increasing of Mn>* doping ratio, and the absorbance peak
was obviously red-shifted to 718, 730, and 768 nm for
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Figure 3. In vitro cell experiments. (a) Relative viabilities of 4T1 cells after incubation with PEGylated PB and PB:Mn nanocubes for 24 h with
different concentrations. (b) Relative viabilities of 4T1 cells after photothermal ablation induced by PB:Mn(15%)-PEG with 808 nm laser irradiation
at the power densities of 0.5 and 0.8 W/cm” for $ min. Error bars were collected based on the standard deviations (STDEV) of six parallel samples. P
values were calculated by the methodology of Tukey’s post-test (***p < 0.001, **p < 0.01, or *p < 0.05). (c) Confocal fluorescence images of
Calcein AM/PI costained 4T1 cells post photothermal treatment induced by PB:Mn(15%)-PEG under laser irradiation at 0.8W/cm? for 5 min. Live
and dead cells were stained by Calcein AM and PI, and presented in green and red colors in those images, respectively. Enhanced cancer cell killing
was observed as the increase of PB:Mn(15%)-PEG concentrations. The scale bar is 250 pm.

PB:Mn(5%), PB:Mn(15%), and PB:Mn(25%), respectively.
This red-shifted absorbance in PB:Mn samples could be
explained by changes in the electron density and orbital
energies of the cyanide bonds due to the presence of Mn*' in
the lattice.*>>

NIR lasers are preferred over visible lasers in PTT to achieve
deeper tissue penetration. 808 nm is one of the most frequently
used wavelengths for NIR lasers used in photothermal tumor
ablation. Thus, we compared the optical absorption of PB:Mn
samples with different Mn doping ratios at 808 nm (Figure 1g).
It was found under the same concentration, the PB:Mn(15%)

sample exhibited the highest absorption at 808 nm, with a mass
extinction coefficient measured to be ~2522 cm™ mg™' L,
which was higher than that of the other three samples at 17.5,
17.68, and 21.36 cm™' mg™' L for PB:Mn(5%), PB:Mn(15%),
and PB:Mn(25%), respectively. As expected, PB:Mn(15%) with
higher NIR absorbance offered enhanced photothermal heating
performance compared to bare PB nanocubes under the 808
nm NIR laser irradiation (Figure 1h). We have also investigated
the photothermal stability of PB:Mn (15%) NCs under the
NIR laser irradiation compared with Indocyanine green (ICG),
another FDA-approved NIR-absorbing agent also extensively
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Figure 4. In vivo photoacoustic and MR imaging. (a) 2D photoacoustic imaging of tumors before and after injection of PB:Mn(15%)-PEG taken at
different time points. (b) In vivo T1-weighted MR images of a mouse taken before injection (upper) and 24 h post injection (bottom) of
PB:Mn(15%)-PEG. Obvious brightening effect showed up in the tumor after iv. injection of PB:Mn(15%)-PEG. (c) T1-weighted MR signal
intensities and PA signal intensities in the tumor before injection and 24 h post injection of PB:Mn(15%)-PEG.

been used as a photothermal agent. It was found the PB: Mn
(15%) NCs appeared to be highly photostable under constant
NIR laser exposure compared with ICG, which was easily
photobleached (see the Supporting Information, Figure SS).

In the structure of pure PB nanocubes, Fe®* is carbon-
bonded with low spin (S = 0) while Fe** is nitrogen bonded
with a high spin (S = 5/2). Thus, the nanocubes would have
the ability to shorten the longitudinal relaxation times (T1) of
protons in bulk water. Meanwhile, Mn?* has also been
demonstrated to have the ability to shorten the longitudinal
relaxation T1 times of photons from bulk water.*** Thus, the
doping of Mn’" into PB nanocubes may enhance their T1
contrasting ability during MR imaging. To study the MR
contrast effects of Mn®*-doped PB nanocubes, we diluted PB,
PB:Mn(5%), PB:Mn(15%), and PB:Mn(25%) samples into five
concentrations for MR scanning using a scanner with a
magnetic field of 3 T. Obvious concentration dependent
brightening effects were also observed in vitro T1-weighted MR
images of those samples (Figure 2a). The obtained relaxation
time T1 values were recorded and plotted as 1/T1 versus the
molar concentration of total metal ions (Figure 2b). The
concentration-normalized r1 relativity values were measured to
be 5.73, 5.85, 7.08, and 7.64 mM™' S™', for PB, PB:Mn(5%),
PB:Mn(15%), and PB:Mn(25%), respectively. Thus, Mn*"
doping was able to obviously enhance the longitudinal relaxivity
rl of PB nanocubes for better contrast in T1-weighted MR
imaging.40’41

Considering the fact that PB:Mn(15%) nanocubes have the
highest absorption at 808 nm and a relatively high r1 value
among different formulations of PB:Mn nanotubes with varied
ratios of Mn-doping, we thus chose PB:Mn(15%) for further
experiments. Although as-made PB:Mn nanocubes could be
well -dispersed in water, they would aggregate in the presence
of salts under physiological environments (see the Supporting
Information, Figure S6). Therefore, ahead of applying
PB:Mn(15%) nanocubes for in vitro and in vivo experiments,
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we carried out surface modification through a layer-by-layer
(LBL) polymer coating method (Figure 1a). On the basis of
the attraction force between positive and negative charges, a
cationic polymer PAH was used to coat bare PB:Mn(15%)
nanocubes, switching the surface charges of nanoparticles from
negative to positive (zeta potential from —23.5 mV to 17.9
mV). Then an anionic polymer PAA was utilized to coat the
PB:Mn(15%)-PAH also by eletrostastatic attraction. Amino
group-terminated PEG (M,, & 5000) was then conjugated to
the carboxyl groups on the PB:Mn(15%)-PAH-PAA surface via
amide formation. As expected, LBL coating of polymers with
counter charges could lead to the switch of zeta potentials and
increase of hydrodynamic diameters of those nanoparticles after
each layer of polymer coating (see Supporting Information,
Figures S7 and S8), confirming the successful surface
decoration. The final product, PEGylated PB:Mn nanocubes
(PB:Mn-PEG), exhibited a zeta potential at —10.2 mV and a
hydrodynamic size of ~122 nm and appeared to be highly
stable in various physiological solutions (see the Supporting
Information, Figures S6 and S9, inset).

Next, we evaluated the potential toxicity of PEGylated
PB:Mn nanocubes to cells by the standard cell viability MTT
assay. Various concentrations of PB—PEG, PB:Mn(5%)-PEG,
PB:Mn(15%)-PEG, and PB:Mn(25%)-PEG were incubated
with 4T1 cells (murine breast cancer cells) for 24 h. It was
found that PEGylated PB:Mn nanocubes regardless of Mn-
doping ratios all showed low toxicity to cells even at a high
concentration of 0.2 mg/mL (Figure 3a). Next, we tested the
internalization of PB:Mn (15%)-PEG within 4T1 cells by
measuring the content of Fe element with ICP-AES. The
results indicated that internalization did occur after incubating
cells with PB:Mn (15%)-PEG NCs (see the Supporting
Information, Figure S10). The MTT assay was then
implemented to study the PTT efficacy in vitro. 4T1 cells
were incubated with different concentrations of PB:Mn(15%)-
PEG nanocubes for 4 h and then irradiated by an 808 nm laser
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Figure S. In vivo PTT by using PB:Mn(15%)-PEG. (a) IR thermal images of 4T1 tumor-bearing mice recorded by an IR camera. The dose of
PB:Mn(15%)-PEG was 20 mg kg ™" in this experiment. Laser irradiation was conducted by using 808 nm NIR laser at the power density of 0.8 W/
cm? for § min on the tumors. (b) H&E-stained tumor slices collected 24 h after laser irradiation from mice in control group (upper one) and PTT
group (below one). The scale bar: S00 ym. (c) Photos of mice in the control group and experiment group before and 18 days after PTT.

at power densities of 0.5 and 0.8 W/ cm?. Cells were then
incubated for another 24 h before measuring the viabilities by a
standard MTT assay. Apparently, much more cells were killed
with the increase of laser power densities and concentrations of
PB:Mn(15%)-PEG nanocubes. Statistical analysis in the data of
MTT was based on the methodology of Tukey’s post-test
(**#p < 0.001, **p < 0.01, or *p < 0.05) (Figure 3b). Calcein-
AM/PI dual staining was carried out as well to differentiate the
live and dead cells. As the increase of nanocube concentration,
more cells were killed after laser irradiation (Figure 3c). All
these results confirmed that PB:Mn(15%)-PEG nanocubes had
a great potential for photothermal ablation of cancer cells under
the NIR laser irradiation.

Before moving forward to study the in vivo photothermal
eficacy by using PB:Mn(15%)-PEG nanocubes, in vivo
bimodal imaging on mice intravenously (iv.) injected with
PB:Mn(15%)-PEG was first carried out. First, PA imaging,
which is a recently emerged imaging modality with improved in
vivo spatial resolution and tissue penetration compared to
traditional optical imaging techniques,**~* was carried out at
different time points after iv. injection. The intrinsic signals
from blood vasculature were observed at the tumor site before
iv. injection of PB:Mn(15%)-PEG. After injection, the tumor
signals were greatly enhanced (Figure 4a). Strong PA signals
appeared throughout the whole tumor at 24 h post injection
(pi.), suggesting efficient accumulation of PB:Mn(15%)-PEG
inside the tumor as a result of enhanced permeability and
retention (EPR) effect of cancerous tumors.**¢

Next, in vivo MR imaging was conducted utilizing the strong
T1 contrast offered by PB:Mn(15%)-PEG. A noticeable
brightening effect at the tumor site was observed after iv.
injection of PB:Mn(15%)-PEG into 4T1 tumor-bearing mice at
24 h p.i.(Figure 4b). On the basis of region-of-interest (ROI)
quantification, the quantitative MR/PA imaging results further
verified that both signals were obviously increased in the tumor
region after iv. injection of PB:Mn(15%)-PEG (Figure 4c).
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Therefore, both in vivo PA and MR images verified the efficient
tumor passive targeting of PB:Mn(15%)-PEG after i.v.
injection.

Inspired by the fascinating in vitro photothermal effect and
the efficient tumor accumulation of PB:Mn(15%)-PEG, we
then conducted the animal experiments to realize in vivo PTT
by using PB:Mn( 15%)-PEG.*"*® Eight 4T1 tumor-bearing
mice were divided into two groups, with one group i.v. injected
with PB:Mn(15%)-PEG nanocubes and the other group used
as the control. Twenty-four hours after injection, an 808 nm
laser with a power density of 0.8 W/cm® was applied to
irradiate the tumors for 5§ min. At the same time, an IR thermal
camera was used to monitor the tumor temperature during the
photothermal process. It was found that the surface temper-
ature of the tumor on mice treated with PB:Mn(15%)-PEG
rapidly increased from 28 °C to ~SS °C during laser irradiation.
In contrast, the mice without injection of PB:Mn(15%)-PEG
showed no apparent heating effect (Figure Sa).

To assess the photothermal ablation effort toward tumors,
we sacrificed two mice from each group after 24 h with tumor
sliced and stained by H&E. Because of he hyperthermia
produced by PB:Mn(15%)-PEG under laser irradiation, an
obvious damage to tumor cells was noticed on the mouse with
injection of PB:Mn(15%)-PEG, quite different from the other
control group which retained the normal morphology of tumor
cells (Figure Sb). All tumors in the PB:Mn(15%)-PEG treated
group were effectively inhibited post laser irradiation (Figure
Sc). The mice left in the two groups were also sacrificed after
18 days. Major organs of mice were sliced and stained by H&E
for histology analysis. No noticeable organ damage or
inflammatory lesion was observed in all major organs of mice
receiving PB:Mn(15%)-PEG injection and photothermal treat-
ment (see Supporting Information, Figure S11), preliminarily
verified that PB:Mn(15%)-PEG nanocubes rendered no
obvious toxic side effect to the mice in the short term at our
tested dose.
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Bl CONCLUSION

In this work, a multifunctional nanoplatform based on Mn?*
doped PB (PB:Mn) nanocubes for bimodal imaging and PTT
with enhanced performance was demonstrated. In this system,
doping Mn*" into PB nanocubes led to a higher absorption at
NIR and a stronger T1-MR contrast ability. Surface
modification was successfully carried out on PB:Mn nanocubes,
improving their stability in physiological conditions. Biomodal
PA/MR imaging was conducted, revealing the effective tumor
accumulation of those nanocubes after i.v. injection. Effective in
vivo PTT was further demonstrated with iv. injection of
PB:Mn(15%)-PEG and NIR laser irradiation of tumors. No
obvious toxicity was observed on those mice after injection of
PB:Mn (15%)-PEG nanocubes. Our results successfully
demonstrated that doping Mn®* into PB nanocubes can
achieve both enhanced T1-MR contrasting effect and improved
NIR absorption, which are favorable for future imaging-guided
photothermal cancer therapy.
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