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Photothermal therapy (PTT) is a promising strategy for the
therapeutic treatment of tumours, which consists in “burning”
cancer cells by laser irradiation at low energy wavelengths in the
presence of an NIR photo-adsorbing agent."* In comparison to
conventional cancer treatments, it offers several advantages,
such as high specificity, deep penetration, lower tumour
recurrence, minimal invasiveness and low toxicity to normal
tissues.>* Due to the fact that the treatment efficiency highly
depends on the outstanding capacity of the PTT agent to convert
light into heat, numerous materials have recently been re-
ported, such as organic dyes>® or various inorganic nano-
objects, including metallic nanostructures (Au nanorods or
nanoshells, Ag, Pd), carbon based materials (nanotubes,
spheres, graphene oxide), transition metal dichalcogenide
nanoparticles, metal oxide nano-objects or up-conversion
nanocrystals.”*

Among these, Prussian blue (PB) nano-objects have been
developed as interesting PTT agents since they benefit from
many advantages, such as: (i) a controlled size ranging from
a few to hundreds of nanometers, (ii) easy surface functionali-
zation, (iii) excellent absorption properties in the NIR spectral
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may be used as efficient therapeutic agents for combined photothermal and chemo-therapy of cancer cells
with a synergic effect under two photon irradiation.

domain due to an Fe** to Fe*" intervalence charge transfer band
ranging from 650 to 900 nm, (iv) high stability under irradia-
tion, and (v) the fact that bulk PB is validated by the FDA under
the brand name Radiogardase® as an antidote for human
beings exposed to radioactive Cs"."” It has been shown in vitro
that PB nanoparticles upon single photon excitation (SPE) (at
808 nm) can convert the laser irradiation into thermal energy
contributing to an important temperature increase.'®*® Their
efficiency depends on the nanoparticles’ concentration, their
chemical composition, the laser power, the mode of irradiation
and the irradiation time. Moreover, it has been demonstrated
that nano-sized PB presents a higher efficiency in comparison
with Au nanorods and a better photothermal stability than
organic dyes used as conventional photothermal agents.*>** PTT
effect of PB nanoparticles has also been demonstrated in vivo
through their intra-tumoral injection that causes significant
tumour necrosis 24 h after NIR irradiation in comparison with
non-treated mice."® Nevertheless, the complete eradication of
cancer cells using solely PTT treatment is rather difficult due to
the suboptimal laser energy in deep tissues related to light
scattering and absorption effects, a limited light penetration
and the insufficient tumour target specificity of PTT agents.
Some of these drawbacks may be circumvented using two
photon excitation (TPE), which permits to increase the pene-
tration depth and laser focalization allowing selective and effi-
cient destruction of the targeted cancer cells with less damage
to healthy tissues.”*? In this line of thought, we reported
recently Mn**-doped PB nanoparticles of ca. 70 nm as efficient
multifunctional PTT agents permitting to eradicate 97% of
cancer cells 24 h after irradiation under TPE during 10 min,
which may also be followed by Magnetic Resonance Imaging
(MRI).>* However, the comparison between the efficiency of the
single and two-photon excitations on the same nano-objects has
never been investigated.
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Another possibility to increase treatment efficiency and thus
decrease the concentration of the PTT agent consists in the
association of PTT with a drug or gene delivery to develop
a personalized cancer therapy.** Several works report on the
design of PB nanoparticles wrapped by gelatine or PEGylated
lipids containing the incorporated anticancer drug">**°3* or
conjugated with pDNA* or antigen specific cytotoxic lympho-
cytes.** In these cases, an improvement in cancer cell mortality
or in the efficiency of gene transfection under NIR irradiation
has been observed. But the synergic effect of PTT and chemo-
therapy has been clearly demonstrated only for hollow PB
nanoparticles of 236 nm loaded with DOX presenting a thera-
peutic efficacy increase from 13.6 to 51.2% in comparison with
the non-loaded nanoparticles.”®

Herein, we investigate the loading of Mn>*-doped PB nano-
particles of ca. 55 nm with DOX by experimental means joined
with a theoretical modelling and demonstrate that such systems
may be used as efficient agents for combined PTT and chemo-
therapy, able to eradicate almost all cancer cells (91%) under
TPE due to a synergic effect with a relatively low concentration
(50 pg mL™"). Moreover, we compare for the first time the effi-
ciency of the nano-objects with TPE and SPE and investigate
their cytotoxicity. The Mn>* doped PB nanoparticles have been
chosen for this study due to their multifunctionality as MRI
contrast agents and PTT therapeutic agent, since the presence
of Mn** jon in such amount does not impact the PTT
efficiency.”*

Mn>*-doped PB nanoparticles Nag ;sMng ;,Fe[Fe(CN)glo.or 1
have been obtained by using the previously described procedure
involving the controlled self-assembling reaction between
Na,[Fe(CN)g]-10H,0, FeCl;-6H,0 and MnCl,-6H,0 in water.
The drug loading was performed by suspending 1 in an aqueous
DOX solution for 24 h under stirring in the dark. The loading
capacity of DOX of 7.6 wt% (ratio between the adsorbed DOX
weight and the total weight of the loaded nanoparticles) was
determined by UV-Vis absorption spectroscopy (see Experi-
mental part and Fig. S1, ESIf). The obtained nanoparticles
Nay »gMn, 1, Fe[Fe(CN)g]o.ss@D0Xo.04 1@DOX present typical
stretching vibrations of the bridging cyanide group »(Fe"-CN-
Fe™) at 2080 cm™ " in the FTIR spectra, as the pristine nano-
particles 1 with an appearance of small intensity bands finger-
prints of DOX in the 800-1500 cm ™" frequency range (Fig. S2,
ESI}). Their Powder X-ray diffraction pattern shows the typical
fce structure with a lattice parameter a = 10.0 A (Fig. $3, ESIY).
The obtained zeta potential (negative value) of —20.8 mV is
slightly lower than for the pristine nanoparticles 1 (zeta
potential of —35.7 mV), that suggests a surface modification
after DOX loading. Transmission Electronic Microscopy (TEM)
images for 1@DOX reveal typical cubic nanoparticles with
a mean size of 55 + 13 nm (Fig. 1a, S4 and S5, ESI{). A slight
bathochromic shift from 725 to 757 nm can be observed in the
absorption spectra for 1@DOX in comparison with 1 (Fig. S67).
Yet, due to the relatively small quantity of the adsorbed DOX, its
characteristic band at 480 nm is not visible on the spectra of
nanoparticles (Fig. S6, ESIT).

In order to provide an insight about the nature of interac-
tions between DOX and the PB network, Monte-Carlo
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Fig. 1 (a) TEM image for 1@DOX; (b) snapshot illustrating the PB
network and the density of DOX inside from Monte Carlo simulations
(red points = density of DOX presence; green points = density of
presence of Na*).

calculations using classical force field have been performed (see
ESI{ for details®**). The size of DOX molecules of 16 A x 9 A x
8 A is clearly larger in comparison with the size of the classical
pores of the PB network generated by the presence of both,
tetrahedral sites and cyanometallates’ monovacancies, except in
the case of double lacunas, in which DOX molecules can be
fixed (Fig. 1b, S7, ESI}). The results of the Monte-Carlo simu-
lations indicate that the saturation of doxorubicin molecules
inside the pores is equal to 5.0 wt% (related to 7.6 wt% found
experimentally). The larger experimental loading suggests that
DOX is situated within the pores of the network (accessible
double lacunas) and also at the surface of the nanoparticles
attached by physisorption, as suggested by the change in the
zeta potential. But the presence of covalent bonds between the
nanoparticles and amino and OH groups cannot be excluded.

The DOX release experiments performed for 1@DOX in
phosphate buffered saline (PBS) show a slow and quasi-linear
drug release during the first 4 hours and a more gradual
behaviour resulting in a 10.3% release of the adsorbed DOX
after 48 h (Fig. S87).

In order to evaluate the safety of the nanoparticles, an in vitro
cytotoxicity study has been carried out on human breast
adenocarcinoma MDA-MB-231 cell line, which is treated with
nanoparticles 1 and 1@DOX at a concentration of 50 pg mL ™~
and cell viability was determined after 1, 2 and 3 days. Results
showed that 1 are non-toxic, as indicated by the increase of the
percentage of cell viability with time, a similar behaviour as for
untreated cells, which suggests their biocompatibility (Fig. S9,
ESIt).»*** In contrast, cell death was observed in cells treated
with 1@DOX, where cell viability decreases during the treat-
ment (40% after 1 day, 35% after 2 days, and 32% after 3 days)
due to DOX release.

Chemo-PTT ability of the nanoparticles 1@DOX to kill the
living cancer MDA-MB-231 cells has been investigated by using
both, TPE and SPE lasers and compared with the efficiency of
nanoparticles 1 and free DOX at a concentration of 6 mg mL™".
The latter is comparable with the amount of loaded DOX into
nanoparticles 1@DOX.

In the case of pulsed TPE at 808 nm (3.7 W, 5% of total laser
power) for 10 min and after 24 h of irradiation, the cells treated
with 50 ug mL ™" of 1@DOX show 91 =+ 7% of cell death, while it
was 76 £ 12% in the case of 1 and 24 + 17% for cells treated
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with free DOX (Fig. 2a). These results were analysed by using
CompuSyn software (ComboSyn, Inc)* in order to determine
the synergic effect of combined PTT and drug. The calculated
combination index (CI) value of 0.4 confirms the presence of an
important synergistic effect (the synergic effect is operational
for CI value lower than 1, while the additive and antagonist
effects occur for values equal or greater than 1, respectively).
The cell death is highlighted by confocal imaging on green
fluorescent living cells as shown in Fig. 2b. The safety of TPE
laser was confirmed on untreated cells by the increase in the
number of green fluorescent spots signifying their important
multiplication 24 h after irradiation. On the contrary, a decrease
or an almost completely disappearance of green fluorescent
nuclei was observed 24 h after irradiation in cells treated with
free DOX, 1 or 1@DOX, confirming cell death. The synergic
effect is certainly due to the important temperature elevation
around each nanoparticle permitting the efficient DOX
liberation.

The increase of nanoparticles concentration to 100 pg mL ™"
did not hardly impact the efficiency of the treatment. In fact, 95
+ 4%, 89 + 6% and 34 + 1% of cell death were found for
1@DOX, 1 and free DOX, respectively. This fact may be
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Fig. 2 (a) Cell counting (%) of living MDA-MB-231 cells treated with
nanoparticles 1@DOX and 1 at 50 pg mL™ concentration and free
doxorubicin before irradiation, immediately after irradiation and 24 h
after irradiation with a TPE laser at 808 nm (3.7 W, 5% of total laser
power) for 10 min. Data are presented as (mean + SEM), n = 3. (b)
Fluorescence imaging of living MDA-MB-231 cells treated with 50 pg
mL~! concentration of 1, 1@DOX and free doxorubicin (6 mg mL™)
before irradiation, immediately and 24 h after irradiation with TPE laser
at 808 nm (3.7 W, 5% of total laser power) for 10 min.
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explained by the restricted amount of nanoparticles uptake at
higher concentration. The effect of the concentration of 1@DOX
on cells mortality is shown on Fig. S10.t

The obtained results with the TPE laser have been compared
with the effect obtained under the SPE laser by using the same
concentration of nanoparticles. For this, cells were irradiated at
808 nm (2.5 W em ™ ?) during 30 min (10 min of irradiation did
not provide any cells’ mortality). Data showed that only 35 &+ 5%
of cell death was found with 1@DOX 24 h after irradiation
(Fig. 3 and Fig. S11t) clearly demonstrating the advantage of
TPE over SPE in our experimental conditions. However, the
cancer cells continue to die and reached a death level of 55 +
10% and 77 + 3% after 48 h and 72 h of irradiation, respectively
(Fig. 3a). Fluorescent images for live (green colour) and dead
cells (red colour due to propidium iodide staining) confirm this
result (Fig. 3b and S127). Note that the obtained results on SPE
are comparable with the previously published ones on other PB
nanoparticles containing doxorubicin.»>*3%3

In summary, we demonstrated that Mn>"-doped PB nano-
particles of ca. 55 nm can be easily loaded with doxorubicin
drug (7.6 wt%). We established for the first time by using
theoretical modelling that the latter mainly enters into the
network's pores and a minor amount is also attached on the
surface of the nanoparticles. A synergic effect of the PTT and
DOX release is observed upon the treatment of MDA-MB-231
cancer cells with a relatively low concentration of nano-
particles (50 pg mL ") under TPE laser inducing their almost
total eradication. These results are much improved in
comparison to the ones obtained by combined DOX release and
PTT under an SPE laser taking the same concentration of
nanoparticles, which provides lower cell mortality even 72 h

@ 1300+

12004
11004
1000
900
800
700
600
500
400
300
200
100{ %

[ Before irradiation

W 24 h after irradiation
48 h after irradiation
€3 72 h after irradiation

Cell Viability (%)
3

Cell Viability (%)

s s fase

1+NIR 1@DOX 1@DOX+NIR

o
Untreated Untreated+NIR

Unteated cells + NIR 1 14NIR 1@DOX 1@DOX + NIR

Fig. 3 (a) Cell counting (%) of living MDA-MB-231 cells treated with
nanoparticles 1@DOX and 1 at 50 pg mL™! concentration before
irradiation and 24 h, 48 h, and 72 h after irradiation with SPE laser at
808 nm (2.5 W cm~2) for 30 min. Data are presented as (mean =+ SEM)
n = 3. Inset: enlargement of figure for 1@DOX + NIR; (b) fluorescence
imaging of living MDA-MB-231 cells treated with 50 pg mL™ nano-
particles’ concentration after 72 h of irradiation with SPE at 808 nm
(2.5 W cm™2) for 30 min. Cells were treated with propidium iodide (PI)
for cell death detection (shown in red).
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after irradiation. This strategy provides an interesting oppor-
tunity towards multifunctional nanomedicines with combined
therapy and imaging.
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