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We report the post-synthetic functionalization of Prussian blue (PB) nanoparticles by two different
luminophores (2-aminoanthracene and rhodamine B). We show that the photoluminescence
properties of the fluorophores are modified by a confinement effect upon adsorption and

demonstrate that such multifunctional nanosized systems could be used for in vitro imaging.

Introduction

Prussian blue (PB) and their analogues are widely recognized as the first coordination network
materials in which transition metal ions are assembled through cyano-bridges, generating a 3D
cubic structure. PB is a mixed-valence system exhibiting the general formula A <Fe"[Fel(CN)s]:-
x4 w4, in which A is an alkaline ion and (] denotes the hexacyanoferrate vacancies. The synthesis
of PB at the nanoscale has recently attracted a great deal of interest due to several advantages
arising from their molecule-based nature with respect to classical inorganic nanoparticles.! More
specifically, an upturn has recently been taken to utilize PB nanoparticles for biomedical
applications thanks to their adjustable physical and chemical properties, their porosity and their
chemical robustness in water over a large pH range.? Moreover, they benefit from an excellent
biocompatibility since the so-called “insoluble” form of the bulk PB has been approved by the
Food and Drug Administration (FDA) as an antidote for radioactive Cs* and nonradioactive TI*
poisoning.> Consequently, the efficiency of nanosized PB has been demonstrated for a myriad of
biomedical applications including Magnetic Resonance Imaging (MRI),* scintigraphy,’ photo-
acoustic imaging,® or therapy through different kinds of treatment’ together with drug delivery’®
8 and photothermal therapy.’
On the other hand, fluorescence imaging is an affordable technique that benefits from a
high temporal resolution and high sensitivity."” Numerous nanosized systems, such as gold and

lanthanide-based upconverting nanoparticles or semiconductors quantum dots have been



employed for optical imaging.!! This approach has recently been extended to nanosized Metal-
Organic Framework.!? In this sense, optical imaging would be therefore highly needed to fully
exploit the potentials of nanosized PB with the aim to easily monitor the nanoparticles uptake into
the cells, understand their biodistribution and the efficiency of the targeted treatment. However,
efforts to implement luminescence in these intrinsically multifunctional PB nanosystems remain
almost unexplored except the two examples of Mn?"-doped PB nanoparticles with an avidin
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functionalized surface and core@shell polypyrrole@PB nanoparticles.
aforementioned properties of nanosized PB with luminescence would therefore allow the design
of simple theranostic agents.'* Hence, new luminescent PB nanoparticles with different emission
ranges are therefore required.

In this sense, various synthetic approaches could be used to post-functionalize PB nanoparticles.
Firstly, surface modification of the PB nanoparticles could be achieved using bulky ligands able
to interact with the metal ions located at the surface.!” On the other hand, we have also recently
reported an original strategy to render magnetic nickel hexacyanochromate nanoparticles
luminescent by a post-synthetic functionalization within the internal porosity of the cyano-bridged
framework using the 2-aminoanthracene (AA) fluorophore to yield a bifunctional magneto-
luminescent system.'® Taking advantage of these simple methodologies, we have extended this to
PB nanosystems by their functionalization with two different fluorophores. We report here the
understanding of PB nanoparticles’ functionalization by combining experimental and theoretical

methods as well as the in-depth investigation of their photophysical properties and cellular uptake.

Experimental Section

Materials and Methods



All chemical reagents were purchased and used without further purification: Iron (III)
chloride hexahydrate (Sigma Aldrich, 97%), Sodium hexacyanoferrate (II) decahydrate
(Alfa Aesar, 99%), 2-aminoanthracene (Alfa Aesar, 94%), Rhodamine B (Acros Organics,
98+%), ultra-pure water, ethanol 96% vol (TechniSolv), SnakeSkin Dialysis Tubing

(3,5000 MWCO, 22 mm x 35 feet dry diameter, 34 mm dry flat width, ThermoScientific).

Synthesis of Na+/Fe3*/[Fe''(CN)s]*~ PB nanoparticles (1).

The PB nanoparticles (NPs) were obtained following general procedures.”® !” At 25°C, aqueous
solutions of FeClz-6H20 (10.00 mM, 10 mL) and Nas[Fe(CN)s]-10H20 (11.25 mM, 10 mL) were
added simultaneously to 100 mL of pure water at 2 mL.h~! rate, using a syringe pump. After
addition, the mixture was stirred one hour before being centrifuged at 37,500 x g (20,000 rpm)
during 15 min. The supernatant was removed and the NPs were washed successively with water
and ethanol and dried under vacuum to obtain a dark blue powder.

IR (KBr): v(O-H) = 3630 cm™! (coordinated water), v(O-H) = 3400 cm™! (crystallized water),
v(C=N)=2082 cm™! (Fe"-C=N-Fe''), §(0-H) = 1606 cm™! (crystallized water), v(Fe-CN) = 602
cm™!, §(Fe'-CN) =501 cm™'.

EDS: 14.04/85.96 (Na/Fe). Formula found: Nag 30Fe™[Fe'(CN)s]o.s2-3.7H20.

Elemental analysis calcd (%): C, 19.49; H, 2.44; N, 22.72; found (%): C, 19.22; H, 3.36; N, 22.15.

Post-synthetic  functionalization of Na*/Fe3'/[Fe!'(CN)s]*~ nanoparticles with 2-
aminoanthracene (1@AA).
The post-functionalization was performed by mixing the pristine Na*/Fe**/[Fe''(CN)s]*" NPs 1 (30

mg, 0.10 mmol) with the 2-aminoanthracene (AA) (96 mg, 0.50 mmol) in ethanol for 24 h under



stirring. Then, the solution was centrifuged at 37,500 x g (20,000 rpm) during 15 min. The
supernatant was removed and the NPs were washed with ethanol several times. The NPs were
dispersed in the minimum of ethanol to perform a 2-days dialysis using SnakeSkin Dialysis
Tubing. Finally, the solid was recovered by centrifugation at 37,500 x g (20,000 rpm) during 15
min and dried under vacuum to obtain a blue solid.

IR (KBr): v(O-H) = 3630 cm™' (coordinated water), v(O-H) = 3390 cm™' (crystallized
water/primary alcohol groups), v(C=N) = 2078 cm™! (Fe!'~C=N-Fe""), v(N-H) = 1635 cm! (N-H
amine), 8( O-H ) = 1609 cm™! (crystallized water), v(C-C) = 1485-1410 cm™! (aromatic), v(C-H)
= 1346-600 cm™! (aromatic), v(Fe'-CN) =600 cm™!, §(Fe'-CN) =501 cm™'.

EDS: 15.12/84.88 (Na/Fe).

Elemental analysis caled (%): C, 21.60; H, 2.49; N, 21.05. Found (%): C,21.33; H, 2.56; N, 20.78.

Estimated formula for 1@AA: Nag 30Fe'[Fe"'(CN)s]o.s3@(AA)o.0s-3.6H20.

Post-synthetic functionalization of Na*/Fe3'/[Fe!'(CN)s]* nanoparticles with Rhodamine B
(1@RhB).

The post-functionalization was performed by mixing the pristine Na*/Fe*"/[Fe"(CN)s]* NPs 1 (30
mg, 0.1 mmol) with the rhodamine B (RhB) (240 mg, 0.50 mmol) in ultrapure water for 24 h under
stirring. Then, the solution was centrifuged at 37,500 x g (20,000 rpm) during 15 min. The
supernatant was removed and the NPs were washed with water several times. The NPs were
dispersed in the minimum of water to perform a 2-days dialysis using SnakeSkin Dialysis Tubing.
Finally, the solid was recovered by centrifugation at 37,500 x g (20,000 rpm) during 15 min,

washed with water and ethanol and dried under vacuum to give a blue solid.



IR (KBr): v(O-H) = 3630 cm™' (coordinated water), v(O-H) = 3400 cm™' (crystallized
water/primary alcohol groups), v(C=N) = 2082 cm™! (Fe!'-C=N-Fe"), v(C=0) = 1691 cm!
(COOH acide), v(C=N) = 1635 cm™!, §(O-H) = 1606 cm™! (crystallized water), v(C-C) = 1485-
1410 cm™! (aromatic), v(C-H) = 1346-600 cm™! (aromatic), v(Fe-CN) =603 cm™!, §(Fe'-CN) =
501 cm™.

EDS: 11.59/88.06 (Na/Fe).

Elemental analysis caled (%): C, 18.29; H, 2.53; N, 20.45. Found (%): C, 18.57; H, 2.62; N, 20.95.

Estimated formula for 1@RhB: Nag23Fe"[Fe'(CN)s]o.s1@(RhB)o.02-3.7H20.

Luminophore’s release

In order to estimate the possibility of luminophores’ leaching, the NPs 1@AA or 1@RhB (10 mg)
were dispersed in 3 mL of ultrapure water to perform a 24-hours dialysis using SnakeSkin Dialysis
tubing in 10 mL of water. The NPs were removed by centrifugation and the receiving medium was

studied by UV-Vis spectroscopy.

Cell culture

Human breast adenocarcinoma MDA-MB-231-GFP and MDA-MB-231 cell lines were used.
MDA-MB-231 cell line stably expresses GFP inducing the visualization of green nuclei in contrast
to MDA-MB-231. Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum and antibiotic (0.05 mg.mL~! gentamicin). These cells

grown in humidified atmosphere at 37°C and under 5% COx.

Cytotoxicity experiments



MDA-MB-231 cells were seeded in 96-well plates. After 24 h of cell growth, cells were treated
with increasing concentrations (0, 50, 100, 150 and 200 pg.mL™!) of nanoparticles (1, 1@AA and
1@RhB). Three days after treatment, cells were stained with nuclei colorant (Hoechst) and

visualized with microscope. The cells were counted using ImageJ program.

Infrared Spectroscopy

Infrared spectra were recorded as KBr disks on a PerkinElmer Spectrum two spectrophotometer.

Ultraviolet-visible spectroscopy

UV-Vis spectra were collected on a JASCO V-650 spectrometer in water or ethanol (C = 500

pg.mL™1).

X-ray Powder Diffraction
X-ray powder diffraction patterns were recorded in the 2 finterval 5-60° at room temperature with
the PANalytical X’Pert Powder diffractometer analytical diffractometer mounted in a

Debye—Scherrer configuration and equipped with Cu radiation (A = 1.5418 A).
Thermogravimetric Analysis
Thermogravimetric analyses were obtained with a thermal analyser STA 409 Luxx® (Netzsch) in

the range 25 — 650 °C at heating speed of 5 °C.min".

Zeta potential measurements



Zeta potential measurements were performed with a Zetasizer Nano-series Malvern instrument.
Aqueous suspension were used (C = 1 mg.mL™'). Three individual measurements were

accumulated and averaged until the final zeta potential result was achieved.

Electron microscopy

Transmission Electron Microscopy (TEM) observations were carried out at 100 kV (JEOL 1200
EXII). Samples for TEM measurements were deposited from solutions on copper grids.
Nanoparticles’ size distribution histograms were determined using enlarged TEM micrographs

taken at magnification of 100 K on a statistical sample of ca. 300 nanoparticles.

TEM imaging

MDA-MB-231 cells were seeded on glass coverslips for 24 h. After controlling their adherence
and growing, cells were exposed (or not for Control tests) to 100 png. mL~! of 1@AA and 1@RhB
for 20 h. The medium was removed and cells were washed twice with DPBS. Cells were fixed by
incubation with 2.5% (v/v) glutaraldehyde in DPBS buffer and stored at 4°C. Then, cells were
extensively washed with DPBS. The staining of samples was obtained upon incubation with 1%
osmium tetroxide. Samples were dehydrated by ascending grades of EtOH; for impregnation, the
samples were firstly treated with a mix EtOH/EPON resin (1:1, v/v) for 1 h, and twice in EPON
for 2 h. The polymerization was performed by embedding cells in EPON resin for 12 h at 60°C,
plunged in liquid nitrogen at -195°C to detach the coverslip, and placed for two days at 60°C for
completing polymerization. The ultrathin sections (70 nm) were obtained using an ultramicrotome
(Leica Ultracut) and disposed on the copper grids. The grids were incubated in uranyl acetate for

2 min, rinsed in water, and then incubated in lead citrate for 2 min, and finally rinsed with water.



Scanning Electronic Microscopy

Scanning Electronic Microscopy (EDS) analyses were performed on a FEI Quanta FEG 200
instrument. The powders were deposited on an adhesive carbon film and analyzed under vacuum.
The quantification of the heavy elements was carried out with the INCA software, with a dwell

time of 3 us.

Photoluminescence measurements

The emission and excitation spectra were recorded at 295 K using an Edinburgh FLS-920
spectrofluorimeter in water or ethanol suspension (C = 500 ug.mL™!) or for powdered samples.
The excitation source was a 450 W Xe arc lamp. The emission spectra were corrected for detection

and optical spectral response of the spectrofluorometer.

Photostability
Ethanolic suspensions (500 pg.mL") were irradiated in a Edinburgh FLS-920 spectrofluorimeter

(maximum slits opening) during 16 hours at 365 and 520 nm for 1@AA and 1@RhB respectively.

Cellular uptake

The cellular uptake experiment was performed using confocal fluorescence microscopy on living
cells. MDA-MB-231-GFP cells were plated onto bottom glass dishes (World Precision Instrument,
Stevenage, UK) in 1 mL culture medium for 24 h. Cancerous cells were treated or not for 20 h
with 1@AA or 1@RhB at a concentration of 100 pg.mL~!, and AA or RhB at the same grafted
concentration on 1. Before the visualization, cells were washed two times with culture medium.

Confocal fluorescence microscopy observations were carried out at Carl Zeiss Microscope. The



measurements were performed on living cells under a 488 nm wavelength excitation for nucleus,
458 nm for AA and 561 nm for RhB. All images were performed with a high magnification
(63x/1.4 OIL DIC Plan-Apo).

Conventionally, GFP signal was represented in green, here GFP is in blue in order to show the
AA fluorescence in green. In addition, MDA-MB-31-GFP cells were used for confocal imaging to
have nuclei labeling other than DAPI, in order to avoid the excitation spectrum overlap between

DAPI and AA.

Internalization quantification by FACS

MDA-MB-231 cells were treated or not with 100 pg.mL~! of 1@RhB for 1, 3, 6 and 24 h. After
treatment, control and treated cells were washed once in cold Phosphate Buffer Saline (PBS),
harvested and centrifuged (1300 rpm, 5 min). Cell pellet were resuspended in PBS enriched with
CaCly, MgCly and stained by propidium iodide (1 pg.mL™') (Sigma-Aldrich Chimie, Lyon,
France), a cell death indicator. Flow cytometric determination of living cells and micelles with
FITC positive cells was done by FACS CytoFlex Flow Cytometer (Beckman Coulter, France) with

a minimum of 10.000 living cells collected.

Computational section

Monte Carlo simulations were performed at 300 K to determine the amount adsorbed at saturation
for both, RhB and AA in the PB structure 1, as well as the adsorption energy between the first
adsorbed molecule and the PB framework. During these simulations, 3D periodic boundary
conditions were applied, while the AA and RhB molecules can undergo different motions

including translation, rotation, deletion and insertion randomly considered during the equilibration
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steps. In order to predict the amount adsorbed in a porosity, a standard methodology based on the
equilibrium of chemical potentials between the adsorbed phase inside the pores and the pseudo
gaseous phase at a given temperature was considered. For that purpose, 5x10° steps for
equilibration and 5x10° steps of production were considered for calculations using Universal Force
Field (UFF) combined with partial charges for both the molecules and the framework. The force
fields were implemented in the home-made Monte Carlo code. Following the strategy proposed in
Rojas et al.,'® ESP charges were extracted from DMol3 calculations for RhB and AA molecules,
while qEq partial charges (corresponding to the partial charges obtained from the electronegativity
equalization method) were considered for the solid framework and formal charges for the
compensating cations. Concerning the Lennard Jones interactions, the Lorentz-Berthelot rules
were applied with a cut-off radius fixed at 12.5 A. Ewald summation for the electrostatic part was
handled to increase the convergence for the energy calculations.

The structures considered for the solid have already been presented in the literature and
reproduced in Scheme 1.

From these Monte Carlo calculations, it is therefore possible to determine the ability of the
internal porosity of the solid to accommodate both AA and RhB molecules. Indeed different
positions of the molecules are tested during the simulations with a large number of equilibration
steps.

In addition, classical calculations performed with GULP have been used to optimize the
geometry of the solid considering a chemical interaction with the AA in order to compare the
physical interaction (similar to adsorption of the molecule) and the chemical interaction (similar
to chemisorption of the molecule on the unsaturated metal center). For these calculations, the same

parameters used before have been considered.
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The molecular simulations have focused on the microscopic pores and not on the mesopores,
which were present in the structure. From Monte Carlo simulations, the adsorption enthalpy at low
coverage (1 molecule per cell unit) is estimated at —30 kcal.mol~!, which is weaker than the
chemical interaction between AA and 1 (evaluated at —120 kcal.mol™") calculated using similar
force fields. This value is obtained from the difference between the energy of the {PB + AA}
structure (where the AA is interacting with the Fe*" cation by NH» group) and the sum of the
energy of the empty PB structure and the energy of the AA molecule. These results point out that
AA should interact with 1 by strong chemical coordination interactions.

In complement, the pore size distribution has been calculated using the same parametrization for
the framework (UFF) and the methodology developed by Gelb and Gubbins, considering a probe
sphere including in the porosity and for which the diameter is growing up to contact of the solid
surface.!” The pores size distribution shows two different types: the tetrahedral sites of the fcc

structure (with pore diameter close to 4 A) and larger pores (with pore radius estimated at 7.5 A

from Figure S9 if we consider a spherical ball to probe the porosity;-but-the-peres-are-elongated

and-dimensions-are-closeto7-5-Ax7-5Ax20-A)) formed by cyanometallates vacancies. Due to

the shape of these pores (cubic and elongated for mono-lacuna and bi-lacuna containing PB models
respectively), they are suitable to accommodate AA of 10 A x 5 A x 1 A, but are unable to
accommodate RhB of 16 x 12 x 7 A. Indeed mono-lacunas generated by single cyanometallate
vacancies have a diameter that can be estimated at 7.5 A x 7.5 A x 11 A, while bi-lacuna generated
by double cyanometallate vacancies have a diameter estimated at 7.5 A x 7.5 A x 20 A. Keep in
mind that these two kinds of pores cannot be distinguished by the probe sphere approach since the

lowest dimension imposes the diameter of the sphere.
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Results and discussion

Synthesis and characterizations. Implementing luminescence in our PB nanosized systems was
performed by a two-steps procedure involving the synthesis of surfactant-free PB nanoparticles,
followed by their post-functionalization with two targeted luminophores, 2-aminoanthracene (AA)
and Rhodamine B (RhB), which differ from their size and emission features (Scheme 1). They
were selected since: (i) they present different colour of emission (green for AA and red for RhB)
under excitation in different domains (300 — 450 for AA and 500 — 600 nm for RhB) interesting
for biomedical imaging;?° (ii) both of them are planar, but present different sizes in comparison to
the PB’s porosity generated by the double vacancies; (iii) they present different functions able or
not to form chemical bonds with PB network. In contrast to AA, the large size of RhB most likely
prevents its adsorption within the porosity, but the surface functionalization may be achieved either
by electrostatic (ammonium interacting with negatively charged PB nanoparticles) or covalent

(carboxylic moieties) interactions as observed with in citrate stabilized PB nanoparticles.*%

T

I COOH

Scheme 1. a) Typical structure of a lacunary PB. Color code: purple, Fe''and Fe'';, blue, N; grey,

C; red, O. b) Chemical structure of AA. ¢) Chemical structure of RhB.
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Surfactant free PB nanoparticles NagsoFe''[Fe''(CN)sJos2:3.7H20 (1) of 72 + 6 nm (Figure S1)
were obtained using our previously reported method of the controlled addition of the molecular
precursors Nas[Fe(CN)]- 10H20 and FeCls-6H,0 in aqueous solution.’> !” 1 was subsequently re-
dispersed in either ethanol or water with AA or RhB, respectively, and the mixture was reacted
for 24H before being thoroughly washed and next dialyzed to fully remove any residual
luminophores. Elemental and Thermogravimetric (TGA) analyses (Figure S2-S3) on the obtained
solids  allow  estimating the water and luminophores content to  give
Nag3oFe[Fe'(CN)s]o.s3@(AA)0.0s-3.6H20 (1@AA) and
Nag 23Fe[Fe'(CN)6]os1@(RhB)o2-3.7H,0 (1@RhB). The loading capacity, defined as the
luminophore’s weight divided by the total weight of the nanoparticles, is of 4.8 and 2.9 % for
1@AA and 1@RhB, respectively. Besides, TGA analyses indicate that, in both cases, the
luminophore’s decomposition occurs at higher (1@AA) or similar temperatures (1@RhB)
compared to PB. This suggests the integration of AA within the porosity of the PB network, while
RhB is localized at the surface. In comparison with the pristine nanoparticles, 1@AA and 1@RhB
exhibit similar structural features, such as a stretching cyanide v(Fe'-CN-Fe'!) vibration located
at around 2080 cm™ ! in the FT-IR spectra (Figure S4-S5), and a Powder X-Ray Diffraction Patterns
showing the typical fcc structure with a lattice parameter @ = 10.0 A (Figure S6, Table S1). The
post-functionalization with the luminophores is confirmed by the typical vibrations of either AA
and RhB in the 600-1700 cm™! region (Figure S5). Scherrer analysis does not reveal a modification
in the crystallite sizes with respect to the pristine nanoparticles 1 (i.e. 55 nm, Table S1), which is
in good accordance with the Transmission Electronic Microscopy (TEM) analyses showing cubic
nanoparticles with a size of 72 = 5 nm and 73 = 5 nm for 1@AA and 1@RhB, respectively (Figure

1, Figure S7-S8). The negative values of the zeta potentials for 1 and 1@AA are rather similar
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indicating a comparable surface state (Table S2). In contrast, a significant increase of the zeta
potential is observed for 1@RhB, while no chloride ion (that may originate from RhB) could be
detected by the EDS analysis. All these results suggest that AA may be adsorbed within the
porosity of the PB, whereas RhB cannot enter inside the internal porosity (even by considering bi-
lacuna containing structure for PB) as confirmed by Monte Carlo simulations and interacts by
coordination and/or electrostatically with the negatively charged surface of the PB nanoparticles.

Trancher electrostatic ?

Figure 1. TEM images of 1@AA (a) and 1@AA in MDA-MB-231 cancer cells (b); Photographs
of 1, 1@AA and 1@RhB in water without excitation (c) and under excitation with an UV lamp at

365 nm showing their luminescence (d).

Molecular Simulations. To validate such assumptions, molecular simulations (Monte Carlo and

classical force field-based calculations) were performed. The pores size distribution of 1 (Figure

15



S9) highlights two distinct porosity in the coordination network, namely the tetrahedral sites of the
fee structure and the larger pores of pore diameter estimated by molecular simulations at 7.5 A but,
due to the cubic shape where larger size can be calculated by considering the cube diagonale 7.5
A x75A x 11 A for mono-lacuna and 7.5 A x 7.5 A x 20 A for bi-lacuna models. These larger
pores are generated by cyanometallate vacancies and suitable to accommodate only AA (10 A x §
A x 1 A). In contrast, the size of RhB (16 A x 12 A x 7 A) is clearly too large to enter into these
cavities, suggesting rather an interaction at the nanoparticles’ surface by electrostatic or covalent
bonds. Additionally, the AA adsorbed amount in an empty structure is estimated by Monte Carlo
simulations at 0.13 AA molecules per unit cell (as defined below), which is slightly higher than
the experimental value of 0.08. This loading capacity of 7.6 wt% is to be compared with the
experimental one of 4.8 wt%. This discrepancy could be rationalized by the presence of solvent
molecules, which are able to chemically interact with unsaturated metal centers (CUS) and enter
in competition with AA. To go further, the distribution of AA in the pores reveals that it is adsorbed
within the largest pores generated by cyanometallate vacancies (Figure 2). Complementary
calculations have also been performed to quantify the interaction energy when the AA adsorption
1s mainly governed by physisorption (since Universal Force Field is unable to predict the formation
of a covalent interaction). Firstly, the enthalpy corresponding to a physisorption at low coverage
(1 molecule per cell) is estimated at —30 kcal.mol™!, while the chemisorption involving a
coordination bond between AA and Fe** gives a greater value of 120 kcal.mol~'. This large energy
difference suggests a favourable interaction by coordinative bond which is confirmed by the short
distance of 1.96 A between AA and Fe’'. Yet, it should be mentioned that additional interactions
between NH, from AA and Fe*" of 2.7-2.9 A and between NH; and cyano-groups could be also

observed (Figure 2).
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Both experimental and theoretical approaches point out therefore a different mechanism of
adsorption depending on the nature of the investigated luminophores: AA could be chemisorbed
within the internal porosity of the PB framework due to its relatively small size whereas RhB

interacts most likely at the nanoparticles’s surface.

Figure 2. Top: Snapshot illustrating the density of presence of the AA molecules (green) and of
the alkaline ions (red) in the empty PB structure 1 from Monte Carlo simulations. Color code for
1: orange Fe*', light purple Fe*', blue N, grey C. Bottom: Plausible configuration of the AA

molecule in PB structure 1 from Monte Carlo simulations at saturation.
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Optical properties. The optical properties of the resulting functionalized PB nanoparticles were
investigated in suspension and solid-state. Firstly, the electronic absorption spectra of 1@AA and
1@RhB show the typical broad band in the NIR associated with the intervalence Fe*'/Fe** charge
transfer of PB (Figure 3). Moreover, the typical absorption bands related to the fluorophores could

also be discerned at around 400 nm and 550 nm for AA and RhB, respectively.
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Figure 3. Left: Room temperature absorption spectra for 1, AA and 1@AA in ethanol (500

pg.mL ™). Right: Room temperature absorption spectra for 1, RhB and 1@RhB in water (500

pg.mL™).

As regards the photoluminescence features, Figure 1 shows that while a suspension of 1 is optically
inactive, 1@AA and 1@RhB exhibit a blue-green and orange emission, respectively, when excited
by a UV-lamp. For both functionalized systems, the photoluminescence spectra acquired in
suspension exhibit a blue-shift (e.g. 10 nm) with respect to the isolated luminophores (Figure 4,
Figure S10). Such phenomenon has previously been observed in related functionalized PBA
nanoparticles and could be ascribed to a modification of the environment of the luminophores upon
adsorption.'® Thus, when excited in the UV, suspension of 1@AA exhibits a broad emission band
located at 500 nm, while the excitation of 1@RhB at 520 nm shows an emission band centred at

575 nm (Figure 4, Figures S11-S12). In solid-state, 1@AA displays a comparable green emission
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feature at the exception of a weak emission component located in the 400-430 nm region (Figure
S13) which has previously been identified as being dependent on the chromophore’s concentration
upon adsorption in PBA.!6 In contrast, the solid-state emission spectrum for 1@RhB (Figure S14)
is comparable to that obtained in aqueous suspension, while only a red-shifted emission is observed
for the RhB due to the well-known concentration effect (fluorophore-fluorophore interactions).?!
Aqueous suspensions of 1, 1@AA and 1@RhB are found to be stable for several hours (Figure

S15).
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Figure 4. Room temperature normalized emission spectra for I@AA (excited at 360 nm) and

1@RhB (excited at 520 nm) re-dispersed in ethanol (500 ug.mL™).

Moreover, the photostability of the functionalized nanoparticles was investigated upon long-time
exposure (16 H) to their respective excitation wavelengths, 365 and 520 nm for 1@AA and
1@RhB respectively (Figure S16). While an almost two-fold decrease (i.e. 48 %) in the emission
intensity could be observed for 1@AA, 1@RhB only shows a slight reduction of less than 10 %,
pointing out a remarkable photostability. Such results could be favorably compared to the free

luminophores with observed decrease of 60 and 22 % for AA and RbB respectively (Figure S17).
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This suggests that the luminophores are in some extent protected by their adsorption with PB
nanoparticles. For both 1@AA and 1@RhB, no release of the luminophores could be detected
after their dialysis in water during 24 h (Figure S18) confirming the strong interaction between the
fluorophores and nanoparticles. These results suggest that the luminescence properties of PB
nanoparticles could be used to follow in vitro their cell internalization.

Cellular uptake and in vitro imaging. Firstly, the nanoparticles safety was evaluated by studying
the cytotoxicity in human breast adenocarcinoma cells (MDA-MB-231). The cells were treated
with different concentrations (50, 100, 150 and 200 pug.mL™') during three days. The results
indicate no significant differences with the different nanoparticles at the studied doses compared
to control, allowing to consider that these nanoparticles do not exhibit toxicity at these
concentrations (Figure S19). Secondly, the MDA-MB-231 cells were exposed for 20 h to 1@AA
and 1@RhB with a concentration of 100 pg.mL"!. Fluorescent imaging of the MDA-MB-231-
GFP living cells showed that both nanoparticles were efficiently internalized by cancerous cells
and after 20 h incubation are localized in cell cytoplasm (Figure 5). Comparison between 1@AA
and 1@RhB internalization with the independent luminophores indicates that AA cannot be
internalized by the cells in contrast to RhB (Figure 5, Figure S20); this later being indeed well
known to cross the membranes of cells.*” Moreover, control experiments were performed with 1
using similar conditions (Figure S21). No fluorescence could be detected demonstrating the
efficiency of the post-functionalization. To ultimately confirm the cancer cell internalization of the
functionalized 1@AA and 1@RhB, TEM imaging was performed after 20 h of incubation. The
results point out a clear localization of the functionalized PB into the MDA-MB-231 cells (Figure

1, Figure S22), in accordance with the results from fluorescence imaging.
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Nuclei Compounds Merged

Figure 5. Human breast adenocarcinoma MDA-MB-231-GFP cells uptake of nanoparticles.

Control

Cancerous cells were incubated or not for 20 h with 1@AA or 1@RhB at a concentration of 100
pg.mL—1. Blue emission shows the cell nucleus of MDA-MB-231-GFP cells, green and red

emissions characterize the presence of 1@AA and 1@RhB, respectively.

Finally, quantification of the 1@RhB internalization by cancerous cells by flow cytometry
experiments was performed (Figure S23). 1@RhB was incubated in the culture cells at a
concentration of 100 pg.mL~! during different times (1 h, 3 h, 6 h and 24 h). After 3 h of incubation,
a high internalization level (55% stained cells) was reached and after 24 h, 79% of cells were
stained. All together, these biological experiments demonstrate the potential of such PB

nanoparticles to highly penetrate the cancer cells.
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Conclusions

In conclusion, we have demonstrated that PB nanoparticles could be easily post-functionalized
by various luminophores to render them luminescent. Depending on the luminophore’s nature,
different adsorption mechanisms could be observed as confirmed by molecular modelling. With
respect to the previously reported luminescent nanosized PB, the facile and low-cost character of
the reported methods constitute an asset. Such approach could be easily extended to various
luminophores to tune the emission range. Additionally, we unambiguously show that these simple
functionalized nanosized probes could be efficiently used to monitor the cell internalization of the
nanoparticles by fluorescence imaging. This opens exciting perspectives for using these PB

functionalized nanoparticles for multimodal imaging.
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