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ARTICLE INFO ABSTRACT

Keywords: Covalent organic Frameworks (COFs) are a class of crystalline macromolecular materials build-up by monomers
COF with specific symmetries or functionalities. There are important limitations in the synthesis of highly ordered
BODIPY. . COFs, such as the shape and packing of the building blocks. Thus, the presence of fluorine atoms that lie
]I;lsligzhzatlon perpendicular to the bisecting plane of BODIPY derivatives together with the presence of four bulky methyl
Frameworks groups could hinder the crystallization process in COF synthesis. For that reason, BODIPY-based COFs are rarely

incorporated to COF networks. In this work, following the mixed linker strategy, a pre-synthetic method to dope
COF structures with BODIPY units was developed. The materials have been processed into fluorescent Covalent
Organic Nanosheets (CONs) with defined particle-size distributions around 100 nm, suitable for cellular
biomedical applications. The viability of the CONs was evaluated using Sk-Mel-103 cells, demonstrating the
internalization showing 100% cell viability. We envisage that this work could accelerate the discovery of new
COF-based materials for biomedical sciences.

1. Introduction

Two-dimensional covalent organic frameworks (COFs) are a part of
the full mosaic which comprises crystalline and porous materials. Since
the prominent work of O. M. Yaghi and co-workers in 2005 [1] the in-
terest in these materials have increased exponentially [2]. COFs are built
up through the formation of dynamic covalent bonds to ensure the
crystallization processes by the curing of the networks through equi-
librium reactions [2-4]. With this aim, the formation of several

* Corresponding author.
** Corresponding author.

reversible bonds were investigated including imine [4], imide [5],
triazine [6] or vinylene [7] linkages. The properties of the networks are
a function of the monomers or linkers which build up the structure [8,9].
However, to achieve the crystalline phase, the use of crystallization
processes requires usually planar monomers functionalized in specific
positions, limiting the structural variability [8,10]. Some strategies have
been developed to increase the number of units accessible to yield
crystalline and porous materials via post-synthetic or pre-synthetic
procedures [11]. Some of them are pendant group reactions [12,13]
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or pore wall modifications [14-16] which usually reduce the crystalline
or porous features. For this reason, an emerging strategy is to incorpo-
rate the desired building blocks as a “dopant” in the COF network [17].
This approach is similar to the mixed linker strategy reported before
which comprises several protocols such as monomer truncation,
hetero/homo-structural mixed linkers, linker feed variation or monomer
ratio [2,18,19], with the difference of the low amounts employed of one
of the linkers. Skeleton doping consists in a three-component reaction in
which at least two molecules have similar structural properties such as
relative angles and distance between the reactive points. In this manner,
the incorporation of linkers, which by themselves would arise poor
crystalline structures, could be incorporated into pre-synthetic periodic
networks thus inhibiting the decrease on the crystalline and porosity
features.

Boron dipyrromethenes (BODIPYs or 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacenes) are a small but extremely versatile class of fluores-
cent dyes, which were accidently discovered in 1968 by Treibs and
Kreuzer [20,21]. They were re-discovered after 20 years of forgetfulness
and deeply studied in the early 1990s, [22,23] achieving exponential
growth in their development until nowadays [24,25]. Some of the
outstanding photophysical features of BODIPY dyes include their high
quantum efficiencies of fluorescence, high molar extinction coefficients,
and easy electronic modification of frontier molecular orbitals by sub-
stituents. Thus, because of their easily tuneable properties, a wide range
of versatile and important applications have been found for BODIPY
dyes in different fields of research, including optoelectronic materials
[26], OLEDs [24], solar cells [27], laser dyes [28], sensors [29],
photodynamic therapy [30-34], bioimaging [35] and other emerging
applications such as the development of theragnostic agents [30,36-39]
or systems with absorption/emission in the NIR and NIR II [40-42]
within the therapeutic window.

In this regard, COFs can be considered as one of the most powerful
nanoscale platforms for the integration of organic fluorophores and
photosensitizers due to their superb characteristics such as their intrinsic
porosity, their enhanced chemical stability and their easy-to-
functionalize nature compared to other organic nanomaterials
[43-48]. However, the production of BODIPY@COF hybrids is still not
widely studied, and the few approaches reported so far only involves
“decoration” of the COF by means of post-synthetic end group functional
reactions, as depicted in Scheme 1 [49-53]. The use of this
post-synthetic approach furnishes a heterogeneous distribution of dop-
ants, only recovering the external structure of the COF particles (Scheme
1, bottom) [51,53]. This could enhance long-time stability of these
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Scheme 1. Cartoon representation for the synthesis of BODIPY-based COFs:
(top) the two-step synthetic approach used so far. (bottom) the single-step
synthetic approach followed in this work. BODIPY-based building blocks are
represented as green pieces.
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nanomaterials by avoiding core-shell distributions obtained by decora-
tion. However, despite the benefits expected for the inclusion of BODIPY
dyes as structural unit of a COF backbone, the presence of the charac-
teristic sp° centres in BODIPY derivatives produce steric interactions
that prevent the formation of porous and crystalline COFs formed only
with BODIPY-based monomers.

In this article, we want to explore a strategy that allows the incor-
poration of BODIPY dye-based monomers as part of the skeleton of a
crystalline COF but simultaneously avoids the excessive steric in-
teractions that would be associated to the polymerization and crystal-
lization only with BODIPY dye-based monomers. With this aim, we have
synthesized a suitably functionalized BODIPY dye (2,6-diformyl-1,3,5,7-
tetramethyl-BODIPY, BDPDA, Scheme 2) with the right length and
shape to integrate it in a crystalline COF endowed with the isostructural
4,4-biphenyldialdehyde (BPDA) [19] as shown in Scheme 2. As a
co-monomer we have chosen the tetratopic 4,4’,4",4"-(ethene-1,1,2,
2-tetrayl)tetraaniline (ETTA) due to: (i) the production of a dual-pore
Kagome network, which could be interesting to enhance the ROS
diffusion through the COF pores or to encapsulate drugs with different
sizes for combined therapy in future applications [49], and (ii) the
efficient packing modes of the ETTA monomer, which are known to
favour the crystallization processes [54]. In Scheme 2 is depicted the
co-crystallization between BPDA and ETTA, with controlled amounts of
BDPDA to produce COFs doped with the BODIPY units homogeneously
integrated in the COF skeleton (BDPx0,-COF). By using this strategy, we
avoid the loss of the porous and crystalline features of the COF while
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Scheme 2. BDPX%-COF synthesis (the “x” represents the percentage of BDP
loaded as depicted on inset table).
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adding the optical properties of the fluorophore.

Due to the excellent chemical and structural stability of the novel
COF, we will address also its processability via liquid phase exfoliation
[55,56] by disrupting the interlayer interactions of the network to
obtain dispersible fluorescent covalent organic nanosheets (CONs) with
sizes around 100 nm in water. Finally, given the interest in extending the
applicability of COF-based nanomaterials in the biomedical field, we
evaluate the toxic effect and the internalization of the CONs in
Sk-Mel-103 cancer cells.

2. Experimental section
2.1. General methods

ETTA was synthetized according to a previously reported protocol
[17]. Common solvents were dried and distilled by standard procedures.
Flash chromatography was performed using silica gel 60 (230-400
mesh). NMR spectra were recorded using CDCl3 at 20 °C on a Bruker
Avance DPX-300 (300 MHz for 'H and 75 MHz for 13C) and a Bruker
Avance 111 (700 MHz for 'H and 176 MHz for '3C). "H NMR and '*C NMR
chemical shifts (§) were referenced to internal solvent CDCl3 (6 = 7.260
and 77.16 ppm, respectively). DEPT 135 experiments were used to
determine the type of carbon nucleus (C vs CH vs CHy vs CHs). High
resolution mass spectrometry (HRMS) was performed using the
MALDI-TOF technique. FTIR was performed on a Bruker TENSOR 27 on
a diamond plate (ATR). PXRD was carried out on a X’PERT MPD with
conventional Bragg-Brentano geometry using monochromatic Cu Kal
radiation (A = 1.5406 A) in the 20 = 2°-40° range. Solid state 3¢
CP/MAS NMR spectra were recorded on a Bruker AVANCE III HD-WB
400 MHz employing rotation frequency of 12 kHz. Nitrogen sorption
isotherms. Ny (77 K) adsorption-desorption was performed with a
Micromeritics Tristar 3000 and the COFs were previously activated for 4
h at <1077 bar and 120 °C. TGA was analysed with a TGA-Q50 instru-
ment using a platinum plate with a heating rate of 10 °C/min. Solution.
TEM micrographs were recorded in a JEOL JEM 1400 TEM at 200 kV
and SEM was recorded in a JEOL JSM7600F. Ultraviolet—Visible
(UV-vis) spectrums were recorded in a Varian Cary 50 scan spectrom-
eter and emission spectra was recorded in a JASCO FP-6300.

2.1.1. Cell culture

The human melanoma cell line SK-Mel-103 was cultured in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and maintained at 37 °C in an atmosphere of 20% O
and 5% CO».

2.1.2. Cell Viability Assays

Sk-Mel-103 cells were seeded in 96-well plates at 5000 cells/well and
incubated for 24 h. Then, cells were treated with different concentra-
tions of BDPg,.COF and BDP;7¢,-COF, ranging from 0 to 250 pg/mL
(DMEM) for 48 h. Then, cell viability was measured by using the WST-1
Assay for Cell Proliferation and Viability (Roche). For that purpose, 7 pL
of WST-1 were added to each well and the plates were incubated for 1 h
at 37 °C. The absorbance of samples was measured using a spectro-
photometer Wallac 1420 Victor2 Microplate Reader (PerkinElmer) at a
wavelength of 450 nm.

2.1.3. Cell uptake Assays

Sk-Mel-103 cells were seed on glass coverslips in 6-well plates and
incubated for 24 h. Then, cells were incubated with the BDP179,-COF for
4, 24, 48 and 72 h in the presence of cell membrane maker (5 pg/mL,
Wheat Germ Agglutinin Alexa Fluor™ 647 Conjugate, Invitrogen Ref.
W32466). Slides were washed, DNA marker (2 pg/mL, Hoechst 33342)
added, and slides were visualized under a confocal microscope Leica
TCS SP8 HyVolution II.
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2.2. Synthesis of BODIPYs

2.2.1. General procedure for formylation reactions of BODIPYs

2-formyl-1,3,5,7-tetramethyl-BODIPY (BDPMA) was synthesized by
the corresponding described method [57,58]. A mixture of POCl;3
(15-30 equiv) and DMF (30-60 equiv) was stirred in an ice bath for 5
min under argon. After being warmed to rt, it was stirred for additional
30 min, and then, BODIPY (1 equiv) in DCE or DCM was added. The
reaction was raised to 60 °C or reflux and stirred for 1-48 h. The reaction
progress was monitored by TLC. Once the reaction was completed, the
mixture was cooled to rt and slowly poured into saturated aqueous
NaHCOs3 (100 mL) under ice-cold conditions, and stirring maintained for
1 h. Finally, the reaction mixture was diluted with DCM and washed
with H0. The organic layer was dried over anhydrous NaSOy, filtered
and evaporated to dryness. The obtained residue was submitted to pu-
rification by flash chromatography on silica gel.

2.2.2. 2-formyl-1,3,5,7-tetramethyl-BODIPY (BDPMA)

According to general procedure for the formylation reactions, POCl3
(1.13 mL, 12.1 mmol), DMF (1.87 mL, 24.2 mmol) and 1,3,5,7-tetra-
methyl-BODIPY (PM505/515, 200 mg, 0.80 mmol) in DCE (40 mL)
were reacted at 60 °C for 1 h. Flash chromatography using hexane/DCM
(40:60) afforded BDPMA [57] (218.7 mg, 99%) as an orange solid. 1y
NMR (300 MHz, CDCl3) 6 10.04 (s, 1H, CHO), 7.23 (s, 1H, CH), 6.22 (s,
1H, CH), 2.78 (s, 3H, CH3), 2.60 (s, 3H, CH3), 2.52 (s, 3H, CH3), 2.31 (s,
3H, CH3) ppm.

2.2.3. 2,6-diformyl-1,3,5,7-tetramethyl-BODIPY (BDPDA)

According to general procedure for the formylation reactions, POCl3
(2.0 mL, 21.6 mmol), DMF (3.33 mL, 43.2 mmol) and BDPMA (200 mg,
0.72 mmol) in DCM (40 mL) were reacted at reflux for 48 h. Flash
chromatography using hexane/DCM/EtOAc (40:50:10) afforded
BDPDA (179.5 mg, 82%) as a red solid. IH NMR (700 MHz, CDCl3) &
10.11 (s, 2H, 2CHO), 7.51 (s, 1H, CH), 2.86 (s, 6H, 2CH3), 2.61 (s, 6H,
2CH3) ppm. 13¢ NMR (176 MHz, CDCl3) 5 185.4 (CHO), 162.1 (C),
146.5 (C), 133.7 (C), 127.6 (C), 124.7 (CH), 13.9 (CH3), 10.7 (CH3) ppm.
FTIR (ATR) v 2921, 2849, 1665, 1600, 1467, 1402, 1370, 1342, 1247,
1141, 1093, 1009, 934, 896, 781 cm ™. HRMS-MALDI-TOF m/z calcd.
for C15H15BFaN205: 304.1195; found: 304.1190.

2.3. Synthesis and characterization of COFs

2.3.1. General procedure for COF synthesis

To a Pyrex Vessel (internal diameter: 18 mm, height: 11 cm) were
introduced ETTA, BPDA and BDPDA using the quantities specified for
each case. Then, 1,4-dioxane was added, dragging the contents from the
vessel walls. The vessel was subjected to an ultrasonic bath (35 kHz, 80
W) for 5 min to homogenize the suspension. Then, AcOH (6 M, 0.06 mL)
was added, observing the polymerization of the system. The vessel was
degassed by three freeze-thaw cycles using liquid nitrogen and argon.
Finally, the vessel was flame-sealed under vacuum and heated at 120 °C
for 3 days in a graphite bath. After this time, the precipitate was filtered
by gravity and washed using the solvents specified for each case. Finally,
the solid was dried in air and under vacuum at 100 °C, obtaining the
desired COFs.

2.3.2. BDPyo;-COF

According to general procedure for the COF synthesis, ETTA (18.69
mg, 0.047 mmol) and BPDA (20 mg, 0.09 mmol) were dissolved in 1,4-
dioxane (0.62 mL). Then, AcOH (0.062 mL) was added, and the mixture
was allowed to react. The precipitate was filtered and washed with THF,
EtOH, acetone (6 times for 36 h) and hexane (3 times for 24 h) air-dried
and vacuum dried. After drying, BDPy,-COF (30.5 mg, 87%) was ob-
tained as a yellow powder. 3¢ NMR (100 MHz, ss-CP/MAS) 6 159.25,
151.65, 143.22, 137.26, 131.07, 127.86, 121.15 ppm. FTIR (ATR) v
1700, 1619, 1601, 1515, 1497, 1310, 1284, 1196, 1164, 1105, 1003,
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970, 883, 835, 815, 786, 734, 648 cm 1. PXRD 26 (°) 2.20°, 3.94°, 4.44°,
6.67°, 7.95° 8.84°.

2.3.3. BDP;74,-COF

According to general procedure for the COF synthesis, ETTA (18.69
mg, 0.047 mmol), BPDA (16.62 mg, 0.079 mmol) and BDPDA (49.2 mg,
0.016 mmol) were dissolved in 1,4-dioxane (0.62 mL). Then, AcOH (6
M, 0.062 mL) was added, and the mixture was allowed to react. The
precipitate was filtered and washed with THF, EtOH, CHCl3, acetone
(until the residues no longer fluoresce) and hexane (3 times for 24 h),
air-dried and vacuum dried. After drying, BDP;7¢,-COF (31 mg, 84%)
was obtained as a greenish black powder. 13¢ NMR (100 MHz, ss-CP/
MAS) 6 159.59, 150.19, 143.48, 137.52, 130.88, 128.42, 121.93,
12.08 ppm. FTIR (ATR) v 1700, 1619, 1603, 1575, 1497, 1310, 1235,
1191,1169, 1105, 1003, 973, 885, 835, 815, 743, 722, 651 cm™L. PXRD
20 (°) 2.20°, 3.81°, 4.48°, 6.61°, 7.96°, 8.79°.

2.4. Theoretical methods, computational details and structural modelling

2.4.1. Molecular fragments

As starting point for the theoretical analysis, molecular units
participating in the formation of the BDPg,17¢,-COF systems were
computed in their gas-phase by using Density Functional Theory (DFT)
as implemented in the Gaussian16 simulation package [59] by adopting
the hybrid functional CAM-B3LYP [60] to account for the electronic
exchange-correlation (XC) effects and the cc-pVDZ basis set [61] to
model the different atomic species. Along the relaxation processes, all
geometrical parameters were allowed to vary independently, and the
calculated geometries were confirmed as energy minima by frequency
calculations. The optimized geometries of the molecular “building
blocks” will be used in the construction of suitable starting-point peri-
odic COF models. Gaussian16 simulation package was also employed to
compute the UV-Vis photoabsorption spectra of the most representative
molecular fragments of the BDPyo,-COF compounds, which were
calculated by using Time-dependent Density Functional Theory
(TDDFT) [62]. For the computation of the optical excitations, and in
order to closely mimic the experimental conditions, we have included
the effect of the experimentally used solvent within the Polarizable
Continuum Model (PCM) [63] by considering an effective dielectric
constant of € = 30 (corresponding to a 7:3 THF/H0 solution), which
has resulted to provide excellent results in previous literature by our
group [12].

2.4.2. Periodic systems

On the basis of the pre-optimized molecular “building blocks™ ob-
tained, we used periodic boundary conditions to perform geometry
optimization of a battery of stacked 3D layered BDPyo,-COF, starting
with the calculation of their canonical 2D networks. Once different pe-
riodic models were constructed, they were fully optimized (simulta-
neous lattice/cell and structure optimizations) by DFT as implemented
in the QUANTUM EXPRESSO plane-wave code [64]. For the periodic
calculations, we adopted the GGA-PBE functional [65] to account for the
XC effects, considering the efficient DFT-D3 semi-empirical vdW
parametrization to add dispersion forces and energies to conventional
DFT functionals [60]. To model the ion-electron interaction in the H, B,
C, N and F atoms we have used ultra-soft pseudopotentials [64,66]. The
Brillouin zones in all the periodic systems have been k-discretized by
optimal (2 x 2 x 1) and (2 x 2 x 6) Monkhorst-Pack grids [67] for the
2D layers and 3D crystals, respectively. One-electron wave-functions
were expanded in a basis of plane-waves with a kinetic energy cut-off of
46 and 380 Ry for the kinetic energy and electronic density, respec-
tively, to achieve sufficient accuracy to guarantee a full convergence in
total energy and electronic density. We carried out simultaneous full
lattice/cell and structure optimizations for the different starting-point
layered 3D system models within a conjugate gradient minimization
scheme until the net force acting on any atom was below 0.02 eVA™!.
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The crystal-bulk models have been analysed for several
stacking-fashions, eclipsed (AA) and staggered (AB) configurations, and
one intermediate at half-way between AA and AB, resulting the AA
configuration the most stable one for both the BDPo,-COF, which is in
excellent agreement with previous literature [17], and the BDP;79,-COF,
reinforcing its validity the excellent agreement between the experi-
mental and simulated diffractograms.

3. Results and discussion
3.1. Synthesis and characterization of COFs

As mentioned above, including BODIPY derivatives in COFs can
seriously affect pore size and crystallinity, crucial factors regarding its
properties and possible applications, especially when a one-step syn-
thetic methodology is required. This means a careful choice of the
BODIPY to incorporate. Thus, knowing that the BODIPY core should be
isostructural to BPDA, its design must comprise a similar size and two
aldehyde groups, maintaining its fluorescent properties. This way, the
2,6-diformylBODIPYs stand out from the rest, having a simple synthesis
and high fluorescence [68,69].

However, most of them have an aromatic substituent in their meso
position, which is a potential drawback added to the known steric effects
of the sp3 centres, and, on the other hand, the only previously described
diformylation in a meso-aliphatic BODIPY [70], leads to the insertion of
a bulky enamine group and a drastic loss in fluorescence. Because of
that, the best option is to use a BODIPY derivative without any substi-
tution in its meso, 2 and 6 positions.

In this background, only one BODIPY has those features, the
commercially available PM505/515 (BDP), and surprisingly, its difor-
mylated derivative has not been previously described. Briefly, using the
Vilsmeier-Haack reaction, the monoformylated BDPMA [57] is obtained
with a 99% yield. Despite this, the synthesis of BDPDA is not trivial
because, under standard reaction conditions (DCE), it decomposes. This
has been solved by changing the solvent to DCM and using long reaction
times, isolating BDPDA with 82% yield. Thus, a novel BODIPY deriva-
tive, showing the desired features for COFs synthesis, has been obtained
following the two-step formylation sequence depicted in Scheme 3.

As shown in Scheme 2, BDP77,-COF was obtained by following the
protocol previously reported for the synthesis of ETTA-BPDA-COF with
slight modifications [19]. Thus, crystallization of BDP17¢,-COF was
accomplished by the Schiff-base reaction between ETTA, BPDA and
BDPDA catalysed with acetic acid (6 M) at 120 °C for 3 days by using
solvothermal reaction conditions. For comparison purposes, the parent
ETTA-BPDA-COF, named as BDPgy-COF in this study, was also
synthesized.

The crystallinity of the obtained COFs was investigated by powder X-
ray diffraction (PXRD). The experiments revealed that the modified
BDP;70,-COF displays a diffraction pattern similar to the one previously
reported for BDPo,-COF (Figs. 1a, S1 and S2, respectively). This fact
confirms that the introduction of the bulky BODIPY moiety does not
significantly affect the Kagome lattice that remains practically unaltered
due to the congruent nature of the BPDA and BDPDA segments. Thus,
the BDP;7¢,-COF exhibits diffraction maxima at 2.20°, 3.81°, 4.48°,
6.61°, 7.96° and 8.79°, which are consistent with those registered for
BDPo,-COF at 2.20°, 3.94°, 4.44°, 6.67°, 7.95° and 8.84°. The synthesis

BDP BDPMA

BDPDA

Scheme 3. Synthetic route towards BDPDA dopant. Reaction conditions: i.
POCl;, DMF, DCE, 60 °C, 1 h; ii. POCl3, DMF, CH,Cl,, reflux, 48 h.
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of BDP320,-COF and BDP1g9,-COF was also carried out. In these cases,
mainly amorphous solids were obtained as shown in Fig. S3, high-
lighting the benefits of the strategy followed for the tuning of COFs’
properties in the development of ad-hoc materials.

Density functional theory, as implemented in the localized basis set
Gaussian16 [59] and the plane-wave QUANTUM ESPRESSO [64]
atomistic simulation packages, has been used to solve the crystalline
structure and compute the optical properties of the BDPj7q,-COF
(further details in experimental section 2.4). Regarding the structure,
after simultaneous lattice + cell geometrical optimizations, result of the
calculations yield a purely hexagonal symmetry for this system with a
lattice parameter of 47.12 A (see Fig. 1b), in an eclipsed (AA) crystal
stacking configuration with an interlayer distance of 4.49 A, very close
to the one theoretically obtained previously for BDPgo,-COF [17]. This
preferred stacking configuration has been predicted theoretically as the
most energetically favourable one, among others checked, and its val-
idity is reinforced by the excellent agreement between the simulated
diffractogram on the basis of this structure and the experimental one
(see Fig. 1a), not achieved for the other two stacking configurations
tested (Fig. S4). Simulated diffractogram exhibits diffraction maxima at
2.13(2.20°), 3.90(3.81°), 4.44(4.48°), 6.67(6.61°), 7.95(7.96°) and 8.84
(8.79°) —experimental values in parentheses.

Likewise, the porous features were retained upon the doping. Ni-
trogen sorption isotherms at 77 K revealed a type I isotherm, charac-
teristic of microporous materials, for both compounds (Fig. 1c). The
Brunauer-Emmet-Teller (BET) surface area was calculated to be 287 m2/
g (Fig. S5) and 168 m?/g (Fig. S6) for BDP170,-COF and BDPgy,-COF,
respectively. The pore volumes at 0.95 p/p° were estimated to be 0.231
em®/g for both materials. Finally, the pore sizes were calculated trough
the non-local density functional theory (NLFDT) revealing wide distri-
butions centred at 2.7 nm and 3.3 nm for BDP7¢,-COF, and 2.3 and 3.5
nm for BDPg,-COF (Figs. S7 and S8, respectively).

The successful polymerization to yield the COFs was monitored by
13¢ cross-polarization magic-angle-spinning nuclear magnetic reso-
nance (3C-CP-MAS-NMR), revealing the fading of the aldehyde
carbonylic functionalities around 190 ppm, the emergence of the imine
linkages around 160 ppm for the BP and BDP moieties and the presence
of the anisochronous aromatic carbons between 154 and 120 ppm. It is
worth mentioning that the signals corresponding to the BDP;7,-COF
appear broadened, which is in accordance with the introduction of new
anisochronous nuclei in comparison with the non-doped BDPq,-COF.
Finally, in addition to the data mentioned above, the characteristic
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Fig. 1. a) Comparison between the experimental and the simulated PXRD of
BDP;,4,-COF. b) Top and side pictorial views of the most stable computed
structure for BDP;4,-COF. ¢) N, sorption isotherms at 77K of BDP;y0,-COF
(green) and BDPy,-COF (orange). d) 3C-CP-MAS NMR spectra of BDP;7¢,-COF
(green line) and BDPo,-COF (orange line).
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signals corresponding to the Csp® carbons of the BODIPY-methyl groups
at 11 ppm confirms that the dopant was successfully introduced in the
COF network (Fig. 1d). Furthermore, the polymerization was confirmed
by Fourier transform infrared spectroscopy (FTIR), revealing the fading
of the aldehyde (around 1680 em~! for both aldehydes) and amine
(3444 and 3345 crn’l) functionalities, as well as the emergence of the
imine stretching band around 1622 em ! (Fig. S9).

Finally, the thermal stability of the doped product BDP;7¢,-COF was
investigated by means of thermogravimetric analysis (TGA), registering
a minimum weight loss of less than 5% at temperatures below 400 °C
without a prominent degradation of the network at 522 °C corre-
sponding to the 33% of the initial mass (Fig. S10). These results are in
concordance with that reported previously for the non-doped BDP -
COF [19].

3.2. Production and characterization of CONs

To address the usually complex issue of the processing of COFs, we
have investigated the bulk morphology of the BDP;79,-COF by means of
scanning electron microscopy (SEM). SEM micrographs revealed a pol-
ygranular composition for the BDP;79,-COF (Fig. 2a and Figs. S11-512)
in good agreement with the morphology expected, which is favourable
for the delamination of the COF grains in covalent organic nanosheets
(CONs) via liquid phase exfoliation [55].

In this manner, COF powders were suspended in a (7/3) THF/water
mixture in a 0.21 mg of COF/mL of mixture proportion. The system was
acidulated with 1.1 pL of HCl (36%) per mL of mixture and the sus-
pensions were subdued to an ultrasonic bath (35 kH, 80 W) for 1 h. The
exfoliated materials were separated by centrifugation (6000 rpm, 45
min), collected with a glass pipette and filtered with a 0.22 pm nylon
syringe filter. Finally, for the cell viability studies, the solvents were
removed in vacuo and the solids were dried at 80 °C for 12 h. The
colloidal nature of the obtained CONs was corroborated by Tyndall-
effect upon irradiation with a laser beam. In addition, the colloids of
BDP;7¢,-CONSs, as well as the non-doped BDP,-CONs, were charac-
terized by dynamic light scattering (DLS) revealing a monomodal dis-
tribution centred around 113 nm for both samples (Fig. 2b and S13-514).
Transmission electron microscopy (TEM) micrographs revealed the thin-
layered structure of the exfoliated CONs (Fig. 2¢ and Figs. S15-516). The
FTIR spectra of the obtained material after the exfoliation conditions
does not display the signals corresponding to the amine (3341 cm ™ for
ETTA) or the aldehyde (1662 cm~! for BDPDA and 1684 cm ™! for BPDA)
functionalities. Furthermore, the FTIR spectra of the polymers after the
exfoliation conditions match well with that found for the powder. Only
the intensity of the imine stretching signal at 1622 cm™! is slightly
reduced. Furthermore, a new signal at 1651 cm ™! appeared which can
be assigned to deformation 8(N*-H) of the protonated imine bonds
(Fig. S17).

Finally, UV-VIS and fluorescence spectroscopies of the as-obtained
suspensions in THF/water mixtures revealed the introduction of the
BDP units in the COF network by showing the new absorption (Fig. 3a)
and emission (Fig. 3b) processes which match with the ones found for
the BDPDA monomer.
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Fig. 2. a) SEM images of BDP;7¢,-COF (scale bar 100 nm). b) DLS distribution
of BDP;74,-CONs in water (inset Tyndall effect). ¢) TEM image of BDPj70,-
CONs (scale bar 100 nm).
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Fig. 3. a) Experimental UV-Vis absorption spectra of BDP;74,-COF, BDPgq,-
COF and BDPDA colloids in THF/water (7/3, v/v). Inset: picture of the as
obtained suspensions. b) Normalized emission spectra of BDP,-CONs (orange)
BDP;74,-CONSs (green) and BDPDA (black) in THF/H,0 (7/3). Inset: picture of
the under irradiation with a 365 nm conventional lamp. ¢) TDDFT-computed
UV-Vis absorption spectra of the molecular fragments representative of the
BDPo,-COF and BDP;70,-COF protonated in the imine central groups in THF/
water (7/3). d) Optimized geometries of the representative BDPgy,-COF and
BDP;74,-COF molecular fragments and related electronic transitions.

Fig. 3c shows the TDDFT-computed UV-Vis absorption spectra of
molecular fragments representative of the BDPgyo,-COF and BDPj7o,-
COF in a THF/water (7/3) mixture. There is an excellent agreement
between the experimental (see Fig. 3a) and computed UV-Vis profiles,
not only qualitatively, but also quantitatively, after consideration of the
solvent effects within the calculations. It is worth mentioning at this
point that this good agreement between experiment and theory is ob-
tained by considering the protonation of the imine central groups. Op-
tical properties have been also computed for the unprotonated systems
yielding significantly different photo-absorption spectra, impossible to
compare with the experimental ones, which reinforces the scenario of
the protonated imine central groups. The protonation rigidizes the bond
and hinders the dissipation of absorbed energy across the structure,
which enables absorption and emission signatures within the visible
range [12].

The theoretical spectra exhibited by the molecular building blocks
show a wide absorption region common to both structures which is
located between 300 and 375 nm and which is composed of two main
absorptions with maxima at 315-325 and 365-375 nm, respectively.
This broad adsorption region is also observed in the experimental
spectra for both systems centred around 300 nm. Nonetheless, for the
BDP;7¢,-COF fragment we can observe in the theoretical spectrum a
peak at 515 nm, which is not visible for the BDPo,-COF fragment. This
absorption can be clearly associated with the presence of the BODIPY
building block and perfectly matches that observed in the experimental
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spectrum at ca 500 nm, which can be detected only for the BDP;79,-COF.
The origin of all these absorptions can be understood from the depiction
of the 3D topology of the initial and final orbital states involved in the
main electronic transitions (Fig. 3d). Absorption maxima A and B for the
BDP,-COF (Fig. 3c) correspond respectively to HOMO — LUMO and
HOMO — LUMO+2 transitions (Fig. 3d). Nonetheless, the presence of
the BODIPY building block in BDP;79,-COF reduces dramatically the
orbital symmetry in comparison with BDPgo,-COF and the absorptions
observed for BDP17,-COF (C, D and E, Fig. 3c) correspond to four
transitions which are HOMO — LUMO (absorption maximum C),
HOMO-1 — LUMO and HOMO — LUMO+1 (both contributing to ab-
sorption maximum D) and HOMO LUMO +2 (absorption maximum E).
Especially remarkable is the presence of the absorption maximum C of
the BDP174,-COF fragment. This absorption is exclusive for the BDP;70,-
COF fragment and corresponds to the lowest electronic transition of the
system from the HOMO to the LUMO, located exclusively in the BODIPY
within the structure, which justifies its observation just for the BDP;0-
COF. This absorption peak within the visible region is responsible for the
different emission colour observed after the photoexcitation for
BDP;79,-COF and BDPo,-COF. While BDPo,-COF exhibits a moderate
blue coloured fluorescence, the BDP17¢,-COF shows a stronger green
fluorescence (Fig. 3b).

3.3. Cell viability of CONs

The strict control on the nanolayer dimensions and the fluorescence
exhibited by the BDPj37¢,-CONs make of it a good candidate to be
explored for biomedical applications and in particular in photodynamic
therapy (PDT) for cancer treatment. Photodynamic therapy is a prom-
ising non-invasive method based on the use of light-absorbing agents
such as a BODIPY, to trigger a toxic effect by generating reactive oxygen
species (ROS) after its irradiation in the presence of oxygen to kill cancer
cells. The development of new nanomaterials is gaining attention for
improving PDT and agents [31-33].

Here, as a proof of concept, we have evaluated the biological
behaviour of BDP;7,-CONs in tumoral cells. In a first step, the possible
toxicity of the material was studied in human melanoma Sk-Mel-103
cells. For that purpose, the Sk-Mel-103 cells were treated with different
concentrations of both non-doped BDP(y,.CONs and doped
BDP;70,.CONs for 48 h, and cell viability was measured by using cell
proliferation WST-1 reagent. The results demonstrated that both COF
materials were well-tolerated by the cells, showing ca. 100% cell
viability at concentrations as high as 250 pg/mL, thus discarding any
possible cytotoxic effect (Fig. 4).

Finally, due to the fluorescent characteristics of BDP17¢,-CONs, we
evaluated the potential ability of the nanoparticles to be endocytosed by
cancer cells by confocal microscopy assays. Endocytosis is a well-
established mechanism of nanomaterials uptake, being the structure,
size, and porosity of the material key factors that could affect internal-
ization and therefore their suitability for biomedical applications
[71-73]. In this case, we monitored the uptake of BDP;7¢,-CONs in the
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Fig. 4. Cell viability assays in Sk-Mel-103 with a) BDPgo-CONs and b)
BDP;74,-CONs. Data represent the mean + SEM (standard error of the mean) of
at least three independent experiments.
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presence of a cell membrane marker. As can be observed (Fig. S18), the
BDP;70,-CONs material is effectively internalized by Sk-Mel-103 cells
and high magnified images showed the clear green signal inside the
cells, associated with BODIPY fluorescence, after 24 h of incubation with
the BDP;7¢,-CONs, which is retained for at least two more days (Fig. 5).
All these results suggest the proper internalization of the prepared
BDP;7¢,-CONs in cancer cells.

4. Conclusions

The work presented here shows a new strategy to develop efficient
BODIPY@COF-based bioimaging materials by a pre-synthetic doping of
COFs whose density can be systematically designed and synthetically
controlled. The doped network can be obtained without compromising
the structural and porous features of the parent crystalline framework as
corroborated by PXRD and N sorption isotherms. The materials were
processed into colloidal CONs, which were characterized by UV-VIS and

WGA + BODIPY
Control

BDP,,,-CONs
24H

BDP,;,,-CONs
48H

72H

Hoechst + BODIPY
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emission spectroscopies, revealing the incorporation of the BODIPY dye.
These nanomaterials showed a particle size around 100 nm, suitable for
cell internalization as imaging studies demonstrated. Remarkably the
developed material did not exhibit any sign of toxicity in cells. This kind
of modifications allows to improve the use of COF material and expand
its future applications. In light of the results obtained in this research, we
anticipate that BDP179,-COF and the corresponding colloidal BDP;79,-
CONs through this synthetic strategy may hold great potential to
develop advanced organic frameworks directed to new biomedical ap-
plications such as photodynamic therapy and/or phototheragnosis.
Further work in this area is in progress in our laboratories to optimize
the material design and attachment of BODIPY moieties.
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