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Abstract

Boron dipyrromethene derivates (BODIPYs) are promising photosensitisers (PSs) for cancer
treatment using photodynamic therapy (PDT). This study investigates the functionalisation of
graphene oxide (GO) with a BODIPY derivate for glutathione (GSH) depletion and PDT. The
functionalisation of GO with a 3,5-dichloro-8-(4-boronophenyl) BODIPY via a diol derivatisation
with the phenyl boronic acid moiety at the meso position of the BODIPY core, allowed to preserve
the intrinsic properties of GO. We demonstrated that both chlorine atoms were substituted by GSH
in the presence of glutathione transferase (GST), inducing a relevant bathochromic shift in the
absorption/emission features and thus generating the active PS. EXx vitro assessment using cell
lysates containing cytoplasmatic GST revealed the intracellular catalytic mechanism for the
nucleophilic substitution of the GO-BODIPY adduct with GSH. Confocal microscopy studies
showed important differences in the cellular uptake of free BODIPY and GO-BODIPY and
revealed the coexistence of GO-BODIPY, GO-BODIPY-GS, and GO-BODIPY-GS; species
inside vesicles and in the cytoplasm of the cells after 24 h of incubation. In vitro biocompatibility
and safety of GO and GO-BODIPY were evaluated in 2D and 3D models of prostate
adenocarcinoma cells (PC-3), where no toxicity was observed up to 100 pg/mL of GO/GO-
BODIPY in all treated groups 24 h post-treatment (cell viability > 90%). Only a slight decrease to
80% at 100 pg/mL was observed after 48 h of incubation. We demonstrated the efficacy of a GO
adduct containing an a-chlorine-substituted BODIPY for the simultaneous depletion of
intracellular GSH and the photogeneration of reactive oxygen species using a halogen white light
source (5.4 mW/cm?) with a maximum in the range of 500-800 nm, which significantly reduced
cell viability (< 50%) after irradiation. Our study provides a new vision on how to apply BODIPY

derivates and potentiate the toxicity of PDT in prostate and other types of cancer.



Introduction

Photodynamic therapy (PDT) has emerged as a promising therapeutic strategy for cancer
treatment.! PDT is a spatially targeted minimally invasive technique that, due to its local
activity, is associated with low side effects. Effective PDT requires three key components,
namely a photosensitiser (PS), light and oxygen.? Compared to radiotherapy, chemotherapy
and surgery, PDT may induce an immune response, thus making it compatible with cancer
immunotherapy.® In recent years, new classes of PSs with higher photostability, greater
ROS generation capacity and lower dark toxicity were designed.* Different molecules from
this second generation of PSs have reached the clinical stage in cancer therapy.
Metalloporphyrins, including Lutrin® and Lutex®, purpurins, like Purlytin®, chlorins,
such as Foscan®, or dipyrromethenes, like TOOKAD®, among others have been evaluated
for different types of cancer, showing a widespread use in the clinical practice.® The
advantage of a minimally invasive treatment where the ablation of localised tumours
eliminates the cancer and avoids the side effects of a radical therapy, has made them very
attractive for the treatment of prostate cancer (Lutex® and TOOKAD®).®

In this context, boron dipyrromethene derivates (BODIPY's) have been widely investigated
as PSs thanks to their favourable extinction coefficients, light to dark toxicity ratio, and
potential use in PDT and as fluorescent probes in molecular imaging.61° BODIPYs are
prepared via easy chemical synthesis while their photophysical properties can be tuned ad
hoc varying the substituents on the skeleton obtaining complexes with long lifetimes and
high quantum yields.® More recently, BODIPYs were investigated for PDT, where they are
administered as prodrugs to be activated intracellularly.!! Switchable halogenated
BODIPYs are amongst the most commonly studied.? More interestingly, BODIPYSs have
been functionalised with different substituents to enhance cell targeting. For instance, a
bromo-substituted BODIPY was designed to target biotin receptor overexpressed on the
membrane of cancer cells,®®> while BODIPY PSs where bromine was replaced by iodine
resulted with a higher efficacy once activated by reactive oxygen species (ROS).** Another
important application of halogenated BODIPYs is their in situ biosensing activity of
molecules containing thiols.’® In particular, a-chlorine-substituted BODIPYs can react
with organic sulphurs, such as cysteine or glutathione (GSH), via an aromatic nucleophilic

substitution reaction.’® The derivatisation in the 3-position of BODIPYs shows distinct



spectroscopic differences. Whilst the 3-mercapto-substitution allows an intense
bathochromic shift into the absorption and emission properties, the 3-amino substitution is,
in general, less sensitive.r®

The use of an a-chlorine-substituted BODIPY targeting GSH has never been reported for
PDT. Due to this aspect, a 3,5-dichloro-BODIPY derivate with a functional phenyl boronic
moiety at the meso position of the BODIPY core was explored in this work for the selective
detection of GSH.'® In the context of cancer therapy, GSH depletion is an efficient strategy
adopted in combination with different types of cancer treatments, including radiotherapy
and photothermal therapy.!” Regarding PDT, the depletion of GSH weakens the natural
defences that cancer cells have on ROS formation, thus enhancing the efficacy of PDT.Y’
To increase their biological efficacy, BODIPYs have been conjugated to a wide range of
nanocarriers. Among others, graphene oxide (GO) has been extensively used for drug
delivery.’® GO has a high surface area and abundant oxygenated groups, providing the
possibility for multiple functionalisation using covalent and noncovalent approaches.
Moreover, GO displays good biocompatibility and capacity to cross biological barriers (e.g.
the blood—brain barrier for the treatment of gliomas) or being internalised by cells.®2! To
date, few GO-BODIPY adducts have been reported as efficient nanotools for PDT. For
instance, polymers containing photochromic spiropyran and BODIPY were anchored to
GO for the preparation of an in vivo multicolour pH-sensing device.?? Using a similar
strategy, a zwitterionic BODIPY polymer was attached to GO for the detection of cancer
cells via pH-dependent fluorescence.?® Nevertheless, in both studies, the functionalisation
conditions led to GO reduction, thus diminishing the presence of oxygenated groups
essential for orthogonal multifunctionalisation and high dispersibility in physiological
conditions. In another study, a BODIPY containing Mn complexes was adsorbed onto the
GO surface for ROS and oxygen generation upon light irradiation.?* However, noncovalent
approaches generally lack specificity and release control once the nanotools are dispersed
in biofluids. In this work, we describe the preparation of a covalent GO-BODIPY adduct
in mild conditions, preserving the intrinsic properties of GO for PDT. A 3,5-dichloro-8-(4-
boronophenyl) BODIPY was easily anchored onto the GO surface, exploiting the diol
derivatisation of the phenyl boronic acid moiety at the meso position of the BODIPY

core.'®25 By this strategy, we combined the photoswitchable ability of chloride-BODIPY



with the versatile chemistry of phenyl boronic acid BODIPY derivate to bind 1,2 diols
present onto the GO surface.’® Herein, we demonstrate the successful engineering
BODIPY-GS: as a new class of PSs, where both chlorine atoms were substituted in cells
by GSH in the presence of glutathione transferase (GST), inducing a relevant bathochromic
shift in the absorption/emission features. We also describe the efficacy of GO-BODIPY in
2D and 3D prostate cancer cell models, where high levels of ROS were generated upon

light irradiation, resulting in significant cell death.

Results and discussion

GO-BODIPY synthesis and characterisation

Boronate esters have emerged as one of the most researched functional moieties for
biomedical applications thanks to their behaviour as pH- and ROS-responsive functional
groups.?® They can be used as cleavable linkers onto the GO surface.?” This strategy was
used for doxorubicin delivery in cancer cells.?® In this work, we have designed a new adduct
between GO and BODIPY for activatable PS release and safer in situ PDT. For this
purpose, GO with a size distribution centred at 430 nm (Fig. S1) was prepared according
to the Nishina’s reported method.?® A phenylboronic acid dichloro-substituted BODIPY
derivate,'® named BODIPY in this work, was used as prodrug PS. The BODIPY was grafted
onto the GO surface via diol derivatisation with the phenyl boronic acid moiety in water in

mild conditions (Scheme 1).
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Scheme 1. Reaction of GO with BODIPY through diol derivatisation.'® For the sake of

clarity, the reaction is shown only on one diol moiety.

GO-BODIPY was characterised using different techniques, including SEM (Fig. S1) DLS,

Z-potential (Table S1) thermogravimetric analysis (TGA), X-ray photoelectron microscopy



(XPS), UV-Vis and fluorescence spectroscopy. As reported in Table S1, the hydrodynamic
size and Z-potential did not significantly change after the conjugation reaction. The
functionalisation with BODIPY does not induce evident agglomeration or affect the
colloidal stability of the material. The thermal profile of GO in inert atmosphere shows the
typical two-step degradation profile with a first small step at around 100 °C and a second
one at about 200 °C associated to water and labile oxygenated functions, respectively (Fig.
S2).2° BODIPY starts to degrade at about 100 °C and reaches a quasi-plateau after 400 °C.
The GO-BODIPY degradation profile shows a weight loss at about 200 °C and a quasi-
plateau at temperatures higher than 200 °C, showing the combined profiles of GO and
BODIPY. The weight loss difference at 800 °C between GO and GO-BODIPY is an
indication of the successful conjugation of the molecule onto the GO surface. XPS revealed
the presence of fluorine, nitrogen, chlorine and boron onto the GO-BODIPY surface
confirming the successful derivatisation (Fig. S3). We have taken into account F1s for the
quantification of the amount of BODIPY onto GO due to the high photoemission cross-
section of the F1s orbital .33 From the XPS atomic percentage of F1s we could estimate a
loading of 200 pmol of BODIPY per gram of material. Comparing this value with other
functionalisation strategies, the diol esterification is as efficient as the approach based on
epoxide opening, while it leads to a higher functionalisation degree compared to the
derivatisation of the hydroxyls by esterification (about 100 pmol/g) or the Williamson
reaction (about 30 pmol/g).233* The photophysical characterisation of GO and GO-
BODIPY is reported in Figure 1. The UV-Vis spectrum of BODIPY shows an absorption
peak with a maximum at 512 nm induced by the chlorine substituent in 3 and 5 positions
and associated to the m-m* transition (Fig. 1 a).!®%® The UV-Vis spectrum of GO is
characterised by a typical broad signal monotonically decreasing assigned to the n — w*
transitions of the C=0 bonds.%® In the case of GO-BODIPY, the UV-Vis spectrum shows
the presence of both BODIPY and GO adsorption bands. Interestingly, the absorption of
BODIPY in the GO-BODIPY material is broadened, compared to that of the free BODIPY,
which corroborates not only the conjugation of the chromophore onto GO, but also
electronic interactions between the two species in the ground state.®” The latter effect was

already observed with other dyes covalently linked to GO surface.3®



The characterisation of BODIPY and GO-BODIPY by fluorescence spectroscopy is
reported in Fig. 1b and c, respectively. The BODIPY shows an emission peak centred at
525 nm.'® The GO-BODIPY fluorescence shows similar results to the free BODIPY
without any evident shifts, according with previously reported data on BODIPY
conjugations,® but with a significant reduction in the fluorescence intensity. This
observation can be ascribed to the quenching induced by GO near the BODIPY molecules.
Such an effect was already described for GO in contact with different types of
fluorophores.?®4° While the mean BODIPY fluorescence lifetime was estimated 1.79 ns,
the conjugation to GO induced a significant decrease in the BODIPY lifetime (Fig. 1d).
The decay was fitted by a biexponential composed of a long lifetime (1.91 ns, 35%) and a
short one (0.07 ns, 65%). This reduction can be attributed to the close proximity between
the BODIPY and GO, resulting in an electron transfer and/or energy transfer between the

fluorophore and the 2D material.*
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Figure 1. Photophysical characterisation of BODIPY and GO-BODIPY. a) UV-Vis spectra
of GO (black line), BODIPY (red line) and GO-BODIPY (blue line). b) Fluorescence

emission recorded from BODIPY at different excitation wavelengths. c¢) Fluorescence



emission recorded from GO-BODIPY at different excitation wavelengths. d) Lifetime of
the excited state (Aex = 495 nm, Aem 523 nm) of BODIPY (black triangles) and its fitting
(red line), GO-BODIPY (pink triangles) and its fitting (blue line); right: calculated
lifetimes. All the solutions were freshly prepared at 5 uM of BODIPY (1:10, DMSO:water
v/V), 20 pg/mL of GO (water) and 20 pg/mL (corresponding to 5 uM of BODIPY) of GO-
BODIPY (water).

Nucleophilic substitution of chlorine with GSH

Taking into consideration the potential application of 3,5-dichlorine-substituted BODIPY's
for the detection of molecules containing thiols,*? we tested the ability of our GO-BODIPY
conjugate to react with GSH (Fig. 2a). For this set of experiments, we simulated the
intracellular conditions using a concentration of 10 mM of GSH.*® UV-Vis spectroscopy
shows that after 5 min incubation with GSH there is a clear bathochromic shift of the
absorbance maximum (540 nm) accompanied with a hyperchromic effect (Fig. 2b). This
behaviour can be associated to the mono-chlorine substitution by GSH, as described for
other BODIPY structures (Fig. 2a, BODIPY-GS).'® Interestingly, when the same reaction
was performed in the presence of glutathione transferase, a further shift to 570 nm was
recorded, again with a marked hyperchromic effect. GST is a detoxifying enzyme that
protects cells from potentially harmful molecules and catalyses their conjugation with
GSH,* showing a marked reactivity for halogenated compounds.* In our case, the extra
bathochromic shift of the maximum of absorbance can be associated to the double
substitution reaction of the chlorine substituents of BODIPY catalysed by GST (BODIPY -
GS>). This reaction was characterised by fluorescence spectroscopy (Fig. 2c). For this set
of experiments, we recorded the spectra using two excitation wavelengths: 488 nm for the
excitation of BODIPY and 560 nm for the excitation of BODIPY-GS». After incubation
with GSH, the maximum of the emission spectra of BODIPY was recorded at 530 nm,
when excited at 488 nm, as in the case for free BODIPY (Fig. 2c left). In contrast, at Aex =
560 nm only a small signal was recorded, due to the low absorbance of the BODIPY-GS at
this wavelength. When GST was present, the emission profile totally changed (Fig. 2c
right). Indeed, at Aex = 488 nm the fluorescence sensibly decreased, while at Aex = 560 nm

a new emission peak appeared, with a maximum recorded at 580 nm. This shift in the



emission peak can be associated with the formation of BODIPY-GS2 catalysed by GST,
accordingly with our previous data on chlorine mono- and bi-substitution reactions.*® These
changes in the emission properties of BODIPY can be also visualized in the Supporting
Video 1 recorded under a UV lamp. The control solutions of BODIPY (5 uM) and BODIPY
mixed with GSH (5 pM and 10 mM, respectively) displayed a stable green fluorescence.
Upon addition of GST to the mixture of BODIPY and GSH, the emission of the solution

turned to red within 5 min because of BODIPY -GS, formation.
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Figure 2. Reaction of BODIPY with GSH and GST. a) Nucleophilic substitution of
chlorine with GST producing the mono and disubstituted BODIPY derivates. b): UV-Vis
spectra of BODIPY (black line), BODIPY after 5 min incubation with GSH (red line), and
BODIPY after 5 min incubation with GSH and GST. ¢) Fluorescence spectra of BODIPY
incubated with GSH (left) and GSH in the presence of GST (right). Concentrations: 5 uM
of BODIPY, 10 mM of GSH and 1.3 uM of GST. BODIPY was dissolved in DMSO/PBS
(1:10 v/v).



We further investigated the reaction of BODIPY-GS; with cells. In this case, we lysed HelL a
cells and extracted the cytoplasm. Subsequently, we incubated BODIPY or GO-BODIPY,
and characterised the solutions/suspensions using UV-Vis and fluorescence spectroscopy
(Fig. 3). Compared to water, the UV-Vis spectra of the solution of BODIPY in the lysate
shows a lower absorption at 512 nm together with the appearance of two bands at 540 and
570 nm (Fig. 3a). This change can be explained by the incomplete reaction of BODIPY
with GSH, leading to a mixture of unreacted BODIPY, BODIPY-GS, and BODIPY-GS..
The fluorescence emission profile was also changed. Indeed, the solution of BODIPY in
water shows a maximum emission peak at 525 nm when excited at 488 nm, while no
significant emission was recorded using 560 nm excitation (Fig. 3b). Instead, in the
extracted cell culture media, at Aex = 488 nm two emission bands were observed at 525 and
558 nm associated to BODIPY and BODIPY -GS, respectively (Fig. 3c). When excited at
560 nm, there was a strong emission band at 580 nm, associated to BODIPY-GS. Similar
to free BODIPY, when GO-BODIPY was dispersed in cell extracts, a clear bathochromic
shift of the absorbance was observed with new bands at 540 and 570 nm, associated to the
reaction with GSH (Fig. 3d). The fluorescence profile of GO-BODIPY showed a
comparative trend with free BODIPY (Fig. 3e and f). This behaviour confirms that the
linkage of BODIPY to GO does not alter its reactivity with GSH molecules.

We investigated then the selectivity of the formation of BODIPY-GS; in different
conditions. For this purpose, we calculated the ratio between the fluorescence intensity at
580 nm under Aex = 560 nm over the intensity at 525 nm under Aex = 488 nm (Fig. S4). This
ratio corresponds to the ratio of BODIPY-GS; over free BODIPY.*? As expected, for
BODIPY in water the ratio was far below 0.1. When BODIPY was incubated with GSH,
there was a negligible increase to 0.05, because GSH alone was able to generate only the
mono-substituted BODIPY-GS (Fig. 2). When BODIPY was incubated with GSH and
GST, the intensity ratio dramatically increased to almost 15. This is congruent with our
previous observations, in particular with the UV-Vis spectra (Fig. 2b) where we observed
a bathochromic shift associated to the formation of BODIPY-GS,. We also tested cysteine,
as it is an analyte that may compete with GSH. However, a negligible emission ratio (below
0.2) was recorded. Finally, when BODIPY was dispersed in HelLa cell lysate, a positive

fluorescence intensity ratio higher than 4 was detected. This observation is in agreement
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with the characterisation by UV-Vis and fluorescence spectroscopy (Fig. 3). GO-BODIPY
was also tested in DMEM cell culture media and in HelLa cell lysate, giving similar results
to free BODIPY. From our observations, the formation of BODIPY-GS: is catalysed by the
GST enzyme. Indeed, free GSH neither in water nor in DMEM was unable to form
BODIPY-GS,.
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Figure 3. UV-Vis and fluorescence emission spectra of BODIPY and GO-BODIPY in
water and in HelLa cell lysate. a) UV-Vis spectra of 5 uM BODIPY in water (black) and
cell lysate (blue). b) Fluorescence emission spectra of 5 UM BODIPY in water excited at
488 nm (green) and at 560 nm (red). c¢) Fluorescence emission spectra of 5 uM BODIPY
in HeLa cell lysate excited at 488 nm (green) and at 560 nm (red). d) UV-Vis spectra of 20
ng/mL GO-BODIPY in water (black) and cell lysate (blue). e) Fluorescence emission
spectra of 20 pg/mL GO-BODIPY in water excited at 488 nm (green) and at 560 nm (red).
f) Fluorescence emission spectra of 20 pg/mL GO-BODIPY in HelLa cell lysate excited at
488 nm (green) and at 560 nm (red).

Intracellular fate of BODIPY and GO-BODIPY
We tested the stability of GO-BODIPY incubated in DMEM for 24 h at 37 °C and filtered

the suspension to see if any BODIPY was released in the media due to a potential boronic
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ester hydrolysis (Fig. S5). No free BODIPY was detected, suggesting that the boronic ester
bond was stable in cell culture media. Next, we investigated the internalisation of BODIPY
and GO-BODIPY in HelLa cells by confocal microscopy (Fig. 4 and S5). The cells
incubated with BODIPY or GO-BODIPY were observed at four different time points (0, 4,
8, and 24 h) by imaging BODIPY (Aex. 488 nm, green signal) and BODIPY-GS; (Aex 560
nm, red signal). The free BODIPY immediately entered the cells and the fluorophore was
converted into BODIPY-GS: (Fig. S6). The red staining was persistent and seemed to be
diffused in most of the cell compartments up to 8 h. At 24 h, BODIPY-GS; was still present,
mainly in cell vesicles. The cellular uptake kinetic of BODIPY conjugated onto GO
sensibly changed (Fig. 4). Indeed, no fluorescence signal was recorded at time 0 and 4h,
while few red and green dots were imaged after 8 h incubation. After 24 h, both green and
red signals associated to GO-BODIPY and GO-BODIPY-GS,, respectively, were more
intense. In a previous study, we demonstrated that a similar batch of GO was internalised
by HelL a cells in the timeframe interval between 8 and 24 h.'® Thus, we can expect a similar
uptake kinetic with GO-BODIPY. As also observed in HelLa cell lysate (Fig. 3), GO-
BODIPY did not completely react with GSH, resulting in the coexistence of GO-BODIPY,
GO-BODIPY-GS, and GO-BODIPY-GS>. The red signal of GO-BODIPY-GS> seems to
be located inside vesicles and in the cytoplasm of the HeLa cells. In contrast, the green
signal associated to GO-BODIPY was much more diffused both after 8 and 24 h incubation.
This dual localisation in the cytoplasm and vesicles agrees with the distribution of GST in
the cells. GST can be localised soluble in the cytoplasm and in subcellular organelles like
mitochondria, the endoplasmic reticulum, nucleus and the plasma membrane.*4
Furthermore, GST has been identified in peroxisomes which are membrane-bound
organelle found in the cytoplasm of eukaryotic cells.*® How glutathione is imported into
peroxisomes is not clear yet. It has been suggested that the peroxisomal membrane is
permeable to small metabolites; therefore, cytosolic glutathione is presumably delivered to
the peroxisome lumen by diffusing across the peroxisomal membrane*® and being available
for GO-BODIPY-GS; formation.
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Bright field GO-BODIPY GO-BODIPY-GS, Merge

Figure 4. Live imaging of HelLa cells incubated with GO-BODIPY. HeLa cells were
seeded overnight on 8-well chamber slide (Thermo Scientific) approximately 1x10*
cells/cm?, 500 uL/well. Next day, the cells were incubated with 20 pug/mL of GO-BODIPY
and imaged at selected time points (rows). Green: GO-BODIPY, red: GO-BODIPY-GS..

Scale bar: 10 um.

In vitro cytotoxicity
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PDT is a promising strategy in delivering focal treatment in prostate cancer. For this reason,
we evaluated the biocompatibility and safety of the materials by measuring the dark toxicity
of GO or GO-BODIPY in vitro using the LDH assay in 2D and 3D models of prostate
cancer (Fig. 5). Monolayers of prostate adenocarcinoma cells (PC-3) were treated with GO
or GO-BODIPY up to 48 h with concentrations between 10 and 100 pg/mL of GO (Fig.
5a). No toxicity was observed in all treated groups 24 h post-treatment. However, a slight
decrease in cell viability was obtained after 48 h for cells treated with control GO at 100
Hg/mL (83.4%) relative to untreated cells. In the case of GO-BODIPY, we observed at 48
h some dose-dependent dark toxicity, with cell viability values ranging from 90% at 10
ng/mL to 80% at 100 pg/mL. These data are in agreement with other studies where cell
viability decreased by 20% after exposure to GO concentrations around 10 pg/mL during
24 h or longer.194°

Three-dimensional spheroids are promising models to evaluate the safety and therapeutic
efficacy of new materials at a preclinical stage. The ability of spheroids to produce a higher
order cellular organisation, and the potential to evaluate architectural factors influencing
the penetration of the nanomaterials and the role of biochemical elements in the tumour
(i.e., hypoxic core) offer great advantages. To better understand the behaviour of GO and
GO-BODIPY in a tumour-like model, the toxicity of the materials was evaluated using a
PC-3 spheroid model (Fig. 5b). The concentration of GO in the media was increased up to
200 pg/mL with an exposure time of 24 h. Interestingly, cell viability was always above
90% even at the highest concentration of both materials. Compared with the 2D model, the
toxicity of both GO-based materials decreased. These results are in agreement with other
studies where 3D models showed higher cell viability than the corresponding 2D systems,
which could be attributed to lower cell-graphene interactions hindered by the limited

diffusion of graphene sheets in the tumour model.%°

14



120+

904

60+

Cell viability (%)

30+

50 100 10 100

Concentration of graphene oxide (ng/mL)
b) 120 ek ek ke
90+

60

Cell viability (%)

304

0

0 100 200
Concentration of graphene oxide (ug/mL)

Figure 5. In vitro cytotoxicity of GO and GO-BODIPY. a) PC-3 monolayers (2x10%well)
were seeded overnight in a 96 well-plate. Then, the cells were treated with GO or GO-
BODIPY at different concentrations for 24 (solid bars) or 48 h (dotted bars). Cell viability
was assessed via LDH assay. The results are expressed as average + SD (n=4). Statistical
analysis was performed using two-way ANOVA followed by Bonferroni post-test. *
denotes comparison regarding the control (* p<0.05, ** p<0.01, *** p<0.001) and &
denotes comparison between GO and GO-BODIPY (& p<0.05). b) PC-3 spheroids
(5%10%/well) were seeded in 1% agarose-coated 96 well-plates. Spheroids were incubated
with the treatment 5 days after seeding when they reached a size of ~600 um. Spheroids
were treated with GO or GO-BODIPY at different concentrations for 24 h. Cell viability
was assessed via LDH assay. The results are expressed as average £ SD (n==8). Statistical
analysis was performed using two-way ANOVA followed by Bonferroni post-test. *
denotes comparison regarding the control (*** p<0.001).
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Photogeneration of reactive oxygen species

To further investigate the potential of GO-BODIPY for PDT in prostate cancer, the ROS
generation  capacity was  evaluated using the permeable probe 2'-7'-
dichlorodihydrofluorescein diacetate (DCFH-DA). DCFH-DA was incubated in both 2D
and 3D PC-3 models before photoirradiation. This nonfluorescent molecule accumulates
intracellularly, and subsequent oxidation yields the highly fluorescent product 2',7'-
dichlorofluorescein that can be measured by an increase in fluorescence (Aexc 485 nm, Aem
535 nm). Fluorescence at 535 nm can be measured using a fluorescence multi-detection
reader and was assumed to be proportional to the concentration of ROS in the cells after
treatment with the nanomaterials.®! The advantage of using a plate reader is that we are able
to measure relative changes in the fluorescence of the cells in situ without the need for
trypsinization or cell scraping, processes that themselves generate cellular oxidative stress
and result in changes in fluorescence.>?

PC-3 monolayers were incubated with 50 pg/mL for 24 h where no dark toxicity was
observed before. Next day, the cells were incubated with DCFH-DA (10 uM, 1 h) to
evaluate the ability of GO and GO-BODIPY to induce ROS generation. Then, the cells
were washed twice with PBS and the light treatment was applied (150x10° J/m?, 48 min).
Figure 6a, corresponding to the treatment in monolayers, shows that both materials, GO
and GO-BODIPY, induced a significant increase in ROS production compared with the
control and non-irradiated samples. Remarkably, GO-BODIPY exhibited a higher capacity
to induce ROS generation compared to GO alone. A 9.5-fold increase in the fluorescence
was observed after photoirradiation of the cells treated with GO-BODIPY vs 3.9-fold
change obtained for GO. The treatment with GO can cause an inflammatory response that
produces relatively large amounts of free radicals.? It has been described in the literature
that the increase in ROS level at GO concentrations as low as 4 pg/mL after 24 h incubation
in HepG2 cells was due to a decrease in the mitochondrial membrane potential and the
dysregulation of mitochondrial calcium equilibrium.>® In addition, our functionalised
material, GO-BODIPY, depleted the intracellular GSH, thus reducing the ROS scavenging
capacity via GST, which contributes to an increased cell death. BODIPY molecules are a
type Il photosensitisers able to generate high quantity of singlet oxygen molecules through

energy transfer mechanism.> However, in our experimental setup the presence of GSH, a
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powerful scavenger, involved in the intracellular conjugation of the BODIPY -GS, would
strongly interfere with the detection of the radical formed. The development of more robust
methods for measuring ROS species and their reaction products in cells are needed.

When using PC-3 spheroids, we observed a significant reduction in the fluorescence
compared with the monolayers (Fig. 6b). This could be caused by different factors,
including a limited penetration of the 2D material in the spheroid model compared with the
monolayer. Besides, for live cell fluorescence detection assays, the diffusion of fluorescent
probes and penetration of photons for probe excitation and fluorescence emission must be
considered comparing 2D and 3D models.>® In this case, only a significant increase in ROS
production was detected for cells treated with GO-BODIPY (1.2-fold increase).

These experiments highlight two important facts. The first one is the confirmation of
intracellular ROS generation by GO and GO-BODIPY after the light treatment, most
probably due to a mitochondrial damage, which is a common feature of the mechanism of
toxicity of carbon-based nanomaterials with an enhanced ROS generation capacity by the
latter due to the functionalisation with BODIPY.>! The second fact is that we can observe
how architectural factors influence the penetration and diffusion of the materials in 2D and

3D models and, in consequence, their ability to intracellularly generate ROS.
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Figure 6. ROS production following GO and GO-BODIPY photoirradiation. a) PC-3
monolayers (2x10%well) were seeded overnight in a 96 well-plate. Then, the cells were
incubated with GO or GO-BODIPY at 50 pg/mL for 24 h. Next day, the cells were
incubated with 2’,7'-dichlorofluorescein (10 uM, 1 h). Then, the cells were washed twice
with PBS and irradiated with light (150x10% J/m?, 48 min) (solid bars), or kept non-
irradiated (dotted bars). The fluorescence was measured before and after the PDT treatment
(Aex = 485 nm, Aem = 535 nm). The results are expressed as average = SD (n=4). Statistical

analysis was performed using one-way ANOVA followed by Bonferroni post-test. *
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denotes comparison regarding the control (* p<0.05, ** p<0.01, *** p<0.001) and &
denotes comparison between GO and GO-BODIPY (& p<0.05). b) PC-3 spheroids (5x103
/well) were seeded in 1% agarose coated 96 well-plates. The spheroids were incubated with
GO or GO-BODIPY at 50 pg/mL for 24 h, 5 days after seeding when they reached a size
of ~600 um. Next day, the spheroids were incubated with DCFH-DA (10 uM, 1 h). Then,
the spheroids were gently washed with PBS and irradiated with light (150x10% J/m?, 48
min). After the treatment, the spheroids were incubated with a lysis solution (SDS 1%) for
30 min and then the media was transferred to a 96 well-plate. The fluorescence was
measured at Aex = 485 nm, Aem = 535 nm. The results are expressed as average + SD (n=8).
Statistical analysis was performed using one-way ANOVA followed by Bonferroni post-
test. * denotes comparison regarding the control (* p<0.05) and & denotes comparison
between GO and GO-BODIPY (& p<0.05).

Photodynamic efficacy

Having confirmed the capacity of GO-BODIPY to form BODIPY-GS2 intracellularly,
catalysed by the GST enzyme, and the increased capacity of GO-BODIPY to generate ROS
after photoirradiation, we investigated the potential of the conjugate as a PS for PDT. A
successful PS requires exhibiting a low dark cytotoxicity, but an excellent toxicity when
exposed to light. In vitro cytotoxicity after photoirradiation was measured by LDH assay
in PC-3 monolayers and spheroids (Fig. 7). No toxicity was observed with cells irradiated
in the absence of GO and GO-BODIPY in both models (Fig. 7). As shown in the
monolayers (Fig. 7a), the treatment of GO in combination with light irradiation showed a
negligible decrease in cell viability compared to the control. On the contrary, the treatment
with GO-BODIPY showed a significant decrease in cell viability even at 50 pg/mL,
confirming the results obtained in the ROS photogeneration studies. The cell viability for
cells treated with 100 and 200 pg/mL was 47 and 42%, respectively. As expected, the
results in spheroids confirmed the superiority of GO-BODIPY as PDT agent with a
significant decrease of the cell viability to 70% compared to the control and to cells treated
with similar concentration of GO (Fig. 7b). The lower PDT efficacy on the 3D model
compared to the cell monolayer can be associated to the higher penetration and uptake of

the material in the case of the 2D cell model leading to a higher toxicity.
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A critical step in nanotechnology is the translation of “nanomaterial dose” in vitro to in
vivo.%® Traditional dose metrics are difficult to apply because of the nature of the
nanomaterials, however some extrapolations can be done. The use of photodynamic therapy
with dipyrromethenes in the treatment of prostate cancer has been evaluated in different
clinical trials (NCT03315754, NCT01310894, NCT00305929, NCT03849365). In those
trials the formulation of TOOKAD® has been assessed using doses between 2 to 4 mg/kg
of bodyweight, in combination with 730 to 753 nm laser light irradiation at a power of 150
mW/cm? applied over 22 minutes. In our case we use a halogen white light source with a
maximum in the range of 500-800 nm (centred at 732 nm) at a power of 5.4 mW/cm?. Due
to the difference in light power we decided to irradiate for a longer period of time (48
minutes), however, we believe that with the use of a more powerful light source it would
be possible to reduce even more our doses and improve the ratio between the therapeutic

benefit vs the risk of damage.
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Figure 7. In vitro cytotoxicity of GO and GO-BODIPY combined with photoirradiation. a)
PC-3 monolayers (2x10%well) were seeded overnight in a 96 well-plate. Then, the cells
were treated with GO or GO-BODIPY at different concentrations for 24 h, then washed
and irradiated with light (150x10% J/m?, 48 min) (irradiated cells (solid bars), non-irradiated
control (dotted bars). After the treatment, the cells were returned to the incubator for
additional 24 h. The cell viability was assessed via the LDH assay. The results are expressed
as average + SD (n=4). Statistical analysis was performed using two-way ANOVA
followed by Bonferroni post-test. * denotes comparison regarding the control (* p<0.05,
** p<0.01, *** p<0.001) and & denotes comparison between GO and GO-BODIPY (&
p<0.05, && p<0.01). b) PC-3 spheroids (5x10%/well) were seeded in a 1% agarose coated
96 well-plate. When the spheroids reached a size of ~600 pum (5 days after seeding), they
were treated with GO or GO-BODIPY at 100 pg/mL of GO for 24 h, then washed and
irradiated with light (150x103% J/m?, 48 min). After the treatment, the cells were returned to
the incubator for additional 24 h. Cell viability was assessed via the LDH assay. The results
are expressed as average £ SD (n==8). Statistical analysis was performed using one-way
ANOVA followed by Bonferroni post-test. * denotes comparison regarding the control
(*** p<0.001).

Conclusions

We have demonstrated an easy and straightforward approach for covalent conjugation of
BODIPY to the surface of GO via diol derivatisation, while preserving the BODIPY"s
intrinsic properties. This strategy using a diol derivatisation reaction can be applied for a
double functionalisation when combined with the epoxide ring opening, leading to the
possibility to generate multifunctional adducts with targeting capability for the treatment
of cancer. Furthermore, we have proved that GO-BODIPY can be used for GSH depletion
and as a PDT agent in vitro with superior activity to GO. Our study also provides a new
vision on how to apply BODIPY to treat prostate cancer. However, further work should be
carried out to extend the range of applications (PDT or photothermal) of our nanomaterial

in cancer therapy field.
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