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ABSTRACT

The development of new fluorescent probes as molecular sensors is a critical step for the understanding
of molecular mechanisms. Probes based on BODIPY offer remarkable versatility in molecular sensing
due to their unique properties. BODIPY-based probes exhibit high fluorescence quantum yields,
exceptional photostability, and tunable absorption/emission wavelengths. Here, we report the synthesis
and evaluation of a novel 7-azaindole-BODIPY derivative to probe hydrophobic proteins as well as
protein misfolding and aggregation. In organic solvents, this compound exhibits two emissive excited
states efficiently interconverting. In contrast, within aqueous environments, the formation of molecular
aggregates induces distinct photophysical properties. The complex photophysics of this 7-azaindole-
BODIPY derivate were used as a starting point to explore its sensing applications. In presence of
albumin, the monomeric form of the probe is stabilized in the hydrophobic regions of the protein,
leading to a significant increase of both the fluorescence emission intensity and lifetime. A similar
effect was observed when the probe interacts with protein aggregates. Notably, the fluorescence
emission is less sensitive to the presence of other macromolecules such as pepsin, DNA, Ficoll 40, and

coconut oil. Fluorescence lifetime imaging microscopy (FLIM) and two-photon fluorescence
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microscopy performed on breast cancer cells (MCF-7) and lung cancer cells (A549) incubated with
this probe revealed longer fluorescence lifetimes and higher emission intensity upon oxidative stress.
It is known that cellular stress leads to the accumulation and aggregation of misfolded proteins. Protein
misfolding in MCF-7 cells under oxidative stress conditions was confirmed by synchrotron FTIR
microspectroscopy. These results show that protein misfolding and aggregation triggered by oxidative

stress can be monitored using the probe here developed.

KEYWORDS: azaindole-BODIPY, hydrophobic proteins, protein aggregation, cellular stress probe,

FLIM, Two-photon fluorescence microscopy, synchrotron FTIR microspectroscopy

INTRODUCTION
The combination of boron dipyrromethene (BODIPY) and indole has been widely explored to develop
fluorescent probes for biological applications.t® On the one hand, BODIPY is a well-known
fluorescent dye and its derivatives are universally used in fluorescence imaging.}~3 On the other hand,
indole is an electron-rich aromatic heterocyclic organic compound used for sensing a wide range of
analytes, particularly anions.*’ Despite the promising results reported for indole-BODIPY derivatives
in fluorescence sensing applications, the combination of azaindole and BODIPY has received less
attention. Azaindole is an aromatic heterocycle consisting of pyridine ring fused to a pyrrole ring and,
hence, electron-richer than indole. Many azaindoles exhibit biological activity and pharmacological
properties including antitumor activity.® Nevertheless, only three azaindole-BODIPY derivatives have
been characterized to date (compounds 2 — 4 in Figure 1).>° Compound 2 has showed a good
performance as ratiometric probe for the detection of F~ ions in human colorectal carcinoma cells (HCT
116) by Mahapatra et al.® Later, the sensitivity to HSO4~ of compounds 3 and 4 was studied by Kesan
etal.l?

Here, we present the synthesis of a novel 7-azaindole-BODIPY derivative (compound 1), the
study of its photophysical properties and the evaluation of its use as a fluorescent probe for hydrophobic

proteins as well as protein misfolding and aggregation associated with oxidative stress. It is well known
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that the oxidative stress leads to accumulation and aggregation of misfolded proteins in cells due to
diverse processes such as modification of chaperone protein activity, amino acid carboxylation,
cysteine oxidation, among others.!*!2 The oxidative stress and protein aggregation are involved in
biological aging and diverse diseases.'**4 In the present work, we demonstrate that the photophysical
properties of compound 1 are sensitive to hydrophobic proteins as well as the hydrophobicity changes
associated with the formation of protein aggregates. The response of compound 1 to cellular stress
events was monitored by fluorescence lifetime imaging microscopy (FLIM) and two-photon
fluorescence microscopy in different cell lines. Protein structural changes of cells under oxidative stress

conditions were studied by synchrotron FTIR microscopy.

3 4

Figure 1. Chemical structure of the synthetized compound (1) and other reported 7-azaindole-BODIPY derivatives (2 -

4)9,10
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MATERIALS AND METHODS

Materials. All chemicals were commercial and used without further purification. 7-azaindole, toluene,
I-iododoctane, phosphorus (V) oxychloride (POCI3), 5,5-difluoro-1,3,7,9,10-pentamethyl-5H-
dipyrrolo[1,2-c:2',1'-f][ 1,3,2]diazaborinin-4-ium-5-uide (boron dipyrromethene, BODIPY), acetic
acid, piperidine and silica gel plates of type 60 F254 with a layer thickness of 0.2 mm were purchased
from Sigma Aldrich. Acetone was purchased from VWR International. Tetrabutylammonium hydrogen
sulfate [(Bu)sN(HSOs4, phase-transfer catalyst (PTC)] was provided by TCI. Potassium hydroxide
(KOH) was acquired from Merk. Hexane, dichloromethane (CH2Clz), magnesium sulfate anhydrous
(MgSO4) and silica gel 60, 0.04-0.06 mm for flash chromatography and analytical thin layer
chromatography (TLC) were purchased from Scharlab. Dimethylformamide (DMF) were provided by
Fisher Chemicals and Panreac, respectively. Finally, ultrapure water (Type I, 18.2 MQ-cm) was used
throughout the work. 'H and '*C NMR spectra were determined in CDCl3 on a BRUKER AVANCE
300MHz instrument (300.1 and 75.5 MHz for 'H and '3C, respectively). Chemical shifts (8) are quoted
in parts per million (ppm), referenced to the residual solvent.

Spectroscopic Characterization Experiments. UV-Vis absorption spectra were recorded in a V-650
(Jasco) spectrophotometer using a slit width of 0.4 nm and a scan rate of 600 nm min™. A Peltier
accessory was employed to control the temperature of the spectrophotometer measuring cell.
Steady-state fluorescence spectra were recorded in a FLS920 (Edinburgh Instruments)
spectrofluorometer equipped with a 450 W Xe lamp as excitation source, a MCP-PMT (microchannel
plate-photomultiplier tube) detector (R3809 model) and a TCSPC (time-correlated single photon
counting) data acquisition card (TCC900 model). A FS5 spectrofluorometer (Edinburgh Instruments)
equipped with an integrating sphere, a 150 W Xe lamp as the light source and a PMT (photomultiplier
tube) detector (R928P model) was employed to determine fluorescence quantum yields. A TLC 50
temperature-controlled cuvette holder (Quantum Northwest) was used for all the fluorescence

experiments. The temperature was fixed at 20°C.
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Time-resolved fluorescence emission was collected in a microscope (PicoQuant) equipped with a
TCSPC card and two TAU-SPAD-100 avalanche photodiode detectors. Samples were excited with a
511 and 637 nm diode pulse lasers with a repetition rate of 10 MHz. TCSPC resolution was 16 ps and
the emission was recorded using 550/49 and 690/70 bandpass filters. The fluorescence intensity decay,
I(t), was fitted to the following multiexponential function using an iterative least-square fit method
1(t) = XLy azexp (—t/7) @
where a; and 7i are the amplitude and lifetime for each i term. The mean lifetime of the decay was

then calculated as

2

n

i=1 %iTj
T, = =i 1 2
m Z?=1 ;T ( )

Cell Cultures. For FLIM experiments, human breast cancer MCF-7 cells (ATCC HTB-22) were
cultured at 37°C in a 5% CO> humidified atmosphere, with DMEM (Dulbecco's Modified Eagle
Medium) cell culture medium, 10% FBS, 1% penicillin-streptomycin and 1% glutamine. For two-
photon fluorescence microscopy experiments, A549 cells (CCL-185) were cultured at 37°C in a 5%
CO; humidified atmosphere, with DMEM cell culture medium, 10% FBS, 1% 1-glutamax and 0.1%
gentamicin.

The spheroids culture protocol was based on the study reported by Van Zundert et al.' Briefly, A549
cells were seed in agarose microtissues previously prepared and were kept at 37°C in a 5%
CO; humidified incubator for 10 days, until the spheroids reached the desired size or morphology. The
culture medium was refreshed every 2-3 days. Then, cells were harvested of agarose microtissues and
transferred to a 1.5 mL microcentrifuge tube.

Viability Assays. The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was
performed on MCF-7 cells to assess the cytotoxicity of compound 1. A 96-well plate with 10000
cells/well was cultured in DMEM without phenol red at 37°C in a 5% CO; humidified atmosphere for
24 hours. Cells were treated with different concentrations of 1, within a range of 25 to 500 nM, for 2
and 24 hours. The MTT assay was carried out according to the producer’s instructions using a
Multiskan Go plate reader spectrophotometer (Thermo Scientific). The cell viability was calculated

based on the absorbance of the treated and untreated cells. The results were expressed as percent
5

https://doi.org/10.26434/chemrxiv-2024-94b66 ORCID: https://orcid.org/0000-0002-0077-4562 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-94b66
https://orcid.org/0000-0002-0077-4562
https://creativecommons.org/licenses/by-nc-nd/4.0/

viability, considering the cell viability of the control cells (untreated) as 100%. Three independent
measurements were carried out for each sample concentration and exposure time and the results were
presented as the average value with £2¢ standard deviation.
Fluorescence Lifetime Imaging of Cells. MCF-7 cells were seeded onto 20 mm square glass cover
slides into 6-well plates and cultured with DMEM medium without phenol red at 37°C in a 5% CO:
humidified atmosphere until the cells reached 50—80% confluence. Cells were incubated with 0.1 uM
of compound 1 in serum-free DMEM medium without phenol red for different times (0.5, 1 and 3
hours). To induce cellular stress, some cells were also incubated with ethanol, hydrogen peroxide or
cisplatin, along with 1 for different times (0.5, 1 and 3 hours). Hydrogen peroxide is commonly used
to induce oxidative stress.®8 MCF-7 cells were exposed to a hydrogen peroxide dose of 0.5 mM, two-
fold higher than the maximum concentration used by Mahalingaiah et al. to study on the oxidative
stress in the same type of cells.® A concentration of 10 uM was chosen for cisplatin within the order
of magnitude of ICso values reported for MCF-7 cells in previous works.%-23

After incubation, the cells were washed five times with PBS. After the treatment, FLIM images
of the cells were acquired using a MicroTime 200 microscope (PicoQuant). A diode pulse laser of 511
nm (10 MHz and ~0.9 pW) was chosen as excitation source. TCSPC resolution was 16 ps and the
emission was collected using a 690/70 bandpass filter. 80x80 um regions were scanned with 156
nm/pixel spatial resolution and a dwell time of 2 ms. FLIM images were processed using
SymphoTime64 software (PicoQuant). The fluorescence intensity decays of each pixel were fitted to
the equation (1) using an iterative least-squares fit method (all the fluorescence decays were best fitted
to a three-exponential equation).
Two-photon fluorescence imaging of 2D cell cultures. A549 cells were seed in 29-mm, glass-bottom
dishes (Cellvis, Mountain View, CA, USA) and grown until ~70% confluency before adding compound
1. Cells were incubated with 0.1 pM of 1 in DMEM medium without phenol red for different times
(0.5, 1 and 3 hours). To induce cellular stress, cells were incubated with ethanol (1 M) along with 1 for

different times (0.5, 1 and 3 hours).
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After the treatment, fluorescent images were recorded using a Leica TCS SP8 dive microscope (Leica
microsystems) with a multi-photon Insight X3 laser and an HC PL IRAPO 40x water objective (NA
1.1). A two-photon pulse laser excitation of 1022 nm was chosen as excitation source. Scanning speed
and the image format were set at 400 Hz and 1024 x 1024 pixels. The emission was recorded in two
different wavelength ranges (515 - 575 nm and 650 - 725 nm) using two HyD hybrid detectors.
Two-photon fluorescence imaging of cell spheroids. A549 cell spheroids were cultured as described
above and were grown until reached the required size. Then, spheroids were incubated with 0.1 uM of
compound 1 in DMEM medium without phenol red for 24 hours. After the treatment, fluorescent
images were recorded using a Leica TCS SP8 dive microscope (Leica microsystems) with a multi-
photon Insight X3 laser and FLUOTAR VISIR 25x water objective (NA 0.95). Two-photon pulse laser
excitation, scanning speed and image format were identical to 2D cell fluorescent imaging described
above. The emission was recorded by a HyD hybrid detector between 650 - 725 nm.
Synchrotron-Based FTIR Microspectroscopy. The SR-FTIR measurements were conducted at the
MIRAS beamline at the ALBA synchrotron, Barcelona (Spain), as the synchrotron light was used as
the infrared light source, coupling with the 3000 Hyperion microscope coupled to a Vertex 70v
spectrometer and a liquid nitrogen-cooled mercury cadmium telluride (MCT) detector.?* The
spectroscopic data were collected in transmission mode using the 36X Schwarzschild objective and
condenser and an aperture size of 10x10 um.

Two samples of control MCF-7 cells and two samples of MCF-7 cells treated with cisplatin
were measured. Cells were seeded onto 13 mm diameter and 0.5 mm thick CaF glass into 6-well plates
and cultured with DMEM medium at 37°C in a 5% CO- humidified atmosphere until the cells reached
50—80% confluence. Cells were incubated with 10 uM of cisplatin in serum-free DMEM medium for
3 hours. Cells were fixed with 4% formaldehyde for 15 min at room temperature. A total number of
193 control cells and 194 of cisplatin-treated cells were measured, the average spectra are presented.
The data were collected in the 4000-800 cm™ mid-infrared range at a spectral resolution of 4 cm™ with
256 co-added scans per spectrum. The OPUS 8.2 (Bruker, Ettlingen, Germany) software package was

used for data acquisition. Rubber-band baseline correction and vector normalization were performed

https://doi.org/10.26434/chemrxiv-2024-94b66 ORCID: https://orcid.org/0000-0002-0077-4562 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-94b66
https://orcid.org/0000-0002-0077-4562
https://creativecommons.org/licenses/by-nc-nd/4.0/

for each single spectrum. The ratios of absorbances at different wavenumbers and the second
derivatives were carried out by using of the Quasar software.?

Computational details. Full geometry optimizations were performed using the Gaussianl6
(revision C.01)?® suite of programs at the BLYP/6-31G* level of theory?’-?° (including solvent effects).
Polarizable Continuum Model (PCM) was employed to include the solvent (water) effect.3*3! The
electronic vertical transitions were calculated at the time-dependent (TD)-BLYP/6-31G* level
(including solvent effects). In general, the most popular DFT functionals show a poor performance in
the calculation of electronic transitions of BODIPY derivatives.®>3 Surprisingly, some pure
generalized gradient approximation (GGA) functionals as BLYP lead to small deviations between
calculated electronic transition wavelengths and absorption maximum wavelengths in BODIPY

derivatives.3?

RESULTS AND DISCUSSION

Preparation of Compound 1. The synthesis pathways for preparation of the 7-azaindole-BODIPY 1
is shown in Scheme 1 and Supporting Information. The incorporation of the alkyl chain from of
commercially available 7-azaindole (7AI) was carried out by using 1-iodooctane, KOH, the phase-
transfer catalyst (PTC) in acetone at 75°C for 24 hours to give compound 7AI-5 (65%). Compound
7AI-6 was obtained by Vilsmeier-Haack reaction of 7AI-5 with POCls in DMF to yield a yellow oil
with 68%. Finally, Knoevenagel reaction method was used for the preparation of the novel 7-azaindole-
BODIPY derivative, 1, by treating of compound 7AI-6 with BODIPY in presence of piperidine, acetic
acid in in a Dean-Stark apparatus with toluene for 48 hours. The new 7-azaindole-BODIPY derivative,
1, was isolated by column chromatography to afford the new monostyryl compound in 5% yield as a
pink powder. All compounds were identified through *H, *C NMR and mass spectrometry (see

Supporting Information).
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Scheme 1. Synthetic route of compound 1

Spectroscopic Characterization. An extended spectroscopic characterization was carried out to
evaluate the suitability of compound 1 as a fluorescent probe. The absorption spectrum of 1 in THF
shows vibronic structure with an absorption maximum wavelength at 584 nm (Aa™®) and a shoulder
at about 536 nm (Figure 2a and Table S1). Similar vibronic structure was found for 1 in other organic
solvents such as toluene, ethanol and DMSO. The structured absorption bands observed in the
absorption spectrum of 1 suggests a planar and highly conjugated structure, as confirmed by DFT
calculations (Figure 3a). Compound 3, the previously reported molecule with the most closely related
structure, displayed a similar absorption spectrum with a L™ of 574 nm in acetonitrile solution.
Compound 2, on the other hand, exhibited a significantly blue-shifted absorption maximum (Aap™® =
501 nm in an acetonitrile-water mixture)® revealing the role of the ethylene bridge in the extension of
the electronic conjugation in 7-azaindole-BODIPY system. Additionally, the presence of a second 7-
azaindole group leaded to a substantial red-shift of the absorption band of compound 4 (Aa™® = 655
nm in acetonitrile solution).’® TD-DFT calculations revealed that the band centered at 584 nm

corresponds to the So—S; transition involving the HOMO and LUMO (Figure 3c and Table S3).
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Figure 2. Spectroscopic characterization of compound 1. (a) UV-Vis absorption spectrum in different solvents (sample
concentration was 70 uM). (b) Fluorescence emission spectrum in different solvents (Aex = 511 nm; sample concentration
was 10 uM). (c) Fluorescence excitation and emission spectra in THF. (d) Different fluorescence excitation and emission
bands found in THF solution depending on the experimental conditions.
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Figure 3. Computational study performed for 1 at the BLYP/6-31G* level of theory including CPCM solvation effects
(tetrahydrofuran). (a) Molecular structure showing two selected dihedral angles (11 and t2). (b) Frontier molecular orbitals.
(c) Simulated absorption spectrum. Vertical bars correspond to the oscillator strengths, f, calculated for the vertical
electronic transitions at the TD-BLYP/6-31G* level of theory (a half-width at half-maxima of 0.20 eV was employed for
the simulation of the absorption spectra).

The excitation and emission spectra of 1 follow the mirror rule (Figures 2b, 2c and S2), with
excitation and emission maxima (Aex™ and Aem™®) in THF at 576 and 598 nm, respectively (see Table
S1 for other solvents). When dissolved in DMSO, a red-shift in the emission band was observed (Aem™*
= 611 nm) due to the intramolecular charge-transfer character of the Sp—S; transition. As shown in
Figure 3b, the HOMO is delocalized across the whole molecule while the LUMO is mainly localized
within the BODIPY moiety (similar findings were reported for compound 3).1° The fluorescence
emission decay from the S; state follows a mono-exponential profile with a lifetime, tr, of 3.2 ns and
a fluorescence quantum yield, ®r, of 58% in THF (Figure S3 and Table S2). These results are
consistent with those previously reported for compound 3 (tr = 4.2 ns and ®r = 42% in acetonitrile
solution).1® Furthermore, additional minor excitation bands were detected at shorter wavelengths

(around 530 nm and 350 — 400 nm), which were also observed in the absorption spectrum (Figure 2c).
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The excitation band observed at approximately 530 nm was attributed to the So—S> transition involving
HOMO-1, HOMO, LUMO and LUMO-+1. The resolution of this band in the absorption spectrum was
hindered by its overlap with the tail of the most intense absorption band (assigned to the So—S:
transition). Interestingly, when 1 was excited at 465 nm, two emission bands emerged, centered at 525
and 598 nm. This excitation wavelength avoided the direct excitation of the S; state but allowed the
excitation of the Sy state (Figure 2d and Table S1). Thus, the first emission band (525 nm) corresponds
to the fluorescence emission from the Sy state while the second emission band (598 nm) is associated
with the emission from the Sy state preceding internal conversion (IC) from the S; state (hereafter noted
as S2/S1— So). Of note, the fluorescence intensity in both emission maxima showed a linear correlation
with the fluorophore concentration, ruling out the formation of aggregates (Figure S4). The similar
intensity of both emission bands suggests that S2/Si— So is an efficient IC process that competes
against the fluorescence emission from the S, state. Accordingly, comparable fluorescence lifetimes
were found for both processes (4.3 ns for S)— Se and 3.9 ns for So/S1— So; see Table S2). Note that
the fluorescence emission decay from the S2/S1— So process also follows a mono-exponential profile,
with a lifetime 0.7 ns longer than for the Si— So process. This increase in the fluorescence lifetime
indicates the association with a IC process.

As far as we know, the existence of two emissive states in BODIPY derivatives has been
scarcely reported. Cho et al. observed that some BODIPY derivatives in THF solution leaded to
‘anomalous’ emission from the S excited state®* while Schifer et at. have reported the existence of
two emissive states in BODIPY dye films.®® The possible combined use of both emissive states could
offer unique advantages in bioimaging applications. It is possible to excite the S; state using blue light
(465 nm) and collect the fluorescence emission in the red spectral range from the S; state (600 — 750
nm) mediating an IC process. The large difference between the excitation and collection wavelengths
reduces the impact of the background fluorescence in microscopy images of biological samples.
Noteworthy, red fluorescence emission was observed even when exciting 1 with ultraviolet light (at
350 nm), indicating additional 1C processes between high-energy excited states and Si1. The presence

of the unusual S2/S1—S0 process prompted the investigation of the sensing potential of compound 1.
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In agueous solution, a quite different photophysical behavior was observed compared to organic
solvents. As shown in Figure 2a, a new and intense absorption band appears at 625 nm while the peak
associated to the Sp—S1 transition remains at 580 nm. The new red-shifted band was attributed to the
presence of molecular aggregates.® Figure 4a shows the effect of the temperature on the stability of
aggregates. The ratio of the absorbances at 580 and 630 nm increased with the temperature increase in
aqueous solution while no spectral changes were observed in THF (Figure S1). Our data shows that
aggregation of compound 1 leads to fluorescence quenching of both S;—So and S,—So transitions (a
faint and broad band was recorded between 600 and 750 nm, alongside a weak band at 515 nm). The
addition of bovine serum albumin (BSA) while exciting at 560 nm led to an emission band centered at
590 nm (S1—So transition), suggesting a shift in the equilibrium toward the non-aggregated form of 1
(Figure 4b). Exciting at 465 nm, the intensity of both the band centered at 530 nm (S>—So transition)
and the tail extending beyond 575 nm (S2/S1—So transition) also increases upon addition of BSA.
Interestingly, the fluorescence intensity associated with the S2/S1—So process shows a higher increase
than the fluorescence intensity from the S,—So transition, as evident in the normalized emission
spectrum (Figure S5). BSA is frequently used as a model to test new fluorophores as probes for protein
surface hydrophobicity.3” That protein contains two hydrophobic pockets (binding sites | and 11)%®
along with diverse superficial hydrophobic areas.®” The non-aggregated form of 1 (emissive) could be
stabilized in the hydrophobic regions of the protein recovering the fluorescence emission. In
accordance with this hypothesis, the fluorescence enhancement is reversed by adding a specific site |
binder as warfarin, showing that 1 is displaced from the site | and the equilibrium is shifted toward the
aggregated form of 1 (non-emissive) (Figure 4c).3® Nevertheless, the fluorescence emission is not fully
guenched when the concentration of warfarin (1.25 mM) becomes 25-times higher than of 1 (50 uM)
and hence the fluorophore can have more than one binding site. An increase in the fluorescence
intensity akin to BSA was not observed in the presence of the pepsin, in accordance with a previous
report of He et al.*® who shown that BSA has higher affinity for hydrophobic phenolic compounds as
gallotannins than pepsin. In this sense, pepsin has multiple binding sites for a hydrophilic antioxidant

as glutathione in contrast with the single binding site found a hydrophobic antioxidant as melatonin.*
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Compound 1 did not showed sensitivity to coconut oil or macromolecules such as DNA and Ficoll 40
(Figure S6) but is sensitive to the formation of BSA aggregates induced by heating and addition of
NaCl to the protein solution.*?*® The fluorescence intensity of the two emission bands of 1 increased
with the incubation time of the protein at 80°C (Figure 4d). The misfolding of BSA leads to exposure
of hydrophobic amino acid residues to the surface of the protein and the aggregation of the protein. 44
As previously mentioned, protein misfolding and aggregation are physiological process associated with
oxidative stress and is linked to various diseases.'**3!4 Congo red, Nile red, and Thioflavine T are dyes
commonly used for staining protein aggregates, particularly used for monitoring amyloid fibril
assembly.*6-%° The potential use of compound 1 as a fluorescent probe for detecting protein misfolding

and aggregation induced by oxidative stress is discussed below.
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Figure 4. (a) Absorption spectrum of 1 (70 uM) at different temperatures in aqueous solution (b) Fluorescence emission
spectra of 1 (50 uM) in presence of increasing concentrations of BSA (Lex was 465 nm for solid lines and 560 nm for dashed
lines). (c) Fluorescence emission spectra of 1 (50 uM) in presence of BSA (0.25 mM) and increasing concentrations of
warfarin (Aex was 465 nm for solid lines and 560 nm for dashed lines). (d) Fluorescence emission spectra of 1 (50 uM) in
presence of BSA (250 uM), NaCl (125 mM) and different incubation times at 80 °C (Aex Was 465 nm for solid lines and
560 nm for dashed lines).
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Different examples of fluorescent probes for hydrophobic proteins®”*®! and protein
aggregation®°® have been reported recently. Some of them are based in BODIPY derivates®’>? as
compound 1. The applications of these probes are mainly based on measurements of fluorescence
intensity. It is known that fluorescence-lifetime probes have significant advantages over fluorescence-
intensity probes because the fluorescence lifetime is not sensitive to either the fluorophore
concentration, excitation source intensity or duration of light exposure.>*>® Therefore, we are also
interested in knowing if compound 1 could be also used as fluorescence-lifetime probe for hydrophobic
proteins and protein aggregation. For that, the effect of BSA on the fluorescence decay profile of the
unusual So/S1—Soe photophysical process was studied using FLIM (Figure 5a). This specific transition
was chosen for two reasons: (i) its fluorescence intensity is very sensitive to albumin; (ii) the
fluorescence background effects are minimized due to the large difference between the excitation
wavelength (511 nm) and the acquired wavelengths (655 — 725 nm region). As showed in Figure 5b,
the average fluorescence lifetime of the S2/S1—So transition increased from 3.4 ns to 3.6 — 4.0 ns in
presence of BSA (0.05 — 0.25 mM) while the opposite effect was observed in presence of other
macromolecules as Ficoll 40 and coconut oil. The average fluorescence lifetime of 1 also increased in
presence of BSA when the aggregation of the protein was induced by heating (80°C) and adding
NaCl.5"%8 Figure 5¢ shows how the fluorescence lifetime of the probe increases with the denaturation
time of BSA. The fluorescence lifetimes of 1 reached approximately 5.0 ns after an incubation period
of 45 minutes with BSA under heating. Figure 5d shows a FLIM image of BSA aggregates of tenths
of micrometer in aqueous solution using compound 1 as probe. In contrast, no fluorescent aggregates

are observed in absence of BSA or presence of non-denatured BSA (Figure 5d).
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Figure 5. Fluorescence decay profiles, average fluorescence lifetimes and FLIM images acquired for compound 1 (50 uM
in aqueous solution) in different experimental conditions (Aex =511 nm and a 690/70 nm bandpass filter for the fluorescence
emission were used in all the experiments): (a) Fluorescence decay profile recorded for 1 adding increasing concentrations
of BSA. (b) Average fluorescence lifetime determined for 1 adding increasing concentrations of coconut oil, Ficoll 40 and
BSA. (c) Average fluorescence lifetime determined for 1 in aqueous solution with BSA (0.1 mM), NaCl (125 mM) and
different incubation times at 80°C. (d) FLIM images of compound 1 (50 uM) in absence of BSA (left image) and presence
of BSA (0.1 mM) (central image). The right image corresponds to BSA aggregates formed by heating (80°C, 45 minutes),
adding NaCl (0.1 mM), and using compound 1 (50 uM) as fluorescent probe.
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Fluorescence Imaging in Live Cells. The potential use of compound 1 as a fluorescent probe for
detecting protein misfolding and aggregation was tested on two cancer cell lines (human breast cancer
MCF-7 cells and human lung cancer A549 cells) under oxidative stress conditions. Fluorescence
imaging experiments were carried out using two fluorescence microscopy approaches: one based on
time-resolved fluorescence measurements (FLIM), and another based on fluorescence intensity
measurements (two-photon fluorescence microscopy). FLIM experiments showed that compound 1 is
efficiently taken up by MCF-7 cells (Figure 6). Cell viability remained high, above 93% for
concentrations up to 0.5 mM after 24-hour incubation with 1 (Figure S6). In a similar way, a moderate
impact on cell viability was reported for the homologous 7-azaindole-BODIPY derivative 3 after 48
hours of incubation in lymphoblast cells (K562 cell line, cell viability of about 70%).1° The average
fluorescence lifetime of compound 1 in MCF-7 cells treated was about 2.8 ns for incubation periods of
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0.5 and 1 hour. There was a slight increase to 3.4 ns after 3 hours of incubation (see control cells in
Figures 6a, 6 and S8). Oxidative stress was induced in MCF-7 cells by adding ethanol (1 M),*
hydrogen peroxide (0.5 mM),1%18 or cisplatin (10 uM).%°%! Significant increases in the fluorescence
lifetime were observed for a large fraction of cells, particularly for those exposed to hydrogen peroxide
and cisplatin, following incubation periods of 1 and 3 hours (see Figures 6, 7 and S9-S11). Although a
broad distribution of fluorescence lifetimes was observed for these cells, a significant proportion of the
cells showed lifetimes within the range of 3 - 6 ns. Consequently, FLIM images showed regions with
longer fluorescence lifetimes for cells treated with hydrogen peroxide and cisplatin (colored in green
and red in Figure 6), contrasting to the shorter fluorescence lifetimes found in control cells (colored in
blue). Considering the photophysical behavior of compound 1, the regions with a longer lifetime in the
vicinity of the nucleus were attributed to the accumulation of misfolded proteins or aggregates.
Regarding cisplatin, our results are consistent with previous studies. For instance, the formation of
protein aggregates and the increase of reactive oxygen species are concomitant processes observed in
kidney tubular cells after cisplatin administration.®2¢2 The endoplasmic reticulum stress and unfolded

protein aggregation also seems to be related to the cardiotoxicity of cisplatin in mice.5
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Figure 6. FLIM images acquired for MCF-7 cells treated with compound 1 (0.1 uM; Xex = 511 nm; a 690/70 nm bandpass
filter was used to collect the fluorescence emission). Additionally, MCF-7 cells were incubated with ethanol (1 M),
hydrogen peroxide (0.5 mM) and cisplatin (10 uM) at different times (0.5, 1 and 3 hours).

6 6
i &
2+
N X
y éoéo%‘bi;z\ &\0

Figure 7. Box distribution plot of average fluorescence lifetimes (tay) determined for MCF-7 cells treated with 1 (0.1 pM)
along with ethanol (1 M), hydrogen peroxide (0.5 mM), (d) cisplatin (10 uM). The incubation time was (a) 0.5 hours, (b) 1
hour, (c) 3 hours.

The sensitivity of compound 1 to protein misfolding and aggregation associated with oxidative
stress was also evaluated in A549 cells using a two-photon fluorescence microscope. An excitation
wavelength of 1022 nm was chosen in order to reach the S» state of compound 1 and the fluorescence
emission was recorded in wavelength windows: 515 - 575 nm (green channel) and 650 - 750 nm (red
channel) to monitor the florescence emission associate with the S—So and S2/S1—So transitions,
respectively. Two-photon fluorescence microscopy images showed that compound 1 is efficiently
taken up by control A549 cells (Figures 8a and S12). For the untreated cells, the fluorescence emission
recorded in the green channel is more intense compared to that in the red channel. This scenario is
modified in cells treated with ethanol, where the fluorescence intensity from the red channel
significantly increases with respect to the green channel (Figures 8b, 8c and S12). The fluorescence
emission collected in the red channel also increases with the incubation time. Again, the notable
increase of fluorescence intensity associated to the S»/S;—So transition (red channel) seems to be
related to protein misfolding and aggregation induced by oxidative stress. These results are accordance
with the findings of Kim et al., who showed that metabolic stress induces the formation of protein

aggregates in A549 cells.®® Additionally, two-photon fluorescence microscopy allows a deeper
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penetration of the excitation laser beam into tissues and cell spheroids. Figure 9 shows that compound
1 can be taken up by cells in spheroids. After an incubation period of 24-hours, compound 1 stains the
periphery of A549 cell spheroids and penetrates about 50 micrometers inside. These results open the
door to the future use of compound 1 as fluorescent probe in more complex systems as tissues and even

in vivo models.

Ay = 515-575 nm A, = 650-725 nm Merge

Control

Ethanol (3 h)

Ethanol (6 h)

Figure 8. Two-photon fluorescence microscopy images recorded for A549 cells treated with compound 1 (0.1 uM) and
ethanol (1 M) at different times (3 and 6 hours). Cell were excited at 1022 nm and the emission was collected in two
wavelength windows: 515 - 575 nm (detector 1, green channel) and 650 - 750 nm (detector 2, red channel).
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Figure 9. Two-photon fluorescence microscopy images of a A549 cell spheroid incubated with compound 1 (0.1 pM) for
24 hours (Aex = 1022 nm; Aem = 550 - 725 nm). (a) Planes of A549 cell spheroids. Space between planes was 1 um. (b) Z-
projection of previous A549 cell spheroids planes.

Synchrotron FTIR Microspectroscopy. FTIR spectra of MCF-7 cells were recorded to provide
additional information on the sensitivity of compound 1 to protein misfolding events. These spectra
can inform about the protein structural changes in the cells under oxidative stress conditions. Average
FTIR spectra of MCF-7 cells untreated and treated with cisplatin (10 uM for 3 hours) were acquired
using a synchrotron light source. Figure 10a shows the average FTIR spectra of amide I and Il regions
for control and treated cells. Amide | band is shifted toward higher wavenumbers in the treated cells

(1654 cm™) with respect to the control cells (1653 cm™). In contrast, amide 1l band is shifted toward

lower wavenumbers (from 1541 cm for control cells to 1539 cm™ to treated cells). The shifts of the
20
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amide | and Il bands are typically associated with changes in secondary structure during misfolding
and aggregation events.®"% The second derivate of the average FTIR spectra shows a minimum at
1655 cm™ and a shoulder at 1635 cm™ typically attributed to a-helix and B-sheet structures, respectively
(Figure 10b).%6-"° As shown in Figure 10c, a decrease in the B-sheet/a-helix ratio (ratio of absorbances
at 1635 and 1655 cm™) was observed in cells treated with cisplatin with respect to control cells. Maps
of B-sheet/a-helix ratio acquired for groups of control and treated cells are shown in Figures 10d and
10e, respectively. The blue color is predominant in Figure 10e indicating the decrease of the B-sheet/a-
helix ratio with respect the control cells (in green and yellow colors). The protein structural changes
observed in MCF-7 cells under oxidative stress conditions are consistent with previous studies. For
instance, an increase in o-helix structure was observed in gastric adenocarcinoma AGS cells treated
with a brominated derivative of coelenteramine which has anticancer activity.®® Altered protein a-helix
structures were also detected in human embryonic liver WRL68 cells treated with doxorubicin.®® Here,
we have found that cisplatin, in similar conditions to the previous FLIM experiments, induce
conformational changes in the proteins of MCF-7 cells. The observation of these changes is additional
evidence of the sensitivity of compound 1 to protein misfolding and aggregation events associated with

cellular stress responses.
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Figure 10. Average FTIR spectra of MCF-7 control cells and cells treated with cisplatin (10 uM; 3 hours) (N = 193 and
194, respectively). (a) Average FTIR spectra in the region between 1700 and 1500 cm (amide | and Il bands). (b) Second
derivative of the average FTIR spectra in the region between 1700 and 1600 cm™ (amide I band). (c) B-sheet/a-helix ratio
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(ratio of absorbance at 1635 and 1655 cm™). (d,e) Bright field (left images) and B-sheet/o-helix ratio maps (right images)
for a group of (d) control and (e) cisplatin-treated cells. The yellow squares indicate the scanned regions.

CONCLUSIONS

The photophysical properties and sensing applications of a novel 7-azaindole-BODYPY derivative 1
have been studied here. Two emissive excited states (S1 and Sz) were found for 1, as well as an efficient
IC process between both states. In aqueous solution, the fluorescence emission intensity of 1 is strongly
quenched because of the formation of molecular aggregates. The fluorescence emission of 1
significantly increases upon the addition of albumin and formation of protein aggregates because the
monomeric form of 1 is stabilized in the hydrophobic environments. Compound 1 showed less
sensitivity to other macromolecules such as pepsin, DNA and Ficoll 40 as well as coconut oil. The
fluorescence lifetime of 1 (particularly that coming from the transition S2/S1—So which involves the

internal conversion between S; and S; states) is highly sensitive to the presence of protein aggregates.

Different microscopy techniques, in two different cell lines, demonstrated that the S2/S1—So
transition of compound 1 can be used to monitor protein misfolding and aggregation associated with
cellular stress responses. Firstly, FLIM images showed subcellular regions where the fluorescence
lifetime significantly increased in breast cancer MCF-7 cells treated with ethanol, hydrogen peroxide
and cisplatin. These regions were attributed to the accumulation of misfolded proteins or aggregates in
response to the oxidative stress. Synchrotron FTIR microscopy showed that cisplatin induces
conformational changes in the proteins of MCF-7 cells at short incubation periods (3 h) evidencing the
sensitivity 1 to protein misfolding events associated with cellular stress responses. Secondly, two-
photon fluorescence images showed that the emission intensity associated to the S2/S1—So transition
markedly increased when stress was induced in lung cancer A549 cells by adding ethanol. Compound
1 was also efficiently taken up and distributed by spheroids of A549 cells. These results encourage
further research on the applications of 1 as fluorescent probe in more complex systems as tissues and

even in vivo models.
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