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Fluorescence imaging is a powerful and widely used method to visualize and study living organisms.
However, fungi are notoriously difficult to visualize using fluorescence microscopy, given that their cell
wall represents a diffusion barrier, and the synthetic organic dyes available are very limited when com-
pared to molecular probes available for other organisms. Moreover, these dyes are usually available in
only one colour, preventing co-staining experiments. To fill this gap, curcumin-based molecular probes
were designed based on the rationale that curcumin is fluorescent and has moderate toxicity toward
fungi, implying its ability to cross the cell wall to reach targets in the intracellular compartments. A family
of boron diketonate complexes was synthesized, based on a curcumin backbone, tuning their emission
color from blue to red. These probes did not present noticeable toxicity to filamentous fungus and, when
applied to their visualization, readily entered the cells and precisely localized in sub-cellular organelles,

rsc.li/lobc enabling their visualization.

Introduction

Live-cell imaging is crucial for the study of biological pro-
cesses, and many efforts have been dedicated to improving
this tool. Microscopy has evolved from a traditional white light
transmitted microscope to fluorescence and super-resolution
microscopy. In parallel, the library of fluorescent probes has
increased, including proteins of the green fluorescent protein
family, among other probes." Molecular probes based on syn-
thetic organic fluorophores have been designed to stain
specific molecular targets,” to get information about the cellu-
lar environment or conditions.

Fungi are eukaryotic organisms that morphologically can
be assigned to two main groups: unicellular fungi (yeasts) and
filamentous fungi (molds). Fungi represent amenable biologi-
cal models for the study of cell organization, organelle devel-
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opment and function, aging, and pathogenesis, among other
applications. However, different from animal cells,’ the fungal
cell has a rigid cell wall containing chitin, glucans, or chito-
san, which serves as a protective layer.” Due to the difficulty
for molecular probes to cross this barrier, fluorescence
imaging of fungi is difficult, and the synthetic organic dyes
available are limited.> Moreover, these dyes are usually avail-
able only in one color (calcofluor-white, Mito Tracker™ red,
Nile red, DAPI, etc.),® making co-staining experiments difficult,
in which different dyes with different emission colors are used
in combination.

Curcumin is a yellow spice found on the rhizome of
Curcuma longa (turmeric). In solution, this polyphenolic mole-
cule possesses a strong absorption band around 410 nm,” and
fluorescence emission between 460 and 550 nm.® Curcumin
also shows some phosphorescence in the range of 600 to
800 nm and demonstrates some ability to generate singlet
oxygen and oxidize various cell structures, making it a poten-
tial photosensitizer.” Curcumin derivatives have also been
studied as potential tools in the diagnosis and treatment of
neurodegenerative diseases such as Parkinson’s and
Alzheimer’s."® Since it has been demonstrated that curcumin
accumulates in senile plaques, several derivatives have been
synthesized to improve curcumin’s spectroscopic properties
(Fig. 1) retaining its ability to localize into Ap aggregates, cul-
minating with near-infrared molecular probes of the CRANAD
family."*™* Curcumin derivatives have also been applied to the
staining of lysosomes, as polarity fluorescent probes.'*"’
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Fig. 1 Curcumin-based molecular probes.

Nevertheless, to the best of our knowledge, they have not been
used for imaging fungal subcellular organelles.

Here, a family of curcumin-based molecular probes (Fig. 1)
has been designed, prepared and studied. They were applied
to the staining of a filamentous fungus (Fusarium oxysporum)
as a proof-of-concept, demonstrating that the probes enter the
hyphae and selectively accumulate in particular intracellular
compartments. These molecular probes therefore overcome
the low uptake limitations of organic dyes by fungi, and open
the way to the design of brighter molecular probes for live
fungi imaging.

Results and discussion
Synthesis

In 1964, Pabon'” described an easy route for the synthesis of
curcumin, which has been extensively used for the synthesis of
curcumin derivatives.'®2° The synthetic strategy reported here
is based on a modification previously reported,' and is
described in Scheme 1. The synthesis starts with the complexa-
tion of acetylacetone with boron difluoride, to produce
complex 1. Then, one equivalent of aldehyde is reacted to form
compound 2a, or two equivalents to form compounds 3a-c. If
two different aldehydes are added (one equivalent of each),
then compounds 3d-f are obtained. The purification of these
compounds was difficult due to their low solubility and the
presence of symmetric compounds in the cases of 3d—f, which
explain the low yields obtained. Trying to run the aldol con-
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Scheme 1 Synthesis of different curcumin analogues. One equivalent
(a) or two equivalents (b) of aldehyde were used.
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densation in a stepwise manner, for example isolating com-
pound 2a and reacting it again with a different aldehyde, did
not produce the desired compound and the unreacted starting
material was recovered. In the synthesis of derivative 4, curcu-
min (Cur) was directly subjected to complexation with boron
trifluoride. All new compounds were fully characterized (see
the ESIY}).

Single crystals suitable for X-ray diffraction were success-
fully grown from slow evaporation of a saturated tetrahydro-
furan solution of 3b. In the process, hydrolysis of the boron
complex also yielded single crystals of the free ligand,*" which
were suitable for X-ray diffraction. The crystal structures of
both compounds are shown in Fig. 2, without the disordered
hydrogen or solvent molecule, for clarity.>* All bond lengths
and angles are in the normal ranges.>?

Photophysical properties

Absorption and emission spectra of curcuminoid derivatives
3c and 4 were recorded in dichloromethane and used as stan-
dards for the emission quantum yield calculation.'®** The
compounds are insoluble in aqueous solutions and in hexane;
therefore the absorption and emission spectra of all the curcu-
minoid derivatives obtained were recorded in tetrahydrofuran
(THF) (Fig. 3 and 4, respectively), in acetone and in methanol
(see the ESIT) and their photophysical properties are presented
in Table 1. The low solubility of the compounds in methanol
prevented the measurement of absorption coefficient.

The maximum absorption of curcumin derivatives varies
between 418 nm and 576 nm, with a very small shift between
the different solvents. Firstly, it can be noticed that the com-
plexation with boron induces a red-shift of the absorption, as
it has been observed before.>® In the series of boron complexes
3a—f and 4, the effect of the electron donating substituents is
of shifting the absorption maximum toward longer wave-
lengths. A similar effect is observed for the emission spectra.
The maximum emission varies between 472 nm and 696 nm,
and the more the electron donating groups introduced, the
higher red-shifted the emission.

According to the results described in Table 1, compounds
with strong electron-donating substituents have a higher

Fig. 2 Crystal structure of 3b (top) and the free ligand (bottom),
obtained by single crystal X-ray diffraction.?> Thermal ellipsoids are
shown at the 50% probability level, hydrogen atoms are shown with an
arbitrary radius (0.30 A). C, grey; H, white; O, red; F, yellow; B, pink.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Absorption spectra of 2a, 3a—f, 4 and Cur in THF.
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Fig. 4 Emission spectra of 2a, 3a—f, 4 and Curcumin in THF.

molar absorptivity and a higher emission quantum yield. The
emission quantum yields of the compounds vary between 6%
and 98%, and fluorophores 3b-d show a marked difference.
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Fig. 5 Radial mycelium growth of Fusarium oxysporum over 7 days, in
the dark, under basal conditions (Control), in the presence of acetone
(Control+Acetone) and in the presence of a solution of fluorophore in
acetone at a concentration of 100 uM (2a, 3a—f, 4, Curcumin). The
values correspond to the mean of 3 independent assays, with biological
3 replicates each, and the error bars represent the standard deviation.

This could be explained by the presence of the electron-donat-
ing groups that increase the push—pull character of the dyes.

Both the brightness and the emission wavelengths of the
dyes reported here are in the same range as the best molecular
probes currently used."

Toxicity and biological imaging

The toxicity of the dyes 2a, 3a-f, 4 and Curcumin was assessed
by measuring the mycelial growth over 7 days at 25 °C (Fig. 5).
Since curcumin has been shown to be a potential photosensiti-
zer for antimicrobial photodynamic therapy,*® the cytotoxicity
was assessed in a dark environment to avoid potential photo-
sensitization of Fusarium oxysporum by curcumin derivatives.
As curcumin and its derivatives have not been reported as
toxic in the dark, we did not expect the compounds reported
here to be toxic, and only one (relatively high) concentration
was tested here.

Table 1 Photophysical properties of 2a, 3a—f, 4 and Curcumin in different solvents

Tetrahydrofuran Acetone Methanol

Aabs € Avgr Aem Brightness € Aem Aabs Aem
Dye (nm) M 'em™)  (em™)  (nm) ¢ M'em™)  Adws(mm) M 'em™)  (nm) @ (nm) (nm) ¢
2a 485 52300 2666 557 0.06“ 34000 490 7700 575 <0.01“ 491 568 <0.01“
3a 453 30000 889 472 0.35 10500 452 53200 479 0.56% 424 488 0.46“
3b 484 86 000 1319 517 0.69 60000 484 92 800 530 0.98% 470 545 0.87¢
3c 576 56 000 1463 629 0.60° 33000 588 79900 668 0.07" 587 690 0.04°
3d 470 64 000 2655 537 0.60“ 38000 469 32000 547 0.90 465 551 0.57¢
3e 546 34000 2492 632 0.10° 3400 558 42700 696 <0.01” 553 671 <0.01°
3f 542 58000 2476 626 0.08° 4500 551 63 300 681 <0.01” 550 667 <0.01”
4 505 39000 1619 550 0.44“ 17000 501 50400 570 0.08 500 589 <0.01¢
Curcumin 423 53000 2764 479 0.35 18500 420 61100 503 0.30“ 418 536 <0.01“

“Standard: 4, ¢ = 0.58 (58%) in dichloromethane. ? Standard: 3¢, ¢; = 0.47 (47%) in dichloromethane.

This journal is © The Royal Society of Chemistry 2023
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The trend is similar for all dyes. In a control experiment,
the addition of acetone without any dyes slowed down the
growth of the mycelium, but did not prove to be acutely toxic.
The addition of dyes (in acetone solution) resulted a delay in
growth similar to that observed with acetone alone, indicating
that for the tested concentrations, the dyes were not toxic in
the dark.

Brightfield Blue Channel Green Channel Red Channel

=

Merged

Fig. 6 Images of fungi stained with the dyes (concentration 100 pM,
6 hours) under a confocal microscope. Excitation close to the absorp-
tion maximum (405 nm for 3a and Curcumin; 488 nm for 2a, 3b, 3d;
514 nm for 4; 561 nm for 3c, 3e, 3f), and the emission was recorded in
an interval corresponding to the emission maximum of each fluoro-
phore (503-654 nm for 2a; 443-592 nm for 3a; 497-654 nm for 3b;
571-731 nm for 3c; 503-654 nm for 3d; 582-735 nm for 3e;
582-735 nm for 3f; 518—-678 nm for 4; 438-600 nm for Curcumin)
corresponding to the blue, green or red part of the spectrum.
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According to the literature, the concentration for imaging
fungi ranges from a few nM up to 1 mM, depending on the
dyes used.”” As the dyes did not prove toxic for a concentration
of 100 pM, we decided to use this concentration. Therefore, for
the assessment of the performance of the dyes as molecular
fluorescent probes, the mycelium was incubated 6 hours with
the dye at a final concentration of 100 pM and lyophilized after
removing the dye solution (see the ESI}). This relatively long
incubation time allowed for most of the dyes to enter the cells,
therefore making the washing process unnecessary. The
hyphae were then visualized by confocal microscopy (Fig. 6).
The probes were excited close to their absorption maximum,
and the emission was screened in the blue, green and red
parts of the visible spectrum (see the ESIf).

Almost all probes entered the fungal cells, and seemed to
selectively accumulate in sub-cellular compartments. Only the
dye 3a could not be seen in the images, inside or outside the
cells. Curcumin emitted in the blue part of the spectrum, simi-
larly to 3a (Table 1), and distinctively accumulated in sub-cellu-
lar organelles from where it emits brightly. The fluorescence of
compounds 2a, 3b and 3d was recorded in the green part of
the spectrum, with 3d giving the brightest intensity in that
spectral interval. Compounds 3c,e,f and 4 emission could be
collected in the red part of the spectrum. All dyes entering the
cells seem to accumulate in the same organelles, depending
on the morphology of the fungal cells observed, demonstrating
the similarity of the targeting properties of the dyes. As the
dyes localized precisely, and gave images without background
noise, we did not test other concentrations, but lower concen-
trations could possibly also give a good staining.

Conclusions

A series of curcumin-based fluorescent dyes were successfully
prepared, and all derivatives proved to be emissive in dilute
solution. Their emission colour was tuned from 470 nm to
690 nm. They were applied to the staining of the model fungus
- Fusarium oxysporum - and demonstrated to be non-toxic
while most of them entered the cells. They selectively accumu-
late in sub-cellular compartments, and allow their visualiza-
tion using different filter sets, depending on the dye used.
Common dyes used to stain fungi are usually available in only
one colour, restricting their use in co-staining experiments.
These molecular probes are therefore promising, as they could
be used in combination with other probes to visualize and
study the morphology and dynamics of compartments in
fungal cells.
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