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In the paper, “Fluorimetric sensing of ATP in water by an imidazolium hydrazone based sensor,” Farshbaf
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and Anzenbacher presented the application of bisantrene as a fluorescent ATP sensor in organic—inorganic
mixtures of solvents. Encouraged by the results presented in the parent study, we aimed to apply this
strategy for physiologically relevant water-based buffers and — preferably — intracellular application. Here
we present the results of our investigations and point to the limitations of bisantrene applications in vivo
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Introduction

Quantifying ATP levels in living cells is an intensively sought-
after tool in biochemistry and molecular biology. Fluorometric
ATP sensors allow, in principle, quantification of ATP concen-
tration in cells." A potent chemical biosensor for ATP quanti-
fication in living systems is still lacking. The reference study®
for this commentary underlines bisantrene salt as a potential
ATP sensor based on their interaction in TRIS:DMSO buffer.
Our research aimed to evaluate the usability of bisantrene as a
chemical sensor for ATP in physiologically relevant media and
inside living cells. We found that cellular uptake of bisantrene
is hindered due to the occurrence of large aggregates in the
medium surrounding the cells. We confirmed bisantrene crystal
formation in different media using polarisation and fluores-
cence microscopy. We also show how bisantrene crystallization
affects UV-VIS spectrophotometry in TRIS:DMSO and PBS.
Anthracene analogs like bisantrene have been known to
possess the ability to hinder cell proliferation, ROS generation,
and caspase-3 activation, which are significant markers for
initiating apoptosis.® Bisantrene has been used as an anti-
cancer drug to treat acute myeloid leukemia,* breast cancers,’
and many others since the late 1980s. Recent pharmaceutical
development has led to the reintroduction of this drug in
synergy with others as a novel drug for tumor treatment. With
an established cytotoxicity profile of the drug already known,
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we decided to study bisantrene as an ATP sensor in cell-based
experiments. 2 pM bisantrene was added to human embryonic
kidney (HEK293) and human cervix carcinoma (HeLa) cells,
preferably to investigate drug-ATP interaction in an intracellular
environment. Studies suggest that anthracene and its derivatives
fluoresce between Aeyem: 300/500 nm.®” We checked the fluores-
cence of bisantrene-treated cells under the confocal microscope.
We used 405 nm and 488 nm excitation lasers, and only the
488 nm excitation provided a fluorescence signal from the
bisantrene (Fig. 1A). Referring to fluorescence maxima observed
in the parent study, we observed 2 pM bisantrene in the DAPI
channel (1., = 405 nm) to detect fluorescence, if any. We
observed no fluorescence at 405 nm wavelength in PBS solution.
A small population of fluorescent HEK cells with 1 pM bisan-
trene in PBS was detected using a confocal microscope after
excitation from a blue laser (lx = 488 nm) (ESI,¥ Fig S4C).
Similar experiments were performed on HEK293 and HeLa cells
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Fig. 1 Confocal images of bisantrene salt. (A) Fluorescence of bisantrene
salt imaged upon excitation at 488 nm on HEK cells with apoptotic bodies
(red arrows) formed after 20 min of drug addition. (B) Bisantrene crystal
dimensions in pm (~12 pm). (C) 2 uM fluorescent bisantrene crystals in PBS
with Aex = 485 nm. Scale bar: 100 pm.
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to verify whether the results could be correlated in different cell
lines. The fluorescent cell population was significantly low
compared to the number of non-fluorescent cells. Moreover,
fluorescent species were mainly present outside the cells, forming
large aggregates of regular shapes. This led us to hypothesize that
bisantrene forms crystals in the physiologically-relevant media.
In the late 1980s, it was discovered that bisantrene’s intra-
vascular injections resulted in precipitation at the deposition site
in the body. This specific drug behavior was explained as the co-
crystallization of bisantrene chloride with water molecules in the
presence of pyridium chloride.® We suspect similar crystallization
behavior in vitro in the presence of buffers containing soluble ions
like magnesium and calcium chloride. We confirmed the presence
of bisantrene crystals using polarization microscopy. At 25 °C,
needle-shaped and tetrahedron-like crystals were detected in water
and PBS, respectively. Needle-shaped crystals disappeared after
increasing the temperature from 25 °C to 36 °C in water. This
could be due to the increased solubility of bisantrene crystals in
water at a higher temperature. Needle-shaped crystals disappeared
completely at 36 °C (the temperature required for cell growth in
culture conditions). Only tetrahedron-shaped crystals remained by
the end of the first temperature cycle, which ended at 80 °C.
Needle-shaped crystals reappeared when the temperature was
gradually brought down from 80 °C to 36 °C at intervals of 3 °C
every 5 min. The recrystallization resulted in the reduction of
crystal size. Similar experiments were performed with bisantrene
crystals in PBS and TRIS:DMSO (Fig. 2B and D). Bisantrene crystals
remained tetrahedron in shape (without any needle-shaped crystal
formation) in PBS and TRIS:DMSO buffers. The two types of crystal
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Fig. 2 Bisantrene salt analysis in different buffers. (A) Absorbance maxima
for bisantrene salt in TRIS:DMSO was obtained at 410 nm. (B—-D) 2 uM of
bisantrene was analysed in different water-based buffers at 36 °C. The
images shown in the panel were recorded at to, 36 °C.
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morphologies observed can be due to interactions between mole-
cules and ions (water, calcium chloride, and magnesium chloride,
respectively), which need not be regularly planar in all conforma-
tions. This could result from having a crystallographic inversion
center about bisantrenium ions in buffers.®

Bisantrene samples containing different concentrations of
ATP were checked in water and PBS buffers. No changes were
reported in the crystals’ shape, size, solubility, or fluorescence.
Results for 2 puM bisantrene with 1 mM ATP in TRIS:DMSO,
water, and PBS are shown in ESI,{ Fig S5.

We also examined absorbance spectra (300-700 nm) for bisan-
trene in different buffers. For TRIS:DMSO buffer, we obtained a
spectrum corresponding to the one observed in the parent study
(Fig. 2). The same measurement was performed in a water-based
PBS buffer—however, when the DMSO-based stock solution was
dissolved in PBS, increased opacity following quick precipitation
and sedimentation of crystals was observed. The solution con-
tained a lot of suspended particles, making it more opaque and
thus impairing absorbance measurements. We infer that the
presence of crystals was responsible for light scattering. Therefore,
the absorbance measurements refer to the sum of the sample’s
absorption and scattering (extinction). This resulted in decreased
apparent absorbance of the solution when the salt started settling
down (see ESI,T Fig. S8). Absorbance/Extinction measurements for
2 puM bisantrene in TRIS:DMSO is shown in Fig. 2.

We also performed time-correlated single photon counting
(TCSPC) studies in PBS buffer (TCSPC data, refer to ESLt
Fig S6). The singular and intense peak was observed in TCSPC
time traces for bisantrene in PBS samples, indicating the presence
of large and bright aggregates/crystals (refer to ESL} Fig S4(b)).

Considering the action of bisantrene as an anti-tumor agent,
we wanted to visualize the drug’s uptake by comparing the
drug’s size and target. The size of bisantrene crystals in PBS
and the area of HeLa cells were measured. Fig. 1B shows the
length of bisantrene crystals (~ 12 pm) as measured in compar-
ison to HeLa cells (Refer to ESI,T Fig S7B and C). We found that
the bisantrene crystal-to-cell size ratio is ~1, which may
explain our observation of cells’ minimal uptake of bisantrene.
Cellular uptake of bisantrene was almost negligible in HEK as
well as HeLa cells. Bisantrene concentrations as low as 2 pM
proved toxic to HEK 293 cells within 20-30 minutes after
addition (refer to ESLt Fig S9). Cells began detaching from
the glass slide during this time. Cells attached to the surface
after 30 min had some bisantrene crystals/aggregates attached
to the cell membrane. On close observation, apoptotic bodies
could be seen in HEK293 cells after 20 min of bisantrene
addition (Fig. 1A). We also observed a green fluorescent signal
from the extracellular environment. It was unclear if the signal
was due to bisantrene-induced cell lysis or from the free
molecules of bisantrene interacting with each other in the
extracellular environment. In the case of cell lysis, we assume
the released ATP from cells could have interacted with the free
bisantrene molecules to exhibit a fluorescence signal. To negate
the effect of cell lysis, 2 uM bisantrene (in PBS) was excited
using Ae.x = 488 nm to correlate fluorescence signals observed
in the case of free bisantrene-bisantrene molecule interaction.
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A green fluorescent signal was recorded from a compact shape
corresponding to bisantrene crystals/aggregates observed in
polarisation microscopy (refer to Fig. 2D).

Conclusions

Confocal and polarization studies indicate that bisantrene
forms crystals in water-based buffer solutions, which are the
source of fluorescence in the visible spectrum. ATP binding
with these crystals does not change their fluorescence. The size
of these salt crystals in PBS buffer solution was of the same
magnitude as that of the cell, which made the uptake of these
crystals by mammalian cells impossible. From our experi-
ments, we conclude that the application of bisantrene as an
ATP sensor in living cell models is unlikely in a physiologically
relevant water-based buffer.
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