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Iron dysregulation is implicated in numerous diseases, and iron
homeostasis is profoundly influenced by the labile iron pool (LIP).
Tools to easily observe changes in the LIP are limited, with calcein
AM-based assays most widely used. We describe here FICFel, a
ratiometric analogue of calcein AM, which also provides the capacity
for imaging iron in 3D cell models.

Iron is found in a huge variety of protein active sites, having
arrived in these roles due to its natural abundance and bio-
availability, as well as its accessible redox chemistry." In addition
to its major role in the transport of oxygen by haemoglobin in
erythrocytes, iron is essential to the activity of catalase, which
decomposes peroxides;> acotinase, a key enzyme in the Krebs
cycle;® and cytochrome ¢, which forms part of the electron
transport chain.”

While most iron in the body is tightly bound to proteins,
either for function or for storage, a small percentage of cytosolic
iron exists as an accessible reservoir known as the labile iron
pool (LIP). This pool is buffered by a range of monodentate
ligands at low micromolar concentrations.” The reducing
environment of the cell maintains the LIP primarily in the form
of Fe(u), which can participate in Fenton reactions to generate
damaging reactive oxygen species (ROS). As a result, the LIP is
tightly-regulated by a range of iron-sensing, iron-storing and
iron-chaperoning proteins centred around the IRP2/FBXL-5
axis.’

Quantification of the LIP is of interest across a vast range of
biological and medical studies, from the interaction of immune
cells with iron-scavenging bacteria,” to understanding diseases
of iron dysregulation such as Friedreich’s ataxia,® and neuro-
degenerative diseases such as Alzheimer’s in which iron imbalances
have been implicated.” The interactions of iron with cancer
are also of much current interest, including observation of an
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Iron plays a key role in numerous biological systems, but studies of the
labile iron pool almost exclusively use calcein AM, which gives a turn-off
response in the presence of iron that can be difficult to interpret. We
present here an improved analogue of calcein AM, which gives a
ratiometric, turn-on and therefore more reliable response to iron. We
showecase its use in imaging tumour spheroids, but this probe is suitable
for broad use in elucidating the roles of iron in biology.

altered LIP in cancer,'® and iron chelation as a proposed cancer
treatment.""

There are a number of techniques available to measure total
cellular iron levels, including histological stains, and mass
spectrometric and synchrotron X-ray fluorescence techniques,
which have been reviewed extensively elsewhere.'”> However,
these are measures of bulk iron, and therefore cannot be used
to specifically assess the LIP. Furthermore, these techniques
generally involve disruption of the cellular structure and/or
environment, limiting their application in the study of living
cells. In contrast, microscopy with small molecule fluorescent
sensors enables the selective imaging of the labile metal pool in
living cells.'® The first-reported fluorescent sensor of the LIP,
calcein AM, relies on a sufficient excess of iron over all other
transition metals as iminodiacetate metal chelating sites do not
exhibit appreciable iron selectivity. A further disadvantage of
calcein AM is that it is a turn-off probe: iron binding causes
quenching of fluorescence. Common protocols for its use
therefore require the subsequent addition of an iron chelator
to restore the fluorescence of the probe. The past two decades
have seen the development of elegant alternate strategies for
iron sensing,"® including turn-on sensors for Fe(u),"® the use of
siderophores as the iron receptor,'” and reaction-based sensors."®°
Responsive probes have also been reported that measure sub-
cellular iron pools, including those in the mitochondria®'??
and endoplasmic reticulum.>® However, while there has been
much synthetic activity in this area, there has been limited
application of new probes, with the majority of biological
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studies of iron homeostasis continuing to use calcein AM, or
even histochemical staining.

We sought to investigate whether calcein AM could be
repurposed to provide auxiliary unambiguous fluorescence out-
put, thus enhancing the information that can be derived from
fluorescence studies. We addressed the primary drawback of
the probe: its turn-off response to the addition of iron. The
application of intensity-based probes, for which the presence of
analyte is signalled by a change in emission intensity at a single
wavelength, is limited by the fact that emission intensity is a factor
of probe concentration and analyte concentration. Amongst
intensity-based probes, analysis of data from turn-off probes is
particularly difficult, as the absence of the probe is indistinguish-
able from the presence of the analyte. More useful data can be
obtained from ratiometric probes, for which the analyte induces a
change in the spectral form and the ratio of two independent
peaks reports on analyte concentration, but not probe
accumulation.* We report here our synthesis and characterisa-
tion of a ratiometric analogue of calcein AM, FICFel, and our
subsequent use of the probe to investigate iron distribution in
tumour spheroids.

Our probe design involved tethering a second fluorophore to
calcein AM, a strategy we have previously demonstrated to be
successful in the conversion of a turn-off sensor to a ratiometric
sensor.”® To minimise fluorescence overlap with the green emission
of calcein, we selected the blue-emitting 7-diethylaminocoumarin as
the second fluorophore, to give a fluorescein coumarin iron probe,
FICFe1 (Fig. 1a). The coumarin with a trans-cyclohexane-1,4-
diamine linker was synthesised as previously described.”®
5(6)-Carboxyfluorescein was diacetate protected, and the 5(6)-
carboxy group activated as an N-succinimidyl ester, and at this
point it was possible to separate the two isomers by column
chromatography.>” The 5-isomer was subsequently coupled to
the coumarin group, deprotected and decorated with iminodiacetic
acid groups that were then acetoxymethyl ester-protected in an
analogous manner to that reported for the synthesis of calcein
AM,*%%° 0 give FICFel.

Since acetoxymethyl ester protection leads to quenching of
the fluorescence of the fluorescein group,™ spectroscopic studies
were performed on the non-protected precursor, FICFel’ (Fig. 1b).
The precursor exhibited two emission peaks at 490 nm and 530 nm
upon a single excitation at 405 nm (Fig. 2a), corresponding to the
coumarin and fluorescein emission respectively. Addition of iron
(as (NH,),Fe(SO,),) led to a decrease in the longer wavelength
peak (Fig. 2a). The ratio of the emission intensities of the two
peaks (blue:yellow) increased with iron addition (Fig. 2b), with

Fig. 1

(a) Structure of FICFel. (b) Structure of FICFel'.
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Fig. 2 (a) Emission spectra of FICFel’ with 1 and 10 equivalents of Fe(i)
(Zex = 405 nm). (b) Ratios of 490 nm to 530 nm emission in the absence
and presence of Fe(l) (exy = 405 nm). (c) Deconvolution of the FICFel’
emission spectrum without Fe(n). (d) Deconvolution of the FICFel’ emission
spectrum with 1 equivalent of Fe(i).

the deconvolution of the two peaks confirming that the coumarin
peak remained unaffected by the addition of iron (Fig. 2c and d).
Metal selectivity studies revealed similar selectivity to that observed
for calcein (Fig. S1, ESIt), with similar responses to other divalent
metal ions Co(u), Ni(n) and Cu(u), which are present at far lower
concentrations in the cell than iron.*>*!

Having demonstrated a ratiometric response to iron in the
cuvette, we investigated the emission from DLD-1 colorectal
adenocarcinoma cells treated with FICFel. An incubation time
of 2 h was chosen, which far exceeds the reported time for the
maximal hydrolysis of calcein AM (of 30 min).**> We were able to
observe emission in the cytoplasm in both blue (425-480 nm) and
yellow (520-600 nm) channels (Fig. S2, ESIt), with no specific
organellar localisation. The blue-to-yellow ratio decreased in cells
pre-treated with iron chelator salicylaldehyde isonicotinoyl hydra-
zone (SIH) (Fig. 3b), due to a decrease in yellow fluorescence, while
pre-treatment with ferrous ammonium sulfate (FAS) led to lower
yellow emission and therefore a higher blue-to-yellow ratio (Fig. 3c).
The quantification of the blue-to-yellow ratio reveals a statistically
significant increase in iron-supplemented cells, and a decrease in
iron-starved cells (Fig. 3d).

Having demonstrated that FICFel can report on changes in
iron levels within cultured cells, we were interested in its
capacity to investigate iron levels in multicellular systems.
Tumour spheroids, which are 3D aggregates of cells, are an
attractive in vitro model that provides a bridge between 2D cell
cultures and tissue.*® They are particularly useful in assessing
the efficacy of anticancer drugs, especially those intended to
exert an effect on cells in a solid tumour.** Despite its ubiquitous
use, calcein AM is unsuitable for reporting on the labile iron pool
throughout a tumour, as it stains only the outer cell layers (Fig. S3,
ESIt). While this could be indicative of a very high iron concen-
tration within the spheroid, which therefore quenches probe
fluorescence, it is more likely to be consistent with the rapid
cellular uptake of the probe, preventing its movement further into
the centre of the spheroid. In contrast, FICFel shows penetration
into the tumour spheroid, with a measurable ratio up to 200 um
into the 3D tumour model (Fig. 4). Since the blue:yellow ratio is
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Fig. 3 FICFel can report on exogenous changes in iron levels. Confocal
ratio images (425-480 nm/520-600 nm, Jex = 405 nm) of DLD-1 cells
treated with FICFel (10 uM, 2 h) followed by 30 min treatment with (a)
vehicle control, (b) salicylaldehyde isonicotinoyl hydrazone (SIH; 10 uM) or
(c) ferrous ammonium sulfate (FAS; 100 pM). Scale bars represent 20 pm.
(d) Changes in the blue/yellow ratio under different conditions. Error bars
represent standard deviations of 5 replicates, **p < 0.01.

not dependent on probe concentration, the ratio image reports
directly on the concentration of the LIP (Fig. 4c). Furthermore, it
has previously been shown that esterase activity is maintained
throughout tumour spheroids,® confirming that any changes
observed here are due to changes in iron levels rather than
differences in the hydrolysis of acetoxymethyl esters.

Since FICFel can be used to study the LIP within a tumour
spheroid, we sought to investigate the effects of common iron
chelation agents on spheroid iron levels. There is much interest
in the potential for iron chelation therapy for the treatment of
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Fig. 4 Iron chelation agents only alter iron levels at the edge of the
spheroid. Confocal microscopy images: (a) blue channel (425-480 nm),
(b) yellow channel (520-600 nm) and (c) blue/yellow ratio images of
DLD-1 spheroids (10° cells) incubated with FICFel (10 uM, 24 h). Ratio
intensity plots of spheroids subsequently treated for 2 h with (d) vehicle
control, (e) deferiprone (100 uM) and (f) deferasirox (100 pM). The scale bar
represents 200 pm.
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cancer,’® based on the rationale that starving cancer cells of
essential iron will prevent their growth. Iron chelators deferasirox
and deferiprone are clinically-approved for treatment of iron over-
load disorders,>” and have shown efficacy in cancer treatment.*®°
When spheroids were treated with these two chelators, a decreased
FICFel ratio was observed at the periphery of the spheroid
(the outer 20 um), but beyond that point, iron levels were very
similar to control spheroids (Fig. 4 and Fig. S4, S5, ESIT). This
indicates that these iron chelators have poor tumour penetration,
and therefore are likely to have little efficacy beyond the outer layers
of a tumour. It will therefore be valuable in the future to study
alternative iron chelators to investigate whether greater tumour
penetration gives rise to better efficacy against tumours. In con-
trast, analogous images of spheroids treated with calcein AM and
iron chelators only show measurable fluorescence in the outer one
or two cell layers, and no difference between the iron treatments
can be observed (Fig. S6, ESI{).

Conclusions

We have demonstrated that by adding a control fluorophore to
the commonly-used turn-off calcein AM, we can generate a
ratiometric and therefore significantly more reliable probe
FICFe1, which operates in the same manner as its widely-used
parent, providing direct information about the LIP. FICFe1 offers
the added capacity for imaging 3D cell models, and can be used
to study the effect of iron chelation agents on iron distribution in
multicellular models. In the future, studies of this type will be
further advanced by the development of probes targeted to
specific sub-cellular organelles. We are now applying this system
to the investigation of more complex multicellular systems and
organisms.
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