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Central roles of Mn?* ions in immunity, brain function, and photosynthesis necessitate probes for tracking
this essential metal ion in living systems. However, developing a cell-permeable, fluorescent sensor for
selective imaging of Mn?* ions in the aqueous cellular milieu has remained a challenge. This is because
Mn2* is a weak binder to ligand-scaffolds and Mn?* ions quench fluorescent dyes leading to turn-off
sensors that are not applicable for in vivo imaging. Sensors with a unique combination of Mn2*
selectivity, pM sensitivity, and response in agueous media are necessary for not only visualizing labile
cellular Mn?* ions live, but also for measuring Mn?* concentrations in living cells. No sensor has
achieved this combination thus far. Here we report a novel, completely water-soluble, reversible,
fluorescent turn-on, Mn?* selective sensor, M4, with a Kq of 1.4 uM for Mn?* ions. M4 entered cells
within 15 min of direct incubation and was applied to image Mn2* ions in living mammalian cells in both
confocal fluorescence intensity and lifetime-based set-ups. The probe was able to visualize Mn?*
dynamics in live cells revealing differential Mn®* localization and uptake dynamics under

pathophysiological versus physiological conditions. In a key experiment, we generated an in-cell Mn2*
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Accepted 12th June 2024 response curve for the sensor which allowed the measurement of the endogenous labile Mn?*

concentration in Hela cells as 1.14 + 0.15 pM. Thus, our computationally designed, selective, sensitive,
and cell-permeable sensor with a 620 NM limit of detection for Mn* in water provides the first estimate
of endogenous labile Mn?* levels in mammalian cells.
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Introduction

The biological importance of manganese (Mn) is undisputed,
evident from its distinct roles in brain function, immunity
against pathogens, all the way to one of the most crucial
processes on the planet, photosynthesis."” Since Mn is an
essential nutrient, the uptake, distribution, and removal of Mn
ions are tightly regulated in all forms of life, ranging from
bacteria to animals and plants.® The playground of Mn cell
biology encompasses the Mn ion labile pool, Mn dependent
proteins and enzymes, and Mn transporters."**** The
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concerted interplay of these players maintains the total
mammalian cellular levels of Mn ions between low puM to
sub mM levels.>** Due to the reducing cellular environment, the
major oxidation state of the labile Mn ion pool is +2.** The labile
Mn>" pool can act as an antioxidant as per in vitro studies.>*
Recent reports have shown that the antioxidant properties of
the labile pool are linked to the mobilization of Mn** ions
during cancer and the early stages of microbial infection.****®
Further, mutations in Mn** transporters can lead to early-onset
Parkinsonism, due to accumulation of Mn ions in the blood,
brain, and liver.'*"** Mn-induced Parkinsonism is also observed
in miners and welders who are occupationally exposed to
Mn.>**?¢ In this intricate backdrop of Mn essentiality and
pathophysiology, Mn** sensitive fluorescent sensors are key
chemical tools that can help chalk out Mn regulatory pathways
in both physiological and disease contexts. Importantly, in
theory fluorescent Mn>" sensors should be able to afford esti-
mates of labile Mn>" ions in living mammalian cells; however,
no sensor has achieved this goal to date.

The requirements for an ideal Mn>" sensor for tracking,
imaging, and estimating endogenous Mn>" ions in living
systems are: (1) selectivity over other biologically essential metal
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Fig.1 Designing an Mn2* sensor. (a) Comparison of previous Mn?* probes with this work. A fluorescent protein-based sensor requires trans-
fection and has limited selectivity for Mn* over Ca®* making it only applicable to Mn®* detection in bacterial cells thus far.3* A DNAzyme sensor
exhibits Mn?* selectivity, but is cell-impermeable and has low sensitivity only allowing imaging of high, mM levels of Mn?" ions.32 A novel small-
molecule based turn-on fluorescent water-soluble sensor, in this work, directly permeates cell-membranes and exhibits Mn?* selectivity and
sensitivity to enable imaging of Mn?* dynamics in living mammalian cells. (b) Schematic depicting the cell-permeable small-molecule based
sensor described in (a), which is sensitive to and can estimate physiological levels of Mn?* and can also visualize Mn?* uptake dynamics in live
cells. (c) A computational workflow devised to predict PeT, central to the design of turn-on fluorescent metal ion sensors. (d) Schematic rep-
resenting the utilization of the computational workflow to predict PeT in any metal ion sensor blueprint, highlighting the feedback between
design guided by chemical intuition, synthetic feasibility, and computations. The general workflow was leveraged to develop a water-soluble,
cell-permeable Mn?* sensor.
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ions especially Ca®>" and Mg”* ions which have very similar
coordination properties to Mn** ions but are present in over-
lapping to higher concentration ranges in living systems;>” (2)
sensitivity to detect uM levels of the labile Mn** ion pool; (3) cell
permeability; and finally (4) water-solubility to generate in vitro/
in-cell fluorescence calibration curves and obtain dissociation
constants for the sensor in aqueous buffer replicating the
aqueous cellular milieu. The last feature would allow the key
estimation of labile Mn>" levels in living cells. To date no Mn*"*
sensor has shown the combination of all of the aforementioned
properties (Fig. 1). The very few small molecule-based Mn**
sensors either suffer from selectivity issues or have low water-
solubility.®*3' The only two macromolecular sensors, one
protein-based and another DNA-based, either rely on trans-
fection for cell incorporation or are cell impermeable.**** In
addition, the protein-based sensor did not have the desired
selectivity toward Mn>" over Ca** and Mg”" and especially given
that the intra-cellular concentration of Mg>* ions is in the mM
range, competition would be expected. Thus far the protein-
based sensor has only been applied to detect Mn®>* in bacte-
rial cells (Fig. 1a).>® The DNA-based cell-impermeable sensor is
selective toward Mn”* but has low sensitivity allowing imaging
of only high, mM levels of Mn*" ions (Fig. 1a).?> A reason for the
lack of fluorescent sensors for detecting Mn>"* ions is the fact
that Mn>" ions lie at the bottom of the Irving-Williams series
which ranks the stability of metal complexes of divalent tran-
sition metal ions in ascending order from Mn>" to Cu®" in
water.** Apart from the Irving-Williams series, a more signifi-
cant challenge is to design selective binders for Mn>* over Ca>*
and Mg”* ions which are present in sub pM (Ca**) to mM (Mg”")
concentrations in cells within mammalian systems. Finally,
Mn*" ions can quench the fluorescence of fluorophores leading
to turn-off sensors which are not suitable for tracking metals in
living systems.*

To address all of the aforementioned challenges and develop
a cell-permeable, water-soluble, fluorescent sensor for Mn**
ions we devised a general computational workflow to design
a turn-on fluorescent sensor for any metal ion. Specifically, we
noted that none of the previously reported sensors had
a combination of water-solubility, selectivity, and sensitivity
toward uM levels of Mn*" ions. In order to visualize endogenous
levels of Mn®" ions in living cells and estimate the levels of labile
Mn*" ions in mammalian cells we needed a ‘turn-on’ fluores-
cent sensor that would respond to puM levels of Mn>" ions in
aqueous buffer with high selectivity. We thus went to the
drawing board and designed putative water-soluble Mn**
sensors that could be synthesized via modular synthetic strat-
egies amenable to easy modifications. The computational
workflow was applied to these sensor blueprints (Fig. 1c and d).
In this proof-of-concept study, we successfully combined our
predictive computational workflow in conjunction with
a modular synthetic approach, to obtain a novel, selective,
sensitive, completely water-soluble, and cell-permeable turn-on
fluorescent sensor for Mn>* ions (Fig. 1a and b). The sensor had
a dissociation constant of 1.4 + 0.2 uM toward Mn>" ions in
aqueous buffer and a limit of detection (LOD) of 620 + 70 nM
for Mn>" ions. The sensor, henceforth referred to as M4, entered

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mammalian cells within 15 min of direct incubation in aqueous
media. M4 showed a distinct selective increase in fluorescence
intensity (Fig. 1b) and fluorescence lifetime in the presence of
Mn”" ions. The cell-permeable sensor was applied to image
Mn>" ions in confocal fluorescence microscopy setups in both
fluorescence intensity and lifetime modes, a first for Mn>"
imaging. Importantly, we were able to apply the sensor to not
only visualize endogenous Mn*"* ions but also performed an in-
cell calibration of the fluorescence response of the sensor. By
utilizing the information on the dissociation constant of the
sensor in aqueous buffer and performing a key live cell Mn**
uptake imaging experiment we provide the first estimate of
labile Mn?" ions in mammalian cells as 1.14 £ 0.15 pM.

Finally, the probe was used to visualize live Mn>" uptake
dynamics in mammalian cells lacking a critical Mn*" ion
transporter implicated in early onset Parkinsonism via excess
Mn accumulation. Comparison of cells with and without the
transporter revealed significant differences in Mn>" uptake
rates and visual differences in localization in physiological
versus pathophysiological contexts. The study indicates that the
sensor would be clearly applicable to the elucidation of Mn**
regulation not only under physiological conditions but also in
the context of neurodegeneration, immunity, and cancers in the
future.

Results and discussion
A computational workflow for designing metal ion sensors

Small-molecule based cell-permeable metal ion sensors are
attractive chemical tools for deciphering the cell-biology of
metal ions. However, the lack of predictability in design prin-
ciples leads to emphasis on intuitive design which might often
lead to unpredictable outcomes. A popular approach to develop
turn-on fluorescent metal ion sensors relies upon photo-
induced electron transfer (PeT).>**¢ The basic blueprint of any
PeT based metal ion sensor is a metal-binding ligand conju-
gated to a fluorescent dye via a linker (Fig. 1c). The sensor
should remain in the quenched or off state in the absence of
metal ions due to PeT from the metal binding ligand to the dye
(Fig. 1c). Upon metal binding, PeT should be abolished leading
to an increase in emission. Key to the design of PeT based
sensors is the initial off state of the probe. Any random dye-
scaffold combination would not lead to a fluorescence
quenched apo probe which is a necessary condition for turn-on
fluorescence sensors. Realizing that a major challenge in the
field of metal ion probe design, including Mn>" ion sensor
design, is predictability in the sensing strategy, we devised
a computational workflow to predict PeT in the metal unbound
state of a sensor (Fig. 1c, d and 2).

The requirements for PeT to occur in a metal unbound initial
state or apo sensor are: (1) no electron delocalization between
the metal-binding ligand and the dye, as PeT is a through-space
electron transfer process;*” (2) favorable driving force between
PeT donor and acceptor states that have electron densities
localized on the metal-binding scaffold and dye, respectively. To
predict if PeT would be feasible in a candidate metal ion sensor,
we employed density functional theory (DFT) to optimize the

Chem. Sci., 2024, 15, 10753-10769 | 10755
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Fig.2 Computational insights guide Mn?* sensor design. (a) Blueprints of water-soluble ‘turn-on’ fluorescent Mn?* ion sensors. (b) Optimized
geometry of M4 in water (DFT B3LYP with a 6-311++G** basis set). The three parts of the molecule (the dye, the linker, and the scaffold) are at
different planes marked in green, yellow and orange respectively. (c) Plot depicting the energy levels of optimized ground state geometry, most
probable transitions, and possible PeT donor levels in the molecules shown in (a) [TP — Transition Probability]. Due to extensive delocalization of
MOs across the M3 molecule, the donor and acceptor states localized on the dye and scaffold are not available for M3. (d) MOs of M4 which are
localized on either the dye or the scaffold part of the molecule and can participate as PeT donor/acceptor states.

proposed sensor geometries in appropriate solvents and obtain
electronic energies and wavefunctions (Fig. 1d). Following DFT
calculations, time-dependent DFT (TD-DFT) calculations were
performed to identify the most probable electronic transitions
within the sensor. The workflow that we devised to determine
the feasibility of PeT in any designed metal ion sensor (Fig. 1c

10756 | Chem. Sci, 2024, 15, 10753-10769

and d) therefore included: (1) identifying dye-centered orbitals
within the sensor conducive to photo-absorption which can act
as PeT acceptors; (2) identifying ligand-centered orbitals with
favorable driving forces to act as PeT donors. To test the efficacy
of the computational workflow, we decided to apply it toward

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solving a long-standing challenge in metal ion imaging: the
development of a water-soluble, cell-permeable Mn>* ion probe.

Design of a water-soluble, turn-on fluorescent Mn”* selective
probe

To design a water-soluble, cell-permeable, turn-on fluorescent
Mn®>" ion sensor, we applied the computational workflow to
blueprints of potential Mn>" ion sensors (Fig. 2). Blueprints of
Mn?** selective, water-soluble fluorescent sensors were chalked
out based on the following considerations: (1) an appropriate
Mn>" binding scaffold with high aqueous solubility; (2) a visible
emitting fluorescent dye; (3) feasibility of PeT in the final sensor
design as predicted by our computational workflow. For the
Mn*" binding scaffold design, we selected a penta-aza macro-
cyclic ligand (Fig. 2a). The design was based on the possibility of
attaining a hepta-coordinate Mn>" binding geometry via equa-
torial N-atom coordination and axial coordination to O-atom
donor containing molecules like water or anions like phos-
phate or citrate***>** that would be present in the cellular milieu.
An aza-macrocycle with amine moieties would have inherently
high water-solubility. The preference of Mn** ions toward
a hepta-coordinate geometry has been observed in Mn**
binding proteins and small-molecule based complexes.’**
Further, Mn>" is a borderline ion, that is, it is neither as hard as
Ca®" ions nor as soft as Zn*" ions.> Hence, we reckoned that
a planar pentagonal N-atom coordination sphere providing
a suitable metal-binding core size to fit Mn** ions along with
axial O-donor coordination would provide the appropriate N,O
donor mix for selective Mn”>* ion coordination. We designed
four potential water-soluble Mn>" sensors, M, M”, M3, and M4
(Fig. 2a), by combining synthetically feasible pentaaza macro-
cycles with BODIPY based visible emitting dyes via either
aliphatic or aromatic linkers. Amongst these designs, M3 would
be attainable via a modular Sy2 based scheme to join the metal-
binding scaffold to the dye. M4 would be accessible via a “click”
reaction based modular synthetic strategy involving conjuga-
tion of an alkyne-tagged metal binding scaffold to an azide-
tagged dye. Modular synthetic schemes (Fig. 1d) were more
preferable since modifications in either the dye or scaffold
would be easily accessible in the future.

Before employing the computational workflow on the newly
designed water-soluble sensor blueprints, the workflow was
validated on a previously reported PeT-based Mn>" ion sensor,
M1, that had afforded a selective turn-on response toward Mn>*
ions in acetonitrile (Fig. S1 and Table S17).** We employed
Gaussian D.01 for all electronic structure calculations, Gauss-
view 6.0.16 for initial modelling, Avogadro 1.1.1 for visualiza-
tion, and Gaussview and Avogadro for analysis, for all
computations described henceforth. The results from the DFT
calculations of M1 in acetonitrile indicated that HOMO—2 and
LUMO had electron densities centered on the dye (Fig. S11). The
DFT optimized structure of M1 showed that the dye and the
ligand were not in the same plane, thereby indicating a possi-
bility of through-space PeT from the ligand to the dye (Fig. S17).
The most probable transition was from HOMO—-2 to LUMO
(Table S1t), resulting in two energetically favorable donor

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

orbitals, HOMO and HOMO-1 which were dimethylaniline
(DMA) and macrocycle-centered respectively, to fill the hole in
HOMO-2 (Fig. S1T). We note here that the DMA amine is a part
of the metal binding scaffold. Hence, the computations indi-
cated that PeT would occur in apo M1. Indeed, PeT had been
found to be operational in M1, based on the low quantum yield,
0.0038, of the apo sensor in acetonitrile.* Having validated our
workflow, we carried out calculations for all the designed water-
soluble Mn>" sensor molecules with water as solvent (Fig. 2c
and S2-54, and Table S11). For M’ and M” the most probable
transitions were from the HOMO to LUMO (Fig. 2¢, S2, and S3,
and Table S11). Hence, no favorable PeT donor levels were
available. For M3, the most probable transition was from
HOMO-2 to LUMO, allowing HOMO and HOMO-1 to act as
potential PeT donor levels (Fig. 2c and S4, and Table S17).
However, MOs were delocalized over the dye and the scaffold,
making PeT less likely in this molecule.

Finally, for M4, we observed that the dye and the ligand were
distinctly out-of-plane with respect to each other which was
a favorable configuration for PeT (Fig. 2b). The most probable
transition was from dye-centered HOMO—2 to LUMO (Fig. 2c
and d, and Table S17). Hence, the DMA-centered HOMO or
macrocycle-centered HOMO—1 would act as PeT donor orbitals
(Fig. 2c and d). Therefore, based on computations, M4 should
exhibit PeT based quenching of the BODIPY unit in its metal
unbound state, fulfilling the necessary initial criterion for turn-
on sensing. The thermodynamic driving force associated with
PeT (AG°) and electron transfer rates (k.;) were calculated using
the Rehm-Weller equation* and Marcus theory,*" respectively
(details in Computational methods, Fig. S5 and Tables S2-S4+).
For M4, during excitation, the most probable transition took
place from the dye-centered HOMO—2 to LUMO with a hole
created on the former, enabling it to act as an electron acceptor
state. The potential donor states for PeT were the scaffold
centered HOMO and HOMO—1. AG®° for electron transfer from
HOMO to HOMO-2 was calculated to be —2.27 eV and k.. was
4.09 x 10" s~ AG® for electron transfer from HOMO-1 to
HOMO—2 was —2.77 eV and k. was 9.13 x 10° s~ *. The negative
AG° values indicated that PeT would be functional in apo M4.
The electron transfer rates calculated for M4 were also similar to
experimental values obtained for a previously reported BODIPY
based Ca”* ion sensor that functioned via PeT in water.* Since
the computations convincingly predicted that PeT would be
feasible in apo M4, we decided to proceed with the evaluation of
M4 as a potential water-soluble Mn>* sensor.

M4 is a water-soluble, Mn>" ion selective and sensitive turn-on
fluorescent sensor

The probe M4, shortlisted from the computational predictions,
was next synthesized (Fig. S6T). The synthesis involved a Cu ion
assisted “click” reaction to conjugate the BODIPY azide 10 to
the Boc-protected alkyne-tagged penta-aza macrocycle 7 (Fig.
S7%) to afford the Boc-protected sensor 11 (Fig. S81) which was
then deprotected to afford M4 (Fig. S91). M4 was characterized
by LC-ESI-MS for purity (Fig. S91), followed by HR-ESI-MS, 'H-
NMR, and '*C NMR (Fig. S32-S41%1). The molecule was

Chem. Sci., 2024, 15, 10753-10769 | 10757
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Fig.3 Visualizing and quantifying endogenous labile Mn** in mammalian cells. (a) Fluorescence response of M4 (2 uM) to Mn?* (0 uM to 28 pM)
in HEPES (20 mM) and KNO3 (100 mM) buffer (pH 7.1), 2ex 480 nm. Inset: Observed fluorescence intensity (F) over initial fluorescence intensity in
the absence of Mn2" (Fo) at 514 nm over an Mn?" ion concentration range of 0—28 uM (black circles; the red line is the fitted curve). (b) Observed
fluorescence intensity (F), in the presence of different biologically relevant metal ions, including Mn?* (IM™*] = 15 uM), over initial fluorescence
intensity in the absence of any metal ion (Fg) at 514 nm. Data are presented as SEM where n = 3 in each set. (c) Representative confocal single z
plane images of HEK293T cells. Cells were incubated with: M4 (5 uM) in aqueous buffer (pH 7.4) for 15 min (upper panel); with 25 pM Mn?* in
aqueous buffer (pH 7.4) for 1 h, washed and then incubated with M4 in aqueous buffer (pH 7.4) for 15 min (lower panel). Both the sets were
washed with aqueous buffer (pH 7.4) and imaged; differential interference contrast (DIC) images are in the right columns for the respective
confocal images. Scale bar = 20 um. (d) Representative confocal single z plane images of Hela cells. Cells were incubated with: M4 (5 uM) in
aqueous buffer (pH 7.4) for 15 min (upper panel); with 25 pM Mn?* in aqueous buffer (pH 7.4) for 1 h, washed and then incubated with M4 in
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completely water-soluble as designed, with an experimentally
determined log P value of —0.2 (Fig. S101). Hence, all further
experiments were performed in aqueous buffer without the
addition of any organic solvent.

The presence of the secondary amines in the macrocycle
along with the triazole moiety in the linker in M4 (Fig. 2a), we
believe, are responsible for the high water-solubility of the
molecule. We observed that an aqueous solution of the M4
sensor showed very low fluorescence intensity indicating that
PeT was occurring in the apo sensor (Fig. 3a). Importantly, the
quantum yield of the apo sensor was 0.027 + 0.005 (Fig. S117).
Hence, our experimental observations were in line with the
computational predictions for M4 indicating that the workflow
(Fig. 1d) could be employed successfully to predict PeT in metal
ion sensors.

The absorption spectrum of M4 showed a maxima at 508 nm
in HEPES buffer (Fig. S9bt) with an extinction coefficient of
2673 + 127 M~ ' em ™" (Fig. S121). When excited at 480 nm, the
sensor afforded an emission spectrum with a maxima at 514 nm
(Fig. 3a). Upon addition of Mn®" ions in the form of MnCl,, we
observed a 2.4-fold increase in emission intensity of M4 at pH
7.1, in aqueous buffer (Fig. 3a and b). The quantum yield of the
sensor in the presence of Mn** was 0.055 + 0.005 (Fig. S117)
which was also twice that of the apo sensor matching with the
observed fluorescence enhancement in the presence of Mn**
ions. The extent of enhancement remained unaltered even
when other Mn”* salts, perchlorate and acetate, were used as
Mn>" ion sources, indicating that the response of M4 was not
altered when the counterion was changed (Fig. S137). Further,
the response of the sensor toward Mn”>' ions remained
unchanged in acetonitrile (Fig. S14f) indicating that the
response would not be affected by the polarity of the medium.
Studies in other organic solvents could not be performed since
the sensor was highly water-soluble and could not be dissolved
in other organic solvents. The pH response of M4 was a critical
parameter that would govern its applicability in physiological
contexts. pH dependent studies of M4 indicated that the
emission of the apo sensor remained constant within the
physiological pH range of 5-8 (Fig. S15%).

We next tested the response of M4 in the presence of other
biologically essential metal ions (Fig. 3b and S167). The sensor
did not respond at all to Mg** (up to a tested concentration of
1 mM, Fig. S16at) and Ca>" ions (up to a tested concentration of
15 uM) (Fig. 3b) which was a necessary criterion for any
designed probe to be applied for imaging Mn** ions in living

View Article Online

Chemical Science

cells especially mammalian cells. M4 also barely responded to
all other tested metal ions (Fig. 3b). The only other metal ions
that showed minimal response were Ni** (maximum 1.4-times
at saturation concentrations) and Zn>*" (maximum 1.3-times at
saturation concentrations) ions. Notably, for both these ions the
emission increase was significantly lower compared to that
afforded by Mn*" ions (Fig. 3b). The dissociation constant of M4
toward Mn”" ions was obtained as 1.4 #+ 0.2 uM (Fig. 3a, inset,
and Table S51). Ni*" ions afforded a 2-times higher K4 value
while Zn** ions showed a 6-times higher K; value when
compared to the dissociation constant of M4 toward Mn>" ions
(Table S5 and Fig. S177). The dissociation constant values for
Ni** and Zn*" were further validated by performing fluorescence
competition titrations with the Mn>" complex of M4 (Fig. S187).
The putative levels of labile Zn>" ions within cellular systems are
pM and intracellular labile Ni** levels are in the sub nM
range.*»** Hence, we expect no interference from these ions
when imaging Mn>" ions which are present in uM levels in
cellular systems. Na' and K' ions were already present in
high mM amounts in the buffer. No change in the fluorescence
response of M4 was observed after addition of excess buffer to
an aqueous solution of M4 (Fig. S16bt). Any possibility of
interference from Na" and K" ions was thus eliminated. Finally,
the response of M4 toward Mn>" ions remained unaffected in
the presence of a representative protein, bovine serum albumin
(Fig. S19t). Therefore, no interference from the proteins in the
biological context is expected. Hence, M4 was an Mn>" selective
sensor that afforded a distinct turn-on response in the presence
of Mn>* ions in water. Importantly, based on the binding
affinity (0.7 x 10° M™") of M4 toward Mn>" ions and a LOD for
Mn>" ions of 620 + 70 nM in water (Fig. S201), M4 had the apt
sensitivity required to detect Mn*" ions in biological systems.

The cell-permeable, Mn>" ion selective probe images
physiologically relevant levels of Mn>* ions in living cells

We next tested whether M4 could be applied to image Mn** ions
in living mammalian cells (Fig. 3c-f). An MTT assay for cellular
toxicity in HEK293T cells indicated that the sensor was not toxic
up to a tested concentration of 15 uM, till the maximum tested
incubation time of 1 h (Fig. S217). Hence, concentrations lower
than 15 pM and incubation times less than 1 h were used for all
cell studies. When living HEK293T and HeLa cells were treated
with aqueous solutions of M4 (5 uM), we observed that the
sensor efficiently entered cells within 15 min of direct incuba-
tion (Fig. 3c and d, S22, and S237). Fluorescence emission from

aqueous buffer (pH 7.4) for 15 min (lower panel). Both the sets were washed with aqueous buffer (pH 7.4) and imaged; DIC images are in the right
columns for the respective confocal images. Scale bar = 20 um. (e) Confocal fluorescence and DIC overlay images and bar plots representing the
mean intensities obtained from intensity analysis of confocal images of five sets of Hela cells. The first set of Hela cells were incubated with M4
(5 pM) in aqueous buffer (pH 7.4) for 15 min, washed and then TPEN (50 uM) was added and the cells were imaged after 40 min. The second set of
cells were incubated with M4 (5 pM) in aqueous buffer (pH 7.4) for 15 min, washed and then imaged. The third, fourth, and fifth set of cells were
first incubated with Mn?* (5 uM (third), 10 pM (fourth) and 25 pM (fifth), respectively) for 1 h, washed and then incubated with M4 (5 pM) in aqueous
buffer (pH 7.4) for 15 min, washed and imaged. Fluorescence intensity analyses of confocal images were carried out by using ImageJ software.
Data are presented as SEM where n = 5 in each set. (f) Average titration curve for intracellular Mn2* responses with M4. Cells were incubated with
M4 (5 uM) in aqueous buffer (pH 7.4) for 15 min, washed and imaged for 5 min to get the resting state. Next the cells were treated with TPEN (50
1M) and subsequent time-dependent images were taken. After 30 min, cells were washed with aqueous buffer and Mn?* (25 uM) was added and
subsequent time-dependent images were taken till saturation was achieved. n = 4 cells (for each independent experiment, N = 3).
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cells that were not exogenously treated with Mn** indicated that
M4 could be used to detect Mn”" ions inherently present in
living cells (Fig. 3c and d, top panels, and Fig. 3e). A distinct
increase in fluorescence emission was observed in both
HEK293T and HeLa cells exogenously treated with low pM (25
uM) levels of Mn** ions (Fig. 3c and d, bottom panels). Intensity
analysis of cell images indicated significant 2.2-fold overall
emission enhancement in Mn-treated HEK293T cells and 2.7-
fold emission enhancement in Mn-treated HeLa cells versus
untreated cells. Furthermore, when N,N,N',N'-tetrakis(2-pyr-
idylmethyl)ethylenediamine (TPEN), a cell-permeable, divalent
metal ion chelator that can bind to Mn**, was added to cells that
were not exogenously treated with Mn>*, a clear decrease in
fluorescence intensity was observed (Fig. 3e and f, and S2471). A
similar decrease in fluorescence intensity was also observed
when TPEN was added to cells that were exogenously treated
with Mn>* (Fig. S25%), thus establishing M4 as a reversible
sensor for detecting Mn>* ions within living cells. Hence, M4
was a water-soluble, reversible, cell-permeable sensor that could
clearly image uM, physiologically relevant levels of Mn** ions in
living mammalian cells.

In both cell types, increased emission was observed in the
cytoplasm and in the perinuclear regions, in Mn-treated cells.
The presence of Mn in these regions of Mn-treated mammalian
cells has been reported previously via Mn elemental maps
generated using nano-synchrotron X-ray fluorescence
imaging.***** This fact further validated the ability of M4
toward Mn>" ion imaging in living cells.

Although the labile Zn>" levels in mammalian cells are in
pM,*>*% to further confirm that there was no interference from
Zn>" ions in the in-cell response of M4, a control experiment
was performed on Zn”* treated cells. No increase in fluores-
cence intensity was observed in cells exogenously treated with
Zn”" (Fig. S267), again confirming the in-cell Mn®" specificity of
M4. Finally, we wanted to confirm that M4 was not localized in
lysosomes as an acidic environment might lead to fluorescence
enhancement in PeT based sensors. No colocalization was
observed between M4 and LysoTracker Red (Fig. S27%). These
experiments distinctly confirmed the in-cell Mn>" specificity
of M4.

In order to test whether M4 could detect changes in Mn*"*
concentration inside living mammalian cells in the physiolog-
ically relevant Mn”* concentration range and if the sensor could
afford an Mn*" concentration dependent response in living
mammalian cells, different sets of HeLa cells were incubated
with varying concentrations of Mn>" ions. The lowest intensity
was observed when cells were treated with the chelator TPEN
(Fig. 3e). A step-wise increase in cellular Mn*" levels from
untreated cells containing endogenous Mn>" to cells treated
with up to 25 uM Mn?' could be distinctly observed via
a concomitant increase in the fluorescence intensity of the
sensor. Therefore, M4 could report on endogenous levels of
Mn*" and importantly track changes in Mn>" ion concentrations
inside living cells (Fig. 3e).

Encouraged by this result we next set forth to apply the
water-soluble, cell-permeable sensor, M4, to estimate labile
Mn>" levels by a method first introduced by Tsien et al.*® and
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applied by Palmer et al.*® to metal-based sensors to determine
the levels of intracellular Zn®* ions. The method involved
determining the fractional saturation of the sensor in resting
cells that had not been externally treated with any Mn®" ions.
The fractional saturation could then be plugged in to an
equation relating the dissociation constant of the sensor and
fractional saturation to the concentration of the labile metal
ion. In brief, the experiment involved temporal imaging of
fluorescence intensity within living mammalian cells starting
from the resting state, chelator treatment, and wash, followed
by Mn>* addition (Fig. 3f). The experiment was repeated and
analyzed for multiple individual cells to afford the average
minimum fluorescence intensity (Fy,in), fluorescence intensity
in resting cells (X), and maximum fluorescence intensity
(Fmax) in living cells. To obtain the minimum in-cell fluores-
cence intensity of apo-M4, cells were treated with TPEN,
a chelator that can bind to Mn** ions. Subsequently, the
maximum fluorescence intensity corresponding to the bound
form of M4 inside the cells was obtained by adding Mn”" ions
to the same set of cells. The titration curves (Fig. 3f and S287)
indicate that M4 responds to both the decrease in Mn>" levels
upon chelator treatment and increase in Mn”" levels due to
exogenously added Mn>*. Fractional saturation FS was calcu-
lated from:

Xmein

FS =
Fmax - Fmin

Since we could measure the dissociation constant of the
sensor for Mn®" ions in aqueous media owing to the water-
solubility of the sensor, the concentration of labile Mn>" ions
in resting cells could be estimated from the equation
Ky

1
F—S—l

Mn™] =

Thus, by generating in-cell Mn>* responses we obtained the
average labile Mn>* concentration in living mammalian HeLa
cells as 1.14 £ 0.15 uM which to the best of our knowledge is the
first estimate of labile Mn** ion concentration in a living
mammalian cell.

Fluorescence lifetime imaging of Mn>* ions in living cells

To further increase the repertoire of applications of M4 toward
imaging biological Mn>" in living cells, we next explored fluo-
rescence lifetime imaging microscopy (FLIM) (Fig. 4). Intensity
based fluorescence imaging with a turn-on fluorescence sensor
cannot distinguish between intracellular regions of high sensor
accumulation versus regions with high analyte concentration.
Since FLIM is inherently concentration and intensity indepen-
dent, this technique in conjunction with intensity images can
provide distinct information on intracellular analyte-localiza-
tion.**** Hence, we imaged Mn>" untreated and exogenously
Mn>* treated mammalian cells on a FLIM setup in the presence
of M4 (Fig. 4b, and S29t). We first performed in vitro lifetime
measurements of M4 in the absence and presence of Mn>* ions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FLIM with M4 in living mammalian cells affords lifetime maps revealing Mn?* distribution. (a) Experimental (orange) and fitted (black)
fluorescence intensity decay curves of M4 (2 uM) in the absence of Mn?*; experimental (blue) and fitted (black) fluorescence intensity of M4 (2
uM) in the presence of Mn?* (20 uM). The black curve represents the instrument response function. Residuals from the fitted fluorescence
intensity decay of M4 in the presence of Mn?* (blue) and residuals from the fitted fluorescence intensity decay of M4 in the absence of Mn2*
(orange) are presented below the decay curves. (b) Representative confocal single z plane intensity images (upper panel) and lifetime maps (lower
panel) of HelLa cells. Cells were incubated: with M4 (5 uM) in aqueous buffer (pH 7.4) for 15 min (left panel); with 25 pM Mn?* in aqueous buffer
(pH 7.4) for 1 h, washed and then incubated with M4 in aqueous buffer (pH 7.4) for 15 min (right panel). Both the sets were washed with aqueous
buffer (pH 7.4) and imaged. Scale bar = 20 um. (c) Zoomed-in representative confocal single z plane lifetime maps of single cells, incubated with
only M4 (left image) and with Mn?* and M4 (right image), respectively.

and observed a 2.3-fold increase in the lifetime value of the
sensor in the presence of Mn>" ions (Fig. 4a, and Table S67).
This result was clearly in line with the in vitro fluorescence
titration results in Fig. 3a. In live cell FLIM experiments, we
observed significantly lower lifetime values in certain regions in
Mn>" untreated cells (Fig. 4b, bottom left panel, Fig. 4c, left
panel) compared to Mn>" treated cells (Fig. 4b, bottom right
panel, Fig. 4c, right panel) indicating the presence of the apo
sensor in cells that were not exogenously treated with Mn>*. We
note that the IRFs of the TCSPC measurement setup and FLIM
setup were different, with the FLIM IRF (224 ps) being signifi-
cantly longer than the TCSPC IRF (68 ps). Hence, we have not
compared the absolute average lifetime values between in vitro
TCSPC and FLIM and reported the relative increase in average
lifetime values of the probe in the absence and presence of Mn**
ions. The lifetime values were uniformly higher throughout the
cytoplasm and peri-nuclear regions in the Mn”" treated cells
showing the localization of Mn>" ions in these regions (Fig. 4c,
white arrows, right panel). In contrast, in Mn*>* untreated cells,
few punctate regions showed high lifetime values attributable to
the bound sensor, hinting toward perhaps a more compart-
mentalized Mn>" ion localization (Fig. 4c, white arrows, left
panel). Hence, M4 provides an unprecedented handle into
imaging Mn”" localization in living cells via both intensity and
lifetime image maps (Fig. 4b).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Visualization of Mn>" uptake dynamics in live mammalian
cells reveals pathophysiologically relevant differences

Finally, since M4 is a turn-on, cell-permeable, fluorescent
sensor for Mn** ions that can detect Mn>" ions in aqueous
media, we wanted to challenge the sensor by testing if the probe
could be used to image Mn*" dynamics in living mammalian
cells (Fig. 5, ESI Videos S1 and S2f). Mutations in the cell-
surface localized Mn>* ion efflux transporter SLC30A10 causes
hypermanganesemia, leading to liver damage and Parkinson's
like dystonia.">"** We reasoned that tracking differences in
Mn”" ion uptake rates in cells with low levels of SLC30410
mRNA versus cells overexpressing SLC30A10 would afford
information on the spatio-temporal dynamics of Mn>" ions and
its link to Mn-transport disorders reported in children and
adults. HeLa cells have inherently very low levels of SLC30A10
and can be used to study disorders caused by deactivating
mutations in the Mn** efflux transporter SLC30A10.2° For
comparison, SLC30A10 wild-type (WT) was expressed in HeLa
cells, based on a previously reported procedure.>® To apply M4
for spatiotemporal imaging of Mn** uptake, we first tested the
photostability of the sensor under a fluorescence confocal
microscope and we found that the probe was photostable up to
the tested time of 1 h (Fig. $307). For imaging Mn>" uptake
dynamics, cells were first treated with M4 for 15 min in aqueous
media. Excess M4 was carefully washed out. The M4 treated
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Fig. 5 Visualizing Mn2* dynamics in living cells. (a) Representative DIC and fluorescence overlay single z plane images of Hela cells, incubated
with M4 (5 uM), before and 57 min after addition of Mn?* (25 uM), respectively. (b) Representative overlay single z plane images of Hela cells
expressing SLC30A10-WT, incubated with M4 (5 pM), before and 57 min after addition of Mn?* (25 uM) respectively. (c) Cells were incubated with
M4 (5 uM) in aqueous buffer (pH 7.4) for 15 min, washed with aqueous buffer and imaged (0 min). Following that, 25 uM Mn?* in aqueous buffer
(pH 7.4) was added and time-dependent images were taken at intervals of 3 min. The frames after addition of Mn?* are underlined. Scale bar 20
um. (d) Bar plots representing the mean intensities obtained from intensity analysis of confocal images of Hela cells and Hela cells expressing
SLC30A10-WT. Intensity data were normalized to the intensity of Mn?* treated Hela cells. Data are presented as SEM, where n = 5 for each set.
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cells were placed under a confocal microscope and imaged.
Following the acquisition of the first image, Mn>" ions were
added to the media and images were recorded every 3 min for
1 h (Fig. 5¢). We could distinctly image the live uptake dynamics
of Mn** ions in living HeLa cells which mimic pathophysio-
logical conditions in which the SLC30A10 efflux transporter
does not function (Fig. 5a and c, and ESI Video S1f). A
sequential increase in the fluorescence intensity was observed
within these cells along with a significant 1.9-fold increase in
emission intensity over 1 h (Fig. 5a and c-e, and ESI Video S17).
Importantly, the basal fluorescence intensity in HeLa cells
(Fig. 5a and d) was 1.6 times higher than that of HeLa cells
expressing SLC30A10-WT (Fig. 5b and d) indicating that the
presence of the transporter was necessary to regulate endoge-
nous Mn”" ion levels. When the identical Mn®" uptake experi-
ment was performed on HeLa cells expressing SLC30A10-WT,
we observed fluctuating fluorescence intensities, with a signifi-
cantly slower, gradual increase in emission intensity (Fig. 5b
and e, and ESI Video S2t). The final intensity in SLC30A10-WT
expressing HeLa cells was significantly lower (2.2 times) than
control HeLa cells (Fig. 5d and e). These results proved that M4
could be applied to visualize Mn®*" dynamics in living
mammalian cells. Further, since SLC30A10 is a proven Mn**
efflux transporter, this study validated the exquisite in-cell
selectivity of the M4 probe toward sensing, tracking, and
imaging Mn”" ions.

We also observed visual differences in the fluorescence
intensity distribution under pathophysiologically relevant
conditions with low expression of an Mn** efflux transporter
versus cells expressing the transporter (Fig. S3171). In the case of
HelLa cells, the emission intensity of M4 increased in the cyto-
plasm, peri-nuclear, and nuclear regions revealing regions of
Mn>" jon accumulation (Fig. S31at). In HeLa cells expressing
SLC30A10-WT, a more punctate intensity distribution was
observed, with a significantly lower increase in overall emission
intensity and barely any Mn®" ion accumulation in the regions
where Mn®" jons had accumulated in the HeLa cells (Fig.
S31bt). These results indicated that M4 was applicable for
spatiotemporal imaging of Mn®" ions in living mammalian
cells, in both physiological and pathophysiological contexts.
This study places M4 in a unique vantage position as a chemical
tool for deciphering Mn>" ion regulation in living systems,
finally filling a critical gap by affording a water-soluble, cell-
permeable Mn** ion selective probe.

Conclusions

In conclusion, we have successfully devised and employed
a general computational workflow to design a novel, highly
water-soluble, selective, and sensitive, turn-on fluorescent
sensor, M4, for detecting Mn>" ions in aqueous media. The
sensor entered living mammalian cells within 15 min of direct

View Article Online

Chemical Science

incubation, hence was distinctly cell-permeable, and could
image Mn”" ion localization in living cells. M4 was used to
image Mn>" ions in both intensity and significantly in lifetime
fluorescence imaging setups, making it a valuable chemical tool
for probing Mn>" ion regulation in both turn-on intensity-based
and ratiometric lifetime-based approaches. Importantly, M4
could not only be applied to image Mn>" ion localization but
also afforded live spatiotemporal visualization of Mn** ion
uptake dynamics in mammalian cells. The experiments
revealed visual differences in Mn>" ion localization and signif-
icant differences in uptake rates in cells with differential
expression levels of an Mn** transporter implicated in Mn>*-
induced early-onset Parkinsonism. Hence, these results open
the gateway to tracking and imaging Mn”" ion dynamics in
living systems with our easy to apply, cell-permeable probe. In
a key experiment, we generated an in-cell Mn>" fluorescence
response curve for the M4 sensor which afforded imaging of
endogenous Mn>" ions within living mammalian cells thus
providing the first estimate of labile Mn** ions to be 1.14 4 0.15
uM in a mammalian cell.

Looking into the future, the probe design principle is
modular and provides a route for easy modifications to incor-
porate features of sub-cellular targetability and further tuning
of probe sensitivity, based on the biological setting. Any design
modification can be wetted through our predictive computa-
tional workflow. Therefore, our study starting from the
computational design of a sensor, to synthesis, all the way to
biological applicability in visualizing live intracellular dynamics
forms a general rational sensor design workflow and provides
a feedback loop between computational design and experi-
ments. We believe that this workflow can guide the design and
development of fluorescent sensors for any metal ion and can
be further developed to specifically aid fine-tuning of sensors
based on biological contexts and compartments which is the
next challenge in deciphering metallobiology.

Experimental section

Computational workflow

The following workflow (Fig. 1d), based on DFT and TD-DFT
calculations, for predicting PeT in the designed water-soluble
Mn>" sensors in the metal unbound or apo state, was drafted:
(1) the ground state geometries of the molecules were optimized
using DFT calculations in a suitable solvent model (acetonitrile
or water depending on the predicted solubility of the candidate
sensor molecule); (2) the ground state energy levels and orbital
maps of the molecules were obtained from DFT calculations
using a suitable solvent model; (3) the localization of molecular
orbitals in the ground state sensor geometry, on the dye or on
the scaffold unit of the molecule, was investigated. Delocaliza-
tion of orbitals over the dye and scaffold may lead to a decreased
possibility of PeT since PeT is a through-space process; (4) the

*p < 0.05, **p < 0.01 and ***p < 0.001. Fluorescence intensity analyses of confocal images were carried out by using Imaged software. (e)
Variation of mean intensity with time (HeLa cells: orange circles; SLC30A10 Hela cells: blue circles). Addition of Mn* is marked by the black
arrow. Intensity data were normalized to the intensity of the first frame (0 min) of the two cell lines. Fluorescence intensity analyses of confocal

images were carried out by using ImageJ software.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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most probable transitions during excitation of the molecule
were identified using TD-DFT calculations (transitions corre-
sponding to wavelengths close to the reported absorption of dye
were chosen; 400-550 nm for M1, M’, M3 and M4 and 500-650
nm for M”). Transitions with the maximum oscillator strength
were considered as the most probable transition in each case;
(5) the orbitals (localized on the dye) involved in the most
probable transition were identified, thereby also locating the
orbital vacated during excitation, i.e., PeT acceptor orbital; (6)
potential PeT donor orbitals, i.e., orbitals localized on either the
linker or the scaffold with favorable energies from where elec-
tron transfer to the dye-centered orbital vacated during excita-
tion was possible, were identified; (7) AG° and k. for the
molecules in which potential PeT donor orbitals were available
were calculated using the Rehm-Weller equation*’ and Marcus
theory,*" respectively (see details below).

Geometry optimizations and electronic structure calculations

The starting point of the geometry optimizations was a planar
geometry of the sensor generated by GaussView 6.0.16 software.
DFT optimized ground state geometries and electronic struc-
ture of the molecules were generated in a vacuum and other
suitable dielectric media modelled via the polarizable
continuum model (PCM) using the B3LYP exchange—correlation
functional and the 6-311++G** basis set in Gaussian D.01
software. Solvents, water and acetonitrile, were modelled using
PCM. Frontier molecular orbitals (MOs) of the molecules were
visualized in Avogadro 1.1.1. software for the optimized ground
state geometries. TD-DFT calculations were performed on each
DFT optimized sensor geometry to extract the most probable
(highest oscillator strength) transition and its MO compositions
showing the initial and final electronic states following photo-
excitation. A total of 150 singlet transitions were considered for
each sensor.

PeT rate calculations

The electron transfer rates were estimated using the semi-
classical Marcus theory in the nonadiabatic limit as*":

PR |[Hoal’ exp| - ATAC )
T h AT 43k T

which depends on the thermodynamic driving force AG® of the
reaction, the electronic coupling Hp, between donor and
acceptor states, and the reorganization energy A. In the above
equation, kg, T, and / are Boltzmann's constant, temperature
(298 K), and the reduced Planck's constant respectively.

The free energy changes (driving force) associated with PeT
were calculated according to the Rehm-Weller equation:*°

AG° = ED - EA - AEQ‘O — Wp

where Ep and E, are the ground state redox potentials of the
donor and the acceptor states, respectively. Here, we have
approximated Ep and E, by the ground state energies of the
potential donor and acceptor molecular orbitals, respectively,
which holds in the weak coupling limit. AE,  is the electronic
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excitation energy between vibrationally relaxed ground and
excited states and is estimated from the absorption maxima
predicted by TD-DFT calculations for each molecule. The work
term, wy,, corresponds to the electrostatic stabilization energy
for the radical ion pair formed as a result of PeT, such that

82

where e is the electronic charge, r is the distance between the
centroids of the donor and acceptor orbitals and ¢ is the
permittivity of the suitable solvent (ACN for M1 and water for
M4). The value of r was calculated using Multiwfn 3.8.

Hp, is the electronic coupling matrix element between the
donor and the acceptor states that can be expressed as:

upAED
\/[(Aﬂlz)z + 4(#12)2}

in the generalized Mulliken Hush scheme within a two-state
approximation.®® u,, is the transition dipole moment between
the two donor and acceptor orbitals and Ay, is the difference
between the permanent dipole moment of the two orbitals.
Both u,, and Au,, have been obtained from Multiwfn 3.8.5> AE,,
has been considered to be the difference in energy of the two
orbitals. The coupling Hp, then represents the coupling
between diabatic states (D/A) localized on the scaffold and the
dye respectively. A is the reorganization energy,

HDA =

A=A+ A

where J; is the inner sphere contribution arising from the
relaxation of molecular degrees of freedom and A, is outer
sphere contribution from solvent reorganization.** Typically,
the inner sphere reorganization energy contributions are much
smaller than those of the outer sphere. Therefore, we assumed
A = Ay, which is calculated (using the simplified spherical cavity
model given by Marcus) as*::

B 2f 1 1 /1 1
%o = (8e) <2a1 + 2a; r> <DS B Dop>

where Ae is the charge of one electron. Here, we have assumed
the potential donor and acceptor orbitals as spherical moieties
described by radii a, and a, respectively. To calculate a, and a,,
we determined the spatial distribution of electron density of
each orbital and manually calculated the distance between the
atoms at the extremes of this spatial distribution in both hori-
zontal and vertical directions. We then took an average of the
horizontal and vertical values to get 2a; and 2a,, respectively for
each orbital (Fig. S51). r is the distance between the centroids of
the donor and acceptor orbitals. r has been obtained from
Multiwfn 3.8.°> Ds and D, are the static and optical dielectric
constants of the suitable solvent (ACN for M1 and water for M4).

Synthesis and characterization of molecules

Details of synthetic procedures are available in the ESI. Novel
molecules were characterized via liquid chromatography (LC),
low resolution mass spectrometry (LRMS), high resolution mass

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectrometry (HRMS), 'H NMR and **C NMR. Data are provided
in the ESL.}

In vitro fluorescence measurements

All spectroscopic measurements were performed at room
temperature. Since M4 was completely water-soluble, all stock
solutions were prepared in aqueous media. A solution of 2 uM
M4 was prepared from a primary stock (3 mM) in water, by
further dissolving in aqueous buffer consisting of HEPES (20
mM) and KNO; (100 mM); pH was adjusted to 7.1. Fluorescence
spectra were recorded on a FluoroLog®-3 (Horiba Jobin Yvon
Inc.) spectrofluorometer using quartz cuvettes with 10 mm X
2 mm inner dimensions (Hellma® Analytics). Fluorescence
spectra were obtained by excitation at 480 nm with a slit width
of 5 nm for both excitation and emission, for M4. Mn>* was used
in the form of MnCl,-4H,O from a stock solution of 1 mM
MnCl,-4H,0 in water. Other biologically relevant metal ions
were used to test the selectivity of M4 towards Mn>" ions. Mg”",
Ca?", Fe*', Co**, Ni**, and Cu®" ions were used in the form of
their chlorides as MgCl,-6H,0, CaCl,-2H,0, FeCl,-4H,0,
CoCl,, NiCl,, and CuCl, from 1 mM stock solutions prepared in
water. Zn>" ions were used in the form of nitrate as Zn(NO3),-
-6H,0 from 1 mM stock solution prepared in water. Cu' ions
were used in the form of tetrakis(acetonitrile)copper(1) hexa-
fluorophosphate from 1 mM stock in degassed acetonitrile. In
order to check the effect of anions on the fluorescence response
of M4 toward Mn** ions, Mn** was also used in the form of
Mn(ClO,),-H,0 and Mn(OAc),. All stock solutions were diluted
in aqueous buffer consisting of HEPES (20 mM) and KNO; (100
mM) (pH was adjusted to 7.1) when required, to prepare 0.2 mM
secondary stocks. The stock solution of Cu’ was diluted in
degassed buffer. The apparent dissociation constants (Kg) cor-
responding to each metal ion were determined from a plot of
observed fluorescence intensity (F) over fluorescence intensity
of the sensor in the absence of any metal ion (F,) at 514 nm
versus [M>']. The data were fitted to eqn (1) (ESI). For fluores-
cence studies of the probe with varying pH, experiments were
carried out with probe M4 (2 uM) prepared from the primary
stock (3 mM) in water, further dissolved in aqueous buffer
consisting of HEPES (20 mM) and KNO; (100 mM) (pH 4, 4.5, 5,
6, 7, 8). Buffers of different pH were made by adding concen-
trated HCI or NaOH solutions.

Cell viability experiments

For testing whether M4 affected the viability of cells, HEK293T
cells were seeded and grown for 36 h in 96 well plates (cell
density 10000 cells per well) in Dulbecco's Modified Eagle's
Medium (DMEM, Sigma-Aldrich®) with phenol red supple-
mented with fetal bovine serum (10%, Gibco®), and antibiotic
(100x, 10 mL L") at 37 °C under humidified air containing 5%
CO,. Solutions of different concentrations (2.5 uM, 5 uM, 10
uM, 15 pM) of the sensor were prepared from a stock in water.
Cells were incubated with the abovementioned concentrations
of M4 in aqueous buffer (pH 7.4) (200 pL per well). The incu-
bation with the sensor was continued for 15 min, 30 min and
1 h at 37 °C in an incubator. As control, cells were incubated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with media containing no sensor. After incubation, the medium
containing the sensor was removed and the wells were filled
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (0.5 mg mL ™", 180 pL per well) in
DMEM, pH 7.4. MTT treated cells were kept at 37 °C in an
incubator for 3-4 h for the formation of formazan crystals. Then
the medium from each well was removed and the wells were
filled with DMSO (200 uL per well) and the plates were shaken
for 5 min to dissolve the crystal. Absorption values at 570 nm of
the resultant purple solutions were recorded for each well using
Cytation 5 Cell Imaging Multimode Reader (Biotek, Agilent). As
background control, absorbance of only DMSO was also
recorded.
Cell viability was calculated as follows:

% cell viability = [(experimental value — background control)/
(control — background control)] x 100

Confocal fluorescence imaging

HEK293T and HeLa cells were cultured in DMEM (Sigma-
Aldrich®), supplemented with fetal bovine serum (10%,
Gibco®), and antibiotic (100x, 10 mL L™") in T25 culture plates
at 37 °C under humidified air containing 5% CO,. For HeLa
cells, additional glucose (3.5 mg L") was added to the medium.
A day before the imaging, the cells were plated on home-made
glass coverslip bottomed Petri plates (35 mm diameter, Tar-
sons) coated with polylysine (200 pg mL™"). Fluorescence
images of the cells were recorded on either a confocal micro-
scope (LSM 510, Carl Zeiss, Germany) using 40x oil immersion
objectives and a 488 nm laser (argon source) as the excitation
source for M4 and emission was collected from 500 to 600 nm or
confocal microscope (LEICA TCS SP8 X) using 60x oil immer-
sion objectives and a white light laser set at 514 nm as the
excitation source for M4 and emission was collected from 540 to
650 nm. Modified Thomson's buffer (TB) consisting of sodium
HEPES (20 mM), NaCl (146 mM), KCl (5.4 mM), MgSO, (0.8
mM), KH,PO, (0.4 mM), Na,HPO, (0.3 mM) and glucose (5.5
mM) (pH adjusted to 7.4) was used during the confocal studies.
A stock solution of M4 (5 mM) was prepared in water. The cells
were washed with TB and incubated with M4 (5 uM in TB) for
15 min at 37 °C under humidified air containing 5% CO,. After
staining, the cells were washed with TB and imaged. For Mn
treatment, cells were incubated with MnCl, (25 pM in TB) for
1 h at 37 °C under humidified air containing 5% CO,. Then the
cells were washed with TB to remove excess MnCl,, incubated
with M4 as mentioned above and imaged. For concentration
dependent experiments, five sets of cells were used. The first set
of cells were incubated with M4 (5 uM) in TB for 15 min and
washed, and TPEN (50 uM) was added and the cells were imaged
40 min after addition of TPEN. The second set of cells were
incubated with M4 (5 pM) in TB for 15 min, washed with TB and
imaged. The third, fourth and fifth sets were incubated with
Mn>* (5 uM (third), 10 pM (fourth) and 25 uM (fifth) respec-
tively) for 1 h, washed and then incubated with M4 (5 uM) in TB
for 15 min, washed with TB and imaged.
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Estimation of intracellular labile Mn?* concentration

For estimation of intracellular labile Mn?* concentration,
analysis was done using Image] software. Background-
subtracted mean fluorescence intensity was calculated taking
individual cells as regions of interest (ROIs) during the resting
state, 30 min after TPEN addition, and at the saturation level
after Mn>* addition respectively.

Fractional saturation (FS) was calculated according to the
following equation:*®

A/va‘min

FS =
Fmax - Fmin

where X is the mean fluorescence intensity at the resting state,
Fiin is the mean fluorescence intensity 30 min after addition of
TPEN and Fy,. is the mean fluorescence intensity at the satu-
ration level after Mn** addition.

From the FS, intracellular labile Mn?*" concentration was
estimated according to the following equation:*°

K4
1

FS

M| =
—1

where K, is the dissociation constant of M4 in aqueous buffer
with Mn>*,

FS and [Mn*] for 12 individual unique cells from three
different independent experiments (4 from each experiment)
were calculated and the average value has been reported as an
estimate of the intracellular labile Mn®* concentration.

Time resolved fluorescence measurements

For fluorescence lifetime measurements, the probe solution
was excited at 480 nm by using a DeltaFlex Time Correlated
Single Photon Counting (TCSPC) spectrometer. The vertically
polarized second harmonic of the output of a Mai-Tai laser, with
a repetition rate of 10 MHz, was used to excite the samples.
Emission was collected (at 90° to the excitation beam) at 514 nm
using a 32 nm slit width. No filter was used. The instrument
response function (IRF) was taken at 480 nm and was calculated
to be 68 ps (FWHM). For all the fluorescence lifetime
measurements, peak counts of 3000 were collected with the
emission polarizer oriented at the magic angle (54.7°) with
respect to the excitation polarizer. Fluorescence lifetimes of
samples containing only M4 (2 uM) and samples containing
both M4 (2 pM) and Mn** (20 uM) were recorded. The decay was
de-convoluted with respect to the IRF and fitted using a three-
exponential model.

I(t) = Sa; exp(—t/t;)

where I(¢) is the fluorescence intensity at time ¢ and «; is the
amplitude of the /™ lifetime 7, such that Sa; = 1. The goodness
of fit was determined by monitoring the x> values and residuals.

Average lifetime (t,,) values were calculated from the equation:

Tm = 2O4T;
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All lifetime data for M4 and M4 with Mn>" were recorded in
triplicate. Error bars represent standard deviations.

Fluorescence lifetime imaging microscopy

Fluorescence lifetime images were recorded in a Leica TCS SP8
X equipped with a FLIM module. Live cells were excited using
a white light laser set at 514 nm. The confocal image was
captured with a 60x oil objective and then the FLIM images
were recorded by switching the excitation laser to a pulsed laser.
For FLIM imaging, a 514 nm picosecond pulse laser at 80 MHz
pulse frequency was used for excitation. Emission was collected
from 540 to 650 nm until the photon count reached 500 per
pixel. The instrument response function (IRF) was taken at
514 nm and was calculated to be 224 ps (FWHM). The cells were
washed with TB and incubated with M4 (5 uM in TB) for 15 min
at 37 °C. After incubation, the cells were washed with TB and
imaged. For Mn treatment, cells were incubated with MnCl, (25
puM in TB) for 1 h at 37 °C. Then the cells were washed with TB to
remove excess MnCl,, stained with M4 as mentioned above and
imaged. Fluorescence lifetime distributions in cells were
analyzed on Leica Lax X software. Data from each image pixel
was fitted to a three-component exponential decay function to
extract the average fluorescence lifetime at each pixel. Color-
coded representation of the average lifetime distribution
within living cells under both Mn®" untreated and exogenously
treated conditions is presented in Fig. 4b.

Imaging Mn”* dynamics in living cells

HelLa cells were used in a pathophysiological context mimicking
conditions of hypermanganesemia and Mn induced Parkin-
sonism caused by deactivating mutations in SLC30A10. To
generate cells expressing the transporter, SLC30410 plasmid with
an ampicillin resistant insert was amplified in DH5a cells in agar
medium containing ampicillin. The extracted, amplified
SLC30A10 plasmid was then transiently transfected into
a suspension of HeLa cells, using Lipofectamine 3000 in Opti-
MEM. The suspension was then plated on home-made glass
coverslip bottomed Petri plates (35 mm diameter, Tarsons) coated
with polylysine (200 pg mL™"). To check whether M4 had the
requisite photo-stability for prolonged time-dependent dynamic
uptake studies, cells were incubated with M4 (5 uM in TB) for
15 min. After 15 min, cells were washed with TB and imaged for
1 h at intervals of 3 min. For time-dependent Mn>" uptake
imaging studies, cells were incubated with M4 (5 pM in TB) for
15 min. After 15 min, cells were washed with TB three times and
imaged. MnCl, (25 uM in TB) was then added and time-dependent
imaging was started immediately after addition. Images were
recorded at an interval of 3 min for 1 h. The image recorded before
addition of MnCl, was taken as the image at 0 min.

Data availability

All datasets supporting this article have either been uploaded as
part of the ESIt or are available upon request to the corre-
sponding author.
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