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ABSTRACT 

We report on the synthesis and imaging-based investigations of fluorescent thiosemicarbazone–BODIPY conjugates and their 
gallium(III), indium(III), and iron(III) complexes, and their cellular and in vivo distribution using multiphoton fluorescence 
lifetime imaging microscopy (MP-FLIM) in living cancer cells and live zebrafish. A panel of novel tridentate thiosemicarbazone 
ligands and their corresponding lipophilic and monocationic complexes with 1:2 metal-to-ligand stoichiometry was synthesized. 
These compounds are structurally related to clinically relevant thiosemicarbazone-based systems with imaging and diagnostic 
applications. Comprehensive analytical characterization confirmed these probes’ identity, while their complex solution behavior 
was evaluated under biologically relevant conditions. Cellular uptake and subcellular distribution were investigated in HeLa and 
PC-3 cells using correlated confocal microscopy and MP-FLIM, revealing preferential mitochondrial localization for selected 
gallium complexes. In vivo imaging in zebrafish further unraveled the biodistribution of these fluorescent metal complexes, 
including selective labelling of neuromast structures. The combined in vitro and in vivo imaging data provide direct insight into 
the speciation, stability, and spatial distribution of thiosemicarbazone metal complexes in complex biological systems. This work 
establishes new fluorescent thiosemicarbazones as versatile platforms for studying metal complex behavior and biodistribution 
by advanced optical imaging techniques, opening new opportunities for advanced development of new theranostic applications. 
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 Introduction 

riapine, a heterocyclic mono(thiosemicarbazone)-based drug
eached clinical trials for ovarian cancers [ 1 ], as well as advanced
ead and neck cancers [ 2 ], with promising results seen in
egan J. Green, Michael W. Jones and Merissa Saleem contributed equally to the work in this manuscri
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phase I and II clinical trials when administered intravenously
[ 3, 4 ], Thiosemicarbazones such as Triapine are reported to be
cytotoxic via inhibition of either ribonucleotide reductase (RR) or
topoisomerase-II (TI), essential to cell growth and proliferation.
It has been proposed that the mechanism involves the free ligand
pt and are listed alphabetically. 
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equestering iron, thereby disrupting the tyrosyl radical within
he catalytic pocket of the R2 subunit of ribonucleotide reductase
RR). This renders the enzyme inactive and halts the cell cycle
t the G1/S phase [ 5 ]. A deeper understanding of the interactions
etween such compounds and cellular systems is still required.
hile radiolabeled analogues, such as copper-64 complexes, have
hown high tumor uptake in murine models, the subcellular fate
nd stability of these complexes in biological environments and
ts precise mode of action at the cellular level remain poorly
nderstood [ 6 ]. Moreover, the therapeutic potential of Triapine
nd its advancement in clinical trials and practical use have been
educed due to high toxicity leading to side effects, demonstrated
neffectiveness against solid tumors and poor water solubility [ 7 ].
espite extensive testing in multiple clinical trials, for example, as
 monotherapy on pancreatic and renal cell carcinomas [ 8, 9 ], or
dvanced leukemia [ 10 ], Triapine reached dose-limiting concen-
rations in patients and was no longer deemed effective. Triapine
as shown enhanced efficacy when used in combination with
ther therapeutics, such as the platinum-based drug cisplatin
nd radiation, against cervical and vaginal cancers [ 11 ]. Whilst
he Triapine-Cisplatin-radiation combination prevents further
umor growth, major side effects that come with the use of Tri-
pine have been documented, such as methemoglobinemia and
ypoxia [ 12 ]. 

here is considerable interest in modifying the pharmaceutical
rofile of thiosemicarbazones (TSCs) through structural changes
hat may enable repurposing and/or improved drug-like proper-
ies [ 13 ]. Dp44mT, a functional TSC bearing similar heterocyclic
roups, has shown activity against a wide range of cancers [ 14,
5 ]. When chelated to transition metals such as iron or copper,
p44mT complexes undergo redox cycling to generate reactive
xygen species (ROS) [ 16, 17 ] thereby exacerbating the already
levated ROS levels in tumors and inducing apoptotic cell death.
dditional mechanisms of action for Dp44mT and Triapine have
lso been reported. For Dp44mT, inhibition of topoisomerase II α,
eading to reduced cell growth and apoptosis, has been demon-
trated in breast cancer cells. However, this activity showed poor
orrelation with DNA topoisomerase II α mRNA levels in other
ell lines, where both Dp44mT and Triapine were shown to lack
nhibitory effects as catalytic inhibitors or poisons of DNA topoi-
omerase II α in CHO or NCI 60-cell line models [ 19 ]. Dp44mT
as also been evaluated as a glioblastoma therapeutic; despite its
ipophilicity, limited blood–brain barrier penetration reduces its
fficacy [ 20 ]. 

riapine and Dp44mT are structurally distinct yet share het-
rocyclic units and the thiosemicarbazone motif (Figure 1a ),
ccounting for differences in efficacy, side effects, and in
ivo uptake. A key structural similarity is the presence of
 heterocyclic ring on the TSC backbone, which increases
ipophilicity and facilitates diffusion across the cellular lipid
ilayer [ 21, 22 ]. Other heterocycle-containing TSCs have also
hown anticancer activity, and the topoisomerase II α inhibition
nd antiproliferative effects of α-heterocyclic thiosemicarbazones
elated to Triapine and their corresponding copper(II) com-
lexes have been extensively studied [ 23–29 ]. The Cu(II)-Cl
hiosemicarbazonato-based complexes were found to catalyti-
ally inhibit topoisomerase II α at concentrations (0.3–7.2 µm )
ore than an order of magnitude lower than the corresponding
ree ligands, and to preferentially inhibit proliferation in breast
of 31
cancer cells with high topoisomerase II α expression (SK-BR-3)
compared with cells expressing lower levels (MCF-7) [ 23–26 ].
More broadly, formation of metal complexes has been widely
reported to substantially enhance the antineoplastic activity of
TSCs [ 30 ]. 

Overall, standard cytotoxicity assays of Triapine and related
thiosemicarbazones confirm efficient cellular uptake but pro-
vide only very limited information on intracellular localization.
Directly tracing these analogues in cells is challenging, as Tri-
apine is not intrinsically fluorescent, necessitating fluorophore
conjugation to enable cellular imaging. Metal-coordinated TSC
complexes have been reported to show greater therapeutic activity
than the corresponding free ligand alone and have shown promis-
ing activity in multiple cancer cell lines [ 31–36 ]. The formation
of metal complexes also provides opportunities to increase the
therapeutic potential of these compounds through radiolabeling
of the metal center for applications in positron emission tomog-
raphy (PET) and single photon emission computed tomography
(SPECT) imaging [ 37 ]. For example, 64 Cu-labelled (diacetyl -bis
(N4-methylthiosemicarbazone) copper (II)), [64 Cu]Cu(ATSM),
is a well-documented hypoxia-selective TSC, has been studied
preclinically as a theranostic having both the ability to diagnose
and treat tumors. 

In vivo nuclear imaging modalities lack the spatial resolution
needed to observe the nanometer-scale distribution and intracel-
lular speciation of metal complexes within cells, both of which are
critical to understanding pharmacological mechanisms. While
many PET and SPECT agents are designed to target extracel-
lular receptors, intracellular uptake is common, and the fate
of these agents’ post-internalisation is often governed by the
physicochemical properties and kinetic stability of the metal
complex acting as the molecular probe. Tracking these dynamics
at cellular resolution, however, remains a significant challenge.
While one- and two-photon confocal fluorescence microscopy
(CFM) are widely used to visualize molecular interactions of
organic and biological species in live cells, they cannot report
on the chemical state of fluorophores or metal complexes. In
contrast, fluorescence lifetime imaging microscopy (FLIM) is
sensitive to the local chemical environment and can there-
fore reveal changes associated with complexation, polarity, and
biomolecular binding. 

Understanding the cellular behavior of cytotoxic metallo-
complexes is crucial for elucidating their mechanism of
action in living systems. For gallium complexes in particular,
broad speciation in aqueous environments has been noted
in previous TSC-related work, and here multiphoton lifetime
imaging was employed to monitor this speciation directly
in cells. One- and two-photon CFM has been widely used
to visualize molecular interactions of organic and biological
species within living cells, but it lacks the ability to report
on the chemical state of fluorophores or metal complexes. By
contrast, multiphoton FLIM (MP FLIM) provides sensitivity
to the local chemical environment and can be used to infer
changes in complexation, polarity, or binding. Despite this,
no single analytical method provides simultaneous real-
time information on both spatial distribution and chemical
stability information about metal complexes in living
cells [ 31–36 ]. 
Advanced Science, 2026



FIGURE 1 Previous work: (a) Structural representations of heterocyclic mono(thiosemicarbazones) reaching clinical trials; (b) BODIPY dyes 
as molecular tags and BODIPY-tagged metal complexes of known cancer drugs [ 42 ]; This work: (c) The general framework of the small molecule 
compounds in our new family of tridentate pyrimidyl/quinolyl thiosemicarbazones of relevance to Triapine-based drugs, including the two possible 
isomers of thiosemicarbazones studied hereby: ( E )- and ( Z )- isomers of pyrimidyl thiosemicarbazone ( HL1 ) and quinolyl thiosemicarbazone ( HL2 ) 
and corresponding Bodipy conjugates of pyrimidyl ( HL3 ) and quinolyl (HL4) thiosemicarbazones. (d) General structural representation of the M(III) 
labelled TSC complexes of monoanionic pyrimidyl and quinolyl thiosemicarbazonato ligands ( L1− and L2− , respectively), as PF6 − salts. (e) General 
structural representation of the M(III) labelled TSC-Bodipy conjugates of monoanionic pyrimidyl and quinolyl thiosemicarbazonato ligands denoted 
L3 − and L4 − , respectively, as PF6 − salts, reported hereby. 
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A

luorescence labelling of compounds with robust and kinet-
cally stable tags such as boron-dipyrromethene (BODIPY)
nables direct tracking of localization, stability, and accumu-
ation in cells. Excellent thermal and photophysical stability,
egligible triplet formation, good solubility, high quantum
ields and their ability to respond to far red and near-
nfrared (NIR) excitation are crucial characteristics for imaging
robes and make BODIPY attractive for biological imaging.
hese dyes exhibit strong two-photon absorption and fluores-
ence emission across excitation 600–1350 nm, allowing for
eeper tissue penetration and imaging with minimal photo-
oxicity, reduced light scattering, and low tissue autofluores-
ence. 
dvanced Science, 2026
A range of BODIPY-tagged metal–complex based fluorophores
have been applied to investigate the mechanism of metallodrugs,
a selection shown in Figure 1b . For example, titanocene dichlo-
ride tagged with a BODIPY fluorophore (BODI-Ti-1) showed
minimal nuclear accumulation at concentrations up to 50 m m
and cellular interactions assays indicated mitochondrial, rather
than DNA, targeting. BODI–Ru-0, a BODIPY-tagged analogue of
RAPTA-C and related complexes [ 37 ] demonstrated quick uptake
into cancer cells with non-specific cytoplasmic spreading, imply-
ing the BODIPY tag drives accumulation. BODIPY complexes
have also been developed for photodynamic therapy, such as
BODI-maloplatin, based on the anticancer drug maloplatin-B,
which upon deep-red light irradiation at the 660 nm wave-
3 of 31
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4

ength produced singlet oxygen and induced apoptotic cell death,
ocalizing primarily to mitochondria. Despite these significant
dvantages over cellular imaging using one-photon excitation
nly, their integration into metal complex systems, especially
hiosemicarbazones, remains scarce. 

revious work [ 38, 39 ] focused on Cu(ATSM)-BODIPY labelled
omplex hybrids allowed unprecedented insight into the behavior
f this class of metal complex within cells. Co-localization studies
ith an ER-tracker in HeLa cells showed strong ER correlation
nd general cytoplasmic dispersion, with the Cu(ATSM)-BODIPY
omplex remaining virtually intact after within an hour of cellular
ncubation. Moving toward molecular imaging in the NIR region
y using multiphoton excitation at 810, 910 nm and beyond should
mprove tissue penetration and reduced autofluorescence, lead-
ng to minimal photodamage, and more accurate, non-invasive
maging. 

n important aim of this work was to evaluate whether the intro-
uction of a fluorophore altered the cell-penetrating properties of
riapine-inspired, heterocyclic, thiosemicarbazones (TSCs). MTT
ssays confirmed that these derivatives are widely taken up by
ells, but such assays provide no insight into their intracellular
ocalization. To address this unmet need, we have synthesised
 series of novel, BODIPY-tagged metal complexes of thiosemi-
arbazones, structurally related to Triapine (Figure 1c,d ) and
nvestigated their behavior utilizing complementary CFM and
LIM imaging approaches. 

ctahedral gallium(III) and iron(III) complexes of tridentate
onothiosemicarbazones were originally reported by Kowol and
eppler et al., who demonstrated that the in vitro cytotox-
city of such complexes exceeded that of the corresponding
ree ligands. [ 24, 25 ] Although the full mechanism of action
emains unclear, gallium(III) was hypothesized to coordinate
trongly to alpha-N-thiosemicarbazones and yield cytotoxic com-
lexes. With this synthetic platform in hand, we examined
hether coordination to gallium perturbs the distribution of
he BODIPY-tagged thiosemicarbazone (TSC) analogues. Subtle
edistribution was observed additionally the localization of the
etal complexes broadly like that of the free BODIPY-labelled
igand. Because no direct evidence currently exists regarding
he intracellular stability of these main group metal-labelled
onstructs, we ascertain that it would be of interest to examine
heir behavior using FLIM, given that the free ligand is known
o fluoresce with lifetimes distinct from those of its metal
omplexes. 

n important aim of our work was the evaluation of cellu-
ar localization and speciation of gallium(III) and indium(III)
omplexes of pseudo-octahedral complexes of pyrimidine and
uinoline thiosemicarbazone ligands, utilizing HeLa and PC-
 cells. The sensitivity of metal-luminescence lifetimes to the
ocal cellular environment and environmental changes render
P FLIM a unique diagnostic tool for tracking and reporting
n localization, subcellular compartmentalization, metal–ligand
ntegrity, and uptake dynamics. Specifically, our investigations
f the temporal response of novel metal-ion-coordinated chro-
ophores demonstrated their capability of exhibiting changes
ver picosecond to nanosecond timescales. These chromophores
an therefore embed within intricate biomaterial environments
of 31
and respond to changes in their lifetime rather than emission
parameters alone. 

We further complemented our in vitro design and testing of
new BODIPY-conjugates by exploring the real-time behavior
and uptake of fluorescently tagged tridentate thiosemicarbazone–
metal complexes in live zebrafish embryos. Combining optical
transparency and cellular resolution ideal for live imaging, toxic-
ity profiling and tissue-specific mapping, zebrafish also provide
a physiologically relevant milieu for assessing biodistribution,
complex stability, and off-target effects, offering unique insight
into the pharmacokinetics and intracellular pharmacology of
these agents [ 40, 41 ]. Our results revealed the uptake of all
fluorescent compounds into zebrafish, specifically organs of
the digestive system. Moreover, our new gallium(III) quinoline-
thiosemicarbazone complex showed the unexpected labelling of
mitochondria in a manner similar to that of its Fe(III) ana-
logue, a quality conserved between zebrafish and tissue culture
experiments. Specifically, gallium- and iron(III) quinoline-based
and BODIPY tagged compounds GaL4 and FeL4 both marked
neuromasts in zebrafish, a mitochondria-rich organ structure,
where all other species investigated hereby indicated nonspecific
uptake. Taken together, our results, discussed below, establish
these BODIPY-tagged thiosemicarbazone–metal complexes as
powerful tools for correlating real-time imaging of intracellular
localization and highlighting their promise as targeted therapeu-
tic candidates, paving the way for their rational development as
future theranostic agents. 

2 Results and Discussions 

2.1 Synthesis and Characterization 

A panel of Ga(III) and In(III) complexes of
pyrimidyl-aldehydethiosemicarbazone ( HL1 ), and quinolyl-
aldehydethiosemicarbazone ( HL2 ), both bearing a
4,4-dimethyl-thiosemicarbazone functionalities have been
synthesised and characterized (see Experimental Section).
A general method for synthesizing the Ga(III) and In(III)
complexes of HL1–HL4 involved treating 2 equiv. of the
ligand with the corresponding metal nitrate salt (1 equiv.). The
components were dissolved in a minimal volume of MeOH ( ca .
10 mL) and stirred at room temperature for 3 h. An excess of
KPF6 (up to 3 equiv.) was then added, and the reaction was
stirred for an additional hour. The precipitated product was
collected by vacuum filtration and washed with cold MeOH,
followed by recrystallisation from CH2 Cl2 and Et2 O. The as-
prepared TSC pro-ligands such as HL1, which is new, and the
previously reported HL2 , were conjugated with the BODIPY-
ethylenediamine, in a stepwise protocol involving NHS-activated
BODIPY-COOH, denoted BODIPY-NHS. This precursor was
obtained by a modification of a previously published method [ 43,
44 ] and fully characterized structurally hereby. Therefore, simple
demethylated monothiosemicarbazonato ligand frameworks
were derivatized with a functional BODIPY moiety through
the introduction of an ethylene diamine linker, resulting in
the formation of pyrimidyl- and quinolyl-BODIPY-labelled
thiosemicarbazone ligands HL3 ( pyrimidine-based, X = N,
R = CH3 ) and HL4 (quinoline-based, X = CH, R = H),
respectively. Additionally, in the case of HL1 , the precursor
Advanced Science, 2026
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A

ODIPY-NHS and HL4 , the single crystals X-ray diffraction
onfirmed the corresponding molecular structure, including,
n the case of HL1 and HL4 , the preferred E isomer in the
olid state. Compound HL2 has been previously structurally
haracterized [ 26 ], yet a new, protonated variant is also reported
ereby. The new compounds GaL1 , GaL2 and InL2 were
lso characterized by single-crystal X-ray diffraction which
onfirmed the pseudo-octahedral geometry of the Ga(III) ion,
ound in the environment of two N/N/S donors through the
oordination of two mono-anionic L2 − units and the presence
f the PF6− counterion. For the corresponding Ga(III), In(III)
nd Fe(III)-BODIPY conjugates of HL3 and HL4 ), an analogous
ynthetic method as described above was followed and further
urification by flash chromatography (CH2 Cl2 :MeOH, 9:1) was
dditionally performed to obtain material of advanced purity
or in vitro and in vivo imaging. Scheme 1 summarizes the
ynthetic routes applied for the ligands and complexes used in
his study, and Figure 2 depicts the molecular structures of the
ompounds analyzed by single-crystal X-ray diffraction hereby.
ull details of the synthesis and characterization of the ligands
nd metal complexes can be found in the Experimental Section,
nd the crystallographic details are given in the Supporting
nformation. 

ll new ligands and Group 13 complexes were characterized by
 H NMR, (Figures S1–S17 ), ES-MS+ (Figures S20–S29 ), gradient
everse phase HPLC in H2 O: CH3 CN (95:5% v/v, using 0.1%
FA in the mobile phase) (Figures S30–S39 ), and solid-state
R spectroscopy (Figures S18, S19 ), and, where possible, by
OSY, 1 3 C{1 H} NMR and HMQC. Extensive 1 1 B and 1 9 F NMR
pectroscopy was performed for the free ligands such as, for
xample, HL4 (Figure 2 ) as well as for the gallium and indium
ODIPY conjugates; for GaL3-GaL4 and InL3-InL4 . The 1 9 F
pectra, although broad, confirmed the presence of the PF6 −
ounterion in the expected 3:2 ratio relative to the two BF2 units,
emonstrating complete metathesis from the nitrate salts. DOSY
MR experiments of HL3 , HL4, GaL4 and InL4 indicated the
ormation of single, well-defined species and confirmed that
he BODIPY conjugates remain stable for over days in DMSO
olutions under air. Consistent with previous reports [ 23–26 ],
hiosemicarbazones in this family can act as tridentate ligands
oward metal ions, coordinating through a sulfur atom, a hetero-
yclic nitrogen, and an imine nitrogen. This coordination mode
nvolves deprotonation of the hydrazinic N–H and tautomeriza-
ion from the thione to the thiol form of the ligand, however
omplex equilibria involving protonation and isomers formation
ere observed in solution in line with well-established dynamic
xchange behavior of thiosemicarbazones [ 23–26 ]. Interestingly,
roadening of peaks and protonation do occur in DMSO solutions
oupled with the emergence of resonances in the 1 H NMR spectra
t ca. 11-12 ppm (vide infra). 

he loss of ligand-specific hydrazinic proton resonances was
bserved in the 1 H NMR spectra of all complexes derived from
L1-HL2 . The NMR spectroscopy of HL2 and of its InL2
omplex (Figure S5 ) showed the complete disappearance of
he resonance at ca. 11.8 ppm upon metal coordination. 1 H
MR (Figures S1–S13 ) and ESI-MS data (including HRMS-ESI)
upported the formation of deprotonated ligands and the corre-
ponding monocationic metal complexes in the series (Figures
20–S29 ). Upon standing of all metal complexes in aqueous
dvanced Science, 2026
DMSO, the appearance of proton resonances at ca. δ = 11–
12.5 ppm and broadening of all peaks (a entioned above) suggested
partial speciation and protonation behavior over days, which is
in line with the well-documented behavior of Ga(III) complexes
in aqueous media. Extensive 1 H NMR experiments with solvent
suppression confirmed complex protonation behavior in line
with expected Ga(OH)x and In(OH)x clusters formation, as
well as the possible cyclisation of thiosemicarbazone ligands
with elimination of NH4 OH, which occurred over several weeks
in DMSO solutions. It has been possible to acquire the 71 Ga
NMR spectrum for GaL1 and GaL4 , which showed broad
resonances at ca − 1.81 ppm ( GaL2 ) and − 1.93 ppm ( GaL4 ) that
were significantly changed from the free Ga(III) resonance in
DMSO-d6 which in our hands occurred as a broad resonance
at ca. 253 ppm. For proof of concept, labelling of HL1 with a
generator-produced 68 Ga (a positron-emitting radionuclide with
short physical half-life t1/2 = 68 min, i.e., is clinically relevant,)
was also demonstrated via our previously established proto-
cols [ 45 ] leading > 90% radiochemical incorporation at room
temperature. 

Iron(III)–BODIPY complexes FeL3 and FeL4 were synthesised
following a similar synthetic procedure with their gallium ana-
logues, in a one-pot reaction. Filtration and washing with cold
ethanol afforded FeL3 as a red solid (85% yield) and FeL4 as a red
solid (82% yield). ESI-MS+ data showed a peak at m/z 1230.407
for FeL3 corresponding to the [M + H]+ ion of the pyrimidine
complex, and a peak at m/z 1300.417 for FeL4 corresponding to
the [M + H]+ ion of the quinoline complex. 

In all cases, the IR spectroscopy (Figure S18 ) aided the solid-state
structural investigations, whereby the NH stretching region in
thiosemicarbazone (TSC) ligands is a useful indicator of metal
coordination and protonation state. Consistent with literature
reports in our hands the free thiosemicarbazone (TSC) ligands
showed the characteristic N ─H stretching vibrations arising
from the hydrazinic and exocyclic/terminal ─NH groups which
typically appeared in the 3200–3400 cm− 1 region of the corre-
sponding IR spectra of HL1-HL4 . These broad bands appeared
split, reflecting hydrogen-bonding interactions and the presence
of more than one non-equivalent N H environment in free ligands.
Hydrogen bonding and conjugation across the C ═ N ─N ─C(S)
framework, combined with E/Z isomerism present in the free
ligands, which are likely causing the appearance of these bands
as broad or split. 

Upon coordination to Ga(III), the positions and intensities
of the N H stretching IR bands appeared to change, because
metal binding alters the electron density of the thiosemicar-
bazone framework and can disrupt intra- or intermolecular
hydrogen bonding. In these metal-TSC complexes, the ν(NH)
bands also shifted slightly to lower wavenumber, typically to
around 3150—3300 cm− 1 , and in previously reported work, it was
apparent that these become less intense upon metal coordina-
tion, consistent with increased delocalization within the ligand
backbone and reduced hydrogen-bonding and deprotonation-
accompanied coordination [ 23–29 ]. The solid-state Raman spec-
troscopy (783 nm excitation, Figure S19 ) of GaL2 and InL2
was also performed. Despite fluorescence interference in the
BODIPY-containing systems, the Raman-active metal–ligand
modes attributable to Ga–S and Ga–N coordination were still
5 of 31



SCHEME 1 Stepwise synthetic protocols for the synthesis of the ligands and their respective gallium and indium complexes. Metalation of HL1- 
HL2 in the presence of an excess of KPF6 gave rise to the corresponding [M(L)2 )]PF6 species in moderate yields denoted GaL1, InL1, GaL2 and InL2 
(see Supporting Information). The corresponding BODIPY substituted complexes GaL3, InL3, GaL4 and InL4 were also synthesized by analogous 
methods, as detailed in the Experimental Section. 

d  

t  

m  

a  

t  

a  

b  

a  

 

 

 

 

 

 

6

etectable at very similar frequencies (see Supporting Informa-
ion). This indicated that the local gallium coordination environ-
ent in the solid state is essentially identical for the parent GaL1
nd GaL2 complex as unequivocally determined by single crys-
als analysis (Figure 2c–e ) and that the BODIPY-functionalized
nalogue GaL4 (albeit very broad and significantly affected
y fluorescence) likely retains the pseudo octahedral geometry
round Ga(III) in the solid state. Specifically, for these pseudo-
of 31
octahedral Ga(III) thiosemicarbazone complexes, Ga-S stretching
modes are typically observed in the 250–330 cm− 1 region, while
Ga–N stretches appear at higher frequencies, in the 350–450 cm− 1 

range. These modes occur at comparable positions in both
systems GaL1 and GaL2 and can be seen with a very weak
intensity for GaL3 and GaL4 suggesting that these systems
contain equivalent Ga(S/N/N)2 ]+ coordination environments in
the solid state. 
Advanced Science, 2026



FIGURE 2 Single crystals X-ray diffraction analysis showing displacement ellipsoid plots (30% probability) for the molecular structures of 
Compounds: HL1 (a), HL2 (HPF6 and H2 O adduct, b), GaL1 (c), GaL2 (d) InL2 (e) BODIPY-NHS (f), and HL4 (g). For GaL1 , GaL2 and InL2 , 
the H atoms were not included, for clarity. 
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A

his solid-state equivalence supports our interpretation of the
roadened and non-ideal NMR spectra observed in aqueous
MSO solution where gallium is well known to undergo hydrol-
sis, ligand exchange, and formation of multiple interconverting
ydroxo and solvated species, whereby metal-F interactions
ay occur, for example, due to the BODIPY presence or PF6 −
ounterions. Complex dynamic equilibria in aqueous media are
ntrinsic to Ga(III) and In(III) chemistry as well as to thiosemi-
arbazone ligands, and these are amplified in large, flexible,
luorophore-conjugated systems such as [ L4 ]− that exhibit flu-
ride groups, inevitably leading to line broadening and loss of
mall-molecule-like spectral resolution in 1 H NMR. Analogous
ehavior was observed in the indium series, and a proposed
ecomplexation pathway with rapid release of Ga(OH)x species
n solution is proposed in the Supporting Information. Overall,
aman data indicated that the metal coordination environment
s conserved across the series in the solid state, while the observed
MR behavior of GaL4 and InL4 arises from solution-phase
ynamic speciation, consistent with established Lewis acidity
hat dominates the coordination chemistry of Ga(III) and In(III)
 23–29 ]. 

.2 Investigations in Solution by UV–Vis and 

luorescence Spectroscopies 

hotophysical characterization of the BODIPY-tagged ligands
nd complexes revealed broadly similar behavior in organic
olution, dominated by the BODIPY chromophore. Excitation–
mission spectra were collected in DMSO at 750 n m over the
00–750 nm range. Across the series, excitation between 450
dvanced Science, 2026
and 540 nm produced emission from 480–600 nm, with the
most intense excitation observed at 490–510 nm and maximal
emission at 510–530 nm. Excitation at 300–400 nm resulted
in much weaker emission (500–530 nm), attributable to minor
contributions from the pyrimidine and quinoline groups present
in the ligand frameworks (Figure 3 ). 

The paramagnetic Fe(III) complexes ( FeL3 , FeL4 ) exhibited
pronounced fluorescence quenching relative to the diamagnetic
Ga(III) and In(III) analogues, while indium complexes gener-
ally showed enhanced emission across the series. Variations in
the linker or heterocycle had negligible impact on excitation–
emission profiles, indicating that confocal imaging using a
488 nm laser would yield strong emission in the 500–550 nm
window. Representative excitation-emission maps (Figure 3e–j )
confirm that the photophysical response is dominated by the
BODIPY tag. The fluorescence spectra of HL3 and HL4 , as well
as their Ga(III) and In(III) complexes, closely resemble those of
BODIPY-COOH and BODIPY-NHS, displaying strong emission
at 511 nm upon excitation at 488 nm. 

Photophysical data (Table 1 ) in DMSO, a solvent widely used in
life-sciences assays reveal consistent trends. BODIPY precursors
(BODIPY-COOH, BODIPY-NHS, BODIPY-En) showed typical
excitation at 450–540 nm and emission at 480–600 nm, with
quantum yields ( ΦF ) ranging from 0.28 to 0.45. Within the TSC–
BODIPY series, quinoline-based ligands were more emissive than
pyrimidine analogues. Metal coordination generally reduced
ΦF, particularly for Fe(III) complexes, while Ga(III) and In(III)
derivatives retained moderate emission. Notably, InL3 exhibited
a slightly higher ΦF (0.34) than GaL3 (0.27), consistent with
7 of 31



FIGURE 3 Excitation-emission maps for establishing the single photon fluorescence profiles of Compounds HL3 (a), HL4 (b), GaL3 (c) and GaL4 
(d), FeL3 (e) and FeL4 (f). Measurements were performed in DMSO at 750 n m concentrations. 

TABLE 1 Photophysical data for BODIPY-based compounds discussed hereby. Concentration: 500 n m in DMSO. Relevant spectra in DSO and 
DMSO: PBS 1: 1 v/v mixtures are given in Supporting Information. 

Compound 
λmax-abs 
(nm) 

λ max-em 

(nm) Δλ (nm) 
ΦF DMSO (DMSO: 

PBS) 
ε DMSO 

(L mol− 1 cm− 1 ) 

BODIPY-COOH 503 510 7 0.64 (0.16) 88 460 
BODIPY-NHS 505 512 7 0.31 (0.19) 82 320 
BODIPY-En 503 512 9 0.34 (0.02) 89 650 
HL3 503 515 12 0.43 (0.07) 81 000 
HL4 503 514 11 0.48 (0.39) 80 090 
GaL3 503 514 11 0.27 120 560 
GaL4 503 514 11 0.38 121 000 
InL3 503 516 13 0.34 118 230 
InL4 503 514 11 0.26 119 000 
FeL3 503 513 10 0.12 100 210 
FeL4 503 515 12 0.20 110 880 

N.B . Referenced against fluorescein in 0.1 m NaOH, Φ= 0.95. All Φ-values are corrected for changes in refractive index. Estimated error based on three independent 
measurements = ± 15%. ΦF -values estimated in MeOH at 500 n m are given in Table S1 . 
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nhanced fluorescence for the heavier indium complexes. Over-
ll, complexation resulted in modest changes in intensity and
mission wavelength ( ≤ 15%), while absorption maxima remained
argely unchanged (503–505 nm), and the fluorescence lifetime of
ll BODIPY ligands and complexes is within the ranges expected
or this unit, at ca. 3.5 to 3.7 ns in DMSO (under 2-photon
xcitation 910 nm, see Figures S40–S45 ). 

uantum yields were initially evaluated in DMSO relative to a
.1 m fluorescein standard in aqueous NaOH. BODIPY-COOH
of 31
displayed a ΦF of 0.64, decreasing to 0.34 for ethylenediamine-
substituted BODIPY and remaining at ca. 0.43 for HL3 and
0.48 for HL4 . Upon Ga(III) and In(III) coordination, ΦF -values
decreased slightly, remaining between 0.26 and 0.38 across the
GaL3-GaL4 and InL3-InL4 series, and decrease significantly
for the paramagnetic Fe(III) analogues. Metal complexes derived
from HL1-HL2 all exhibited ΦF -values below 0.05%, although
GaL2 and InL2 showed weak fluorescence in DMSO at concen-
trations of ca. 50–100 µm in agreement with previous reports on
metallo-thiosemicarbazone systems relevant to theranostics [ 45 ].
Advanced Science, 2026
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TABLE 2 IC50 values estimated in PC-3 (human prostate cancer 
cells) following incubation with compound for 48 h under standard MTT 
assays. N.B . Data presented as mean ± SD, n = 3; SD: Standard deviation; 
ns: No significant cytotoxicity compared with the control group ( p > 0.05). 
Data of some treatment groups could not be fitted with a good dose- 
response curve and the exact IC50 values could not be calculated; their 
IC50 values were expressed as concentration ranges and labelled with 
“#”. Extensive controls with commercial Triapine, cisplatin, oxaliplatin 
and nedaplatin as well as with free Ga(III) as Ga(NO3 )3 and additional 
MTT-estimated IC50 over 24 and 72 h assays are given in Figures S63–S65 . 

Compound 48 h IC50 ( µm ) PC-3 

Triapine 0.16 ± 044 
Cisplatin 30.65 ± 3.25 
HL1 3.36 ± 0.31 
HL2 25.6 ± 7.89 
HL3 > 250# 

HL4 > 100# 

GaL1 9.34 ± 0.35 
GaL2 0.68 ± 0.02 
GaL3 3.32 ± 0.84 
GaL4 3.44 ± 0.53 
InL1 0.82 ± 0.14 
InL2 1.06 ± 0.28 
InL3 9.42 ± 0.05 
InL4 1.01 ± 0.19 
FeL3 36.6 ± 2.62 
FeL4 7.10 ± 1.72 
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tructural effects are evident: while BODIPY-COOH retained a
F of 0.45 in MeOH and 0.64 in DMSO, conversion to BODIPY-
HS reduced ΦF t o 0.31 in DMSO and 0.28 in MeOH. These
alues significantly diminished in DMSO: PBS 1:1 mixtures.
he ligand frameworks of HL3 and HL4 incorporate polar
unctionalities (e.g., NH groups) while metal(III) coordination
as employed to generate lipophilic cationic species capable of
ellular uptake. Although the presence of the ethylenediamine
inker improved solubility in aqueous media, it reduced ΦF due
o increased conformational flexibility and hydrogen-bonding
nteractions. The combined presence of aromatic TSC units ( π–
stacking, hydrogen bonding) across the series and additionally
he presence of Lewis acidic metal ions prone to hydrolysis,
or example, through Ga ─OH formation [ 23–36 ], complicates
he estimation of ΦF determination in aqueous media. Mea-
urements at 500 n m , in DMSO: PBS (1:1, pH 7.4) showed a
ignificant reduction in ΦF for all BODIPY-based metal com-
lexes investigated (with estimated values ranging from 5%–8%
nly) due to absorbance broadening and fluorescence quenching:
he absorption in aqueous-containing solvents (e.g., DMSO: PBS
:1 and 1:3 v/v ratios) increased slightly and was red-shifted by ca.
 nm, while fluorescence emission was quenched by up to 50%.
hilst the maximum emission intensities of the free BODIPY-
ased ligands HL3 and HL4 remained largely unaffected in
MSO: PBS relative to pure DMSO their overall quantum yield
as diminished. These effects are attributed to aggregation-
aused quenching with J-aggregate formation supported by
rystallographic data of this class of compounds. Importantly,
he emission maxima changes were modest within 30 min ( < 15%
elative to DMSO) and are unlikely to impact performance in
iological media on the timescale investigated, however they
ntroduce inaccuracies in the determination of ΦF in DMSO: PBS
or HL3-HL4 and corresponding metal complexes. Therefore in
ll cellular assays, PBS was excluded, as even low levels (e.g., 1%–
% PBS in RPMI) produced detectable autofluorescence in control
LIM experiments (Figure S98 ). 

espite challenges associated with limited water solubility, which
n turn cause the necessity to add of 0.1%–1% DMSO to solutions
f metal complexes intended for cellular delivery assays, the
etal–BODIPY conjugates, including the paramagnetic Fe(III)
omplexes, maintained sufficient fluorescence in aqueous envi-
onments to render these traceable by confocal fluorescence
nd FLIM (Figures S40–S44 ), to render these traceable in cells,
upporting their suitability for MP-FLIM and correlated confocal
maging. The kinetic stabilities of all compounds were evaluated
n a range of solutions relevant for cell testing: stability studies in
0% RPMI serum media (SM) with 5% DMSO over 24 h revealed
inimal spectral changes. Overall, most compounds showed less
han 15% change in these spectra over 24 h monitoring in this
edia, suggesting that the complexes are kinetically stable under
onditions relevant to cellular investigations. 

.3 Cellular Viability and Confocal Fluorescence 
icroscopy Imaging in Living Cells 

o evaluate the biological activity in living cells, at first, MTT
ssays of free ligands HL1–HL4 and their Ga(III), In(III), and
e(III) complexes were performed and results showed reduced
roliferation of PC-3 and HeLa cells across the series. These
dvanced Science, 2026
cell lines were chosen because they overexpress Type II topoi-
somerases which are essential enzymes for DNA replication,
transcription and chromosome segregation. Results for the exten-
sive MTT assays carried out in HeLa, PC-3 and a typical healthy
cell line (AG09429, healthy controls, human gingival fibroblast)
are given in Figures S46–S71 and Tables S2–S6 ). 

Overall, MTT assays over 48 h observations and in selected
cases, over 72 h observations, showed BODIPY-labelled ligands
and complexes were less active in PC-3 cells than their non-
BODIPY counterparts and relevant controls (Figures S63–S65 ),
though several still displayed measurable potencies over 24–48 h
and therefore exhibit theranostic potential. The linker attaching
BODIPY had minimal influence, and heteroaromatic variation
within the TSC scaffold produced only modest differences. Metal
coordination restored or enhanced activity across the series: FeL3
and FeL4 were weakly active at 24 h but more potent at 48 h,
with FeL4 nearly fivefold stronger than FeL3 (7.10 ± 1.72 µm vs.
36.64 ± 2.62 µm ). 

Although some complexes remained weakly cytotoxic, several
exhibited promising activities (Table 2 , Figures S46–S71 , and
Tables S2–S6 ) and would warrant further evaluation, including
selectivity studies, in future research. As necessary controls,
IC50 values for free Ga(NO3 )3 , Triapine, free ATSM ligand,
and commercially available clinically established metallodrugs
9 of 31
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1

cisplatin, nedaplatin, oxaliplatin) were measured under pre-
iously established conditions [ 23–36 ]. As expected, complexes
erived from HL1 and HL2 (which do not incorporate BODIPY
nits) displayed low-micromolar cytotoxicity against PC-3 cells
ver 24–72 h, enhanced upon metal coordination (Table 2 ).
cross the series, Ga(III) and In(III) coordination markedly
ncreased activity relative to the free ligands, with GaL2
nd InL1–InL2 being the most potent (sub-micromolar level).
L3 and HL4 were essentially inactive, yet their Ga(III) and
e(III) complexes displayed micromolar potency, demonstrating
hat metal coordination is the principal driver of biological
ctivity. 

TT assays under a range of conditions over 24 and 48 h assays
howed that after functionalization of the thiosemicarbazone
ith BODIPY tags, their activity toward both PC3 and HeLa
ells decreases. This suggested that the inclusion of the BODIPY
nfluences the cellular behavior of the compounds TSC backbone.
his trend is also seen upon complexation to In(III) and Ga(III),
ith all BODIPY-labelled complexes showing less inhibitory
itochondrial activity through MTT assays than their unla-
eled analogues. The mechanistic understanding of the cytotoxic
ctivity of gallium(III)-based complexes against cancer cells that
espond to platinum-based chemotherapeutics is a matter of
xtended investigations [ 23–36 ]. 

o directly trace these Triapine-inspired and BODIPY-conjugated
etal complexes in living cells, laser confocal microscopy was
mployed to study cellular uptake and localization of their
ODIPY fluorophores. PC-3 and HeLa cells were incubated with
igands and complexes for 15–30 min prior to imaging assays,
sing 405, 488, and 561 nm excitation. IC50 values from 1 h MTT
ssays guided the choice of non-toxic working concentrations,
ith cells treated with BODIPY-tagged compounds at concentra-
ions between 100 n m and 10 µm (1% DMSO). Free pyrimidine
erivatives HL1 and their Ga or In complexes were too weakly
luorescent to be visualized at these concentrations, whereas
L2 and corresponding metal complexes required > 50 µm for
etection, which in turn compromised cell viability. Attaching
ODIPY therefore enabled visualization of thiosemicarbazones
n vitro. Multiwavelength excitation was used to stain with
oechst or DAPI ( λex 405 nm), Mitotracker Red CMXRos

 λex = 543 nm) and Lysotracker Red DND-99, ( λex = 543 nm)
nd ER tracker Red (ex 543 nm). Selected microscopy imaging
icrographs including for colocalization assays are given in
igures S72–S95 . 

hilst the quinoline-based monothiosemicarbazone HL2 is
nly weakly fluorescent, the corresponding Ga(III) and In(III)
omplexes were still traceable by confocal microscopy, albeit
t concentrations above 50 micromolar (Figures S74–S77 ). For
xample, complexes of type [M(L2)2 ]PF6 GaL2 and InL2 , did not
olocalize with nuclear Hoechst dye, but showed co-localization
ith ER and Mitotracker Red over 20 min. Across all BODIPY-
eaturing compounds, confocal microscopy in PC-3 and HeLa
ells demonstrated uptake within 20 min, predominantly local-
zing to the endoplasmic reticulum. The free ligands HL3 and
L4 exhibited rapid uptake with distinct localization patterns
hroughout the cytoplasm, and emitting strongly in green and
ed channels (500–550 nm and 570–750 nm) upon 488 nm exci-
ation. Additionally, cytoplasmic localization was observed for
0 of 31
Ga-substituted complexes ( GaL4 ), with minimal nuclear uptake,
confirmed by co-localization with ER Red tracker, Mitotracker
Red, and Hoechst dyes, and supported by MP-FLIM. Uptake
assays at 4◦C suggested active transport consistent with prior
BODIPY-tagged compound studies [ 46 ]. Some representative
images for the uptake of M(III) complexes of HL3 and HL4
in living PC-3 cells are shown in Figures 4–7 . The Manders
colocalization parameters are given in Table S7 . Overall, the
distribution of HL3 and HL4 within the cell is in line with
previously reported compounds featuring BODIPY tags, with
behavior in cells generally being characterized by ER colocaliza-
tion and distribution dominated by this moiety [ 46 ]. However, the
compounds GaL4 and FeL4 showed additional and distinct local-
ization in cellular mitochondria (Figure 5 ), unlike corresponding
free ligands and the other metal complexes analyzed hereby
(Figure 4–7 ) 

Interestingly, Fe(III)–BODIPY conjugates FeL3 and FeL4
showed similar, consistent but weaker staining relative to
their respective Ga analogues GaL3 and GaL4 , with ligand-
dependent behavior. Gallium(III) closely mimics iron(III) in
charge, ionic radius and hard/soft ligand-binding preferences,
particularly toward N/S donors. Its strong similarity underlies
its high-affinity binding to endogenous iron-transport and
storage proteins such as transferrin and siderophores. However,
unlike Fe3 + , Ga3 + is redox-inactive and cannot participate in the
Fe3 + /Fe2 + cycling required for mitochondrial electron transfer
and broader iron metabolism. Quinoline-substituted TSCs [ 23–
26 ] can support ligand-centered redox chemistry, and previous
reports showed that Ga–TSC conjugates undergo such processes
within biologically relevant windows. Free Ga3 + itself disrupts
iron metabolism by displacing Fe3 + from high-affinity sites
including FeS-cluster precursors, mitochondrial siderophore-
like molecules and other Fe-dependent cofactors [ 23–36 ]. We
postulate that when these gallium thiosemicarbazones (Ga-
SC) localize to mitochondria, an organelle enriched in iron
(featuring ∼ 15% of the 29–32 µm cellular pool), redox-active
proteins, and dense metal-trafficking machinery, encounter
conditions favoring Ga3 + /Fe3 + exchange. This transmetallation
may produce a localized functional iron deficiency, for example,
total Fe remains unchanged, but bioavailable Fe decreases.
Considering that mitochondria supply iron for FeS-cluster and
haem biosynthesis, while also exporting Fe needed by cytosolic
enzymes such as ribonucleotide reductase (RNR), disruption
of mitochondrial Fe handling can impair DNA synthesis. RNR
relies on a dinuclear Fe center to generate the tyrosyl radical
required for deoxyribonucleotide formation; interference with
mitochondrial Fe trafficking therefore limits assembly of the
RNR metallocentre. 

These mitochondria-localizing Ga-TSC may be therefore well-
positioned to suppress cell proliferation by displacing Fe3 + , per-
turbing mitochondrial iron homeostasis and restricting cytosolic
Fe delivery to RNR. These features align with the broader behav-
ior as a functional iron antagonist well established for Ga(III). The
Pearson’s coefficient was also estimated indicating mitochondria
colocalization for GaL4 0.815 ± 0.132, InL4 0.82 ± 0.029 and
FeL4 0.68 ± 0.05; ER colocalization for GaL4 0.92 ± 0.008, InL4
0.92 ± 0.014 and FeL4 0.94 ± 0.02. Full Manders’ colocalization
parameters are given in Table 3 , Table S7 , and Figure S95 in
Supporting Information. 
Advanced Science, 2026



FIGURE 4 Confocal laser-scanning microscopy images of PC-3 cells (human prostate cancer) incubated with compounds at 500 n m concentration 
for 20 min, where (a1–a4) control group with 1% DMSO, (b1–b4) HL3 , 1% DMSO, (c1–c4) HL4 , 1% DMSO. a1–c1 is the DIC channel; a2–c2 is the emission 
detected at λ = 500–550 nm; a3–c3 is the emission detected at λ = 570–750 nm, excitation laser at λex = 488 nm; a4–c4 is the merged image. Scale bar: 
100 µm. 
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.4 Multiphoton Fluorescence Lifetimes (MP 

LIM) Measurements in Solution and in Living 
ells 

ellular uptake and intracellular distribution were assessed using
aser scanning CFM under both single- (488 nm) and two-photon
xcitation (910 and 1010 nm), taking advantage of the low-energy,
ear-infrared light for deeper tissue penetration and reduced
hotodamage. Time-correlated single-photon counting (TCSPC)
nd two-photon FLIM techniques enabled investigation of the
robes’ microenvironments, their interactions with mitochondria
nd ER, and the influence of surrounding cellular components
iving rise to distinct lifetime distributions across the series HL4 ,
aL4 and InL4 , whilst showcasing the clear dominance of the
ODIPY moiety and distinct behavior with respect to control
roups (Figures 8,9 and Table 4 , and additional micrographs are
iven in Figures S96–S114 ). 

or the DMSO solution spectra (determined by TCSPC spec-
roscopy of InL2 as well as BODIPY conjugates (Figure S45a–
,S106 ) and corresponding, correlated, cellular FLIM studies,
 

dvanced Science, 2026
2-photon excitation at 910 or 1010 nm was used as it con-
sistently gave better signal to background than single-photon
excitation, however a comparison with 1P FLIM imaging at
488 nm excitation was also carried out (Figure 8, 9 , Table 4 ,
and Figures S96–S114 ). Details of the experimental 2P FLIM set-
up for confocal-FLIM correlative imaging used are as previously
reported [ 49 ] and are given in the Experimental Section and
Supporting Information. Cell uptake studies using FLIM were
performed on adherent HeLa or PC-3 cells covered with a glass
cover slip and the background lifetimes measured. The ligands
or complexes were dissolved in a small amount of DMSO and
added to the cell culture medium to give concentrations of 1 to
10 µm and a maximum 1% DMSO. Decay lifetimes were measured
for the complete field of view over five-minute intervals. Uptake
reached a maximum within 30 min, and the images and data
presented below were obtained after 20 min. Exponential decay
and weighted least squares analysis of the intensity data to
extract rate constants were carried out using SPCImage analysis
(SPCM64, version 9.0, Becker and Hickl, Germany) or F900
Edinburgh Instruments TCSPC analysis software. Throughout
the panel of probes investigated, the lifetime parameters are
different for the intact complex and free ligand, enabling these
11 of 31



FIGURE 5 Confocal laser-scanning microscopy of PC-3 cells incubated with compound GaL4 at 500 n m , 1% DMSO, and co-incubated with 
Mitotracker Red CMXRos (500 n m ) at 37◦C for 20 min incubation, excitation laser at λex = 488 nm. Scale bar: 40 µm. (Pearson coefficient: 0.815 ± 0.133) 
Full colocalization Manders parameters are given in Table S7 in the Supporting Information. 

TABLE 3 Overview of the Manders’ correlation parameters of selected BODIPY conjugates extrapolated by scatterplot analysis using the software 
Nikon Elements-AR Analysis 4.30.02. 

Compound 
Endoplasmic reticulum 

(ER) Mitochondria Lysosome 

HL3 0.489 ± 0.035 0.497 ± 0.047 0.629 ± 0.047 
HL4 0.934 ± 0.021 0.852 ± 0.030 0.497 ± 0.050 
GaL3 0.676 ± 0.045 0.589 ± 0.058 0.470 ± 0.057 
InL3 0.539 ± 0.050 0.530 ± 0.043 0.596 ± 0.048 
GaL4 0.985 ± 0.010 0.970 ± 0.016 Ns 
InL4 0.990 ± 0.010 0.990 ± 0.010 Ns 
FeL3 0.923 ± 0.024 0.773 ± 0.038 0.399 ± 0.050 
FeL4 0.922 ± 0.018 0.678 ± 0.051 0.556 ± 0.049 
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o be distinguished in living cells (Table 3 ). Significantly, the
esults obtained by MP FLIM for the M(III) derivatives have
iven a remarkable insight into their intracellular localization,
hich appears to be primarily mitochondrial in nature for GaL4
nd FeL4 , whereas the localization of all other BODIPY-tagged
erivatives rests firmly within the ER. 

he lifetime distribution maps were obtained for the ligand based
n the single decay, whereas for the metal complexes maps based
n both lifetimes’ decays. The partial intracellular dissociation of
he indium (bis) tridentate species into a mixture of free ligand
nd bis complexes was also indicated by FLIM, based upon the
elative lifetimes of each of the species, which indicates the
ecomposition of the complexes and where it occurs in cells.
ifetime point decays were measured in various locations within
he cell and corresponding lifetimes calculated. In the situation
here both ligand and metal complex were present, there could
n principle be at least two different decays; the calculation of
hree or more closely spaced lifetimes is notoriously difficult
nd requires both very high-quality data sets and additional data
btained using phase modulation [ 50 ]. 

verall, the data analysis was sufficient to determine the intra-
ellular speciation of both the ligands and their metal complexes
s evidenced from Figures 8 and 9 , allowing the study to
2 of 31
progress toward in vivo validation. Although some variation in
fluorescence lifetimes and subtle changes in biodistribution were
observed for the gallium and iron complexes GaL4 and FeL4 ,
suggesting that partial dissociation may occur, the differences
between the free ligand and the complex were not sufficiently
large to quantify the extent of dissociation unambiguously. 

Organelle targeting with lipophilic cations and small molecule
conjugates has been of utmost interest, especially from the
perspective of mitochondria targeting technology. Recent reports
have highlighted that highly lipophilic small-molecule probes
may lose organelle specificity and distribute broadly throughout
the cell, including the nucleus, with minimal selective accumu-
lation [ 49 ]. While this paradigm is important to consider, its
applicability to the BODIPY-labelled metal–thiosemicarbazone
(TSC) constructs studied here is challenging. Unlike simple
organic fluorophores, these systems are large, charged, and
undergo dynamic speciation in aqueous and intracellular envi-
ronments, making a single log p -value an incomplete descriptor
of their behavior. Metal-TSC complexes particularly those of
Lewis acids such as Ga(III) can interconvert between neutral
and ionic forms and may partially dissociate, generating multiple
species with distinct permeabilities and binding profiles [ 27–29 ].
Moreover, their subcellular localization is influenced not only by
lipophilicity but also by metal–ion coordination preferences, pH-
Advanced Science, 2026



FIGURE 6 Confocal laser-scanning microscopy of PC-3 cells incubated with compounds at 500 n m concentration at 37◦C for 20 min, where (a1–
a5) control group 1% DMSO, (b1–b5) GaL3 , 1% DMSO, (c1–c5) InL3 , 1% DMSO, (d1–d5) GaL4 , 1% DMSO, (e1–e5) InL4 , 1% DMSO. (a1–e1) is the DIC 
channel; (a2–e2) is the emission detected at λ = 417–477 nm; (a3–e3) is the emission detected at λ = 500–550 nm; (a4–e4) is the emission detected at 
λ = 570–750 nm, excitation laser at λex = 488 nm; (a5–e5) is the merged image. Scale bar: 100 µm for (a–c) series; 50 µm for (d,e) series. 
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ependent ligand exchange, redox properties, and interactions
ith biomacromolecules. Although log p -values which were
stimated here from the SwissADME programme can provide
seful additional information (see Table 4 and Experimental
ection), they cannot act as predictors of intracellular distribution
or these lipophilic cations which are also dynamically equilibrat-
ng metal complexes. Consequently, techniques sensitive to the
hemical state of the fluorophore such as multiphoton FLIM (vide
nfra) can become essential tools for probing the speciation and
ocalization of these constructs in living cells. 
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2.5 In Vivo Tests in Zebrafish 

To determine whether these compounds can be internalized and
tracked in vivo, we performed uptake and imaging experiments
on zebrafish, selected for its strengths as a biomedical model
for compound screening and uniquely suited for the required
high-resolution in vivo imaging due to its optical transparency.
Initially, we focused on identifying the optimal concentration and
timing for compound uptake and imaging, as well as assessing
zebrafish larvae’s tolerance to the compounds. Utilizing fluores-
13 of 31



FIGURE 7 Confocal laser-scanning microscopy of PC-3 cells incubated in 1%: 99% DMSO: serum-free media with compounds at 100 n m 

concentration at 37◦C for 20 min, where (a1–a4) HL3 , (b1–b4) FeL3 , (c1–c4) FeL3 , co-incubated with Mitotracker Red CMXRos (500 n m ), (d1–d4) 
FeL4 , co-incubated with Mitotracker Red CMXRos (500 n m ). (a1–d1) is the DIC channel; (a2–d2) is the emission detected at λ = 500–550 nm; (a3–d3) is 
the emission detected at λ = 570–750 nm, excitation laser at λex = 488 nm; (a4–d4) is the merged image. Scale bar: 100 µm. 
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ent stereomicroscopy revealed that the HL1-HL2 compounds
nd complexes thereof all demonstrate minimal fluorescence
n vivo even at 200 m m ; moreover, these concentrations were
oorly tolerated, therefore ruling these simple thiosemicarbazone
ompounds out from further direct in vivo optical imaging
nvestigations by this method (Figure S115 ). For the HL4 ligand,
he optimal conditions for uptake of the compounds were denoted
y larval viability as well as fluorescence detection primarily in
igestive organs, for example, the gut bulb and intestines. The
atter was assessed by acquiring images using a stereoscope and
dentified as being 10 µm for 120 mins at 28.5◦C. 
4 of 31
Once optimized, zebrafish larvae at four days post fertilization
(4 dpf) were further incubated with compounds HL4 , and corre-
sponding complexes InL4, GaL4 , and FeL4 in DMSO (Figures 10
and 11 ). Comparatively, HL4 was significantly brighter than
either of the metal-containing HL4 compounds and demon-
strated non-specific staining of the yolk as well as staining
of digestive organs. GaL4 trended as having slightly brighter
intensity in vivo by comparison to InL4 and demonstrated
moderate staining of mitochondria, especially in neuromasts,
that was largely absent in HL4 or InL4 -stained fish (Figure 10 ;
Figure S116 ). Showing conservation with our earlier cell cul-
Advanced Science, 2026



FIGURE 8 2-photon FLIM maps, intensity images and in vitro fluorescence lifetime distribution histograms (left to right) of HeLa cells treated 
with 1 µm of HL4 (a2–c2) and corresponding GaL4 (a3–c3) and InL4 (a4–c4) complexes, where (a1–c1) represents the micrographs for the control group 
(1% DMSO). Incubation was 20 min, 37◦C followed by with 2-photon excitation laser at λex = 910 nm. Field of view = 100 µm. Alternative micrographics 
for PC-3 as well as HeLa cells are given in Figures S96–S114 . 
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FIGURE 9 Single-photon FLIM maps, intensity images and in vitro fluorescence lifetime distribution histograms (left to right) of PC-3 cells 
treated with 1 µm of HL4 (b2–b3) and corresponding FeL4 (c1–c3) complex, where (a1–a3) represent the micrographs for the control group (1% DMSO). 
Incubation was 20 min, 37◦C followed by excitation at λex = 488 nm. Field of view = 100 µm. Alternative micrographics and corresponding 2-photon 
FLIM imaging with excitation at 1010 nm are given in S102–S103 ). 
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ure results, GaL4 treatment revealed a very similar staining
attern to FeL4 treatment, with the primary difference the
omparatively much brighter staining for the GaL4 compound
Figure 11 ). Focusing on the uptake of GaL4 , we co-incubated
ith Mitotracker Red CMXRos at 500 n m and observed strong
o-labelling of neuromasts together with co-labelling of some
itochondria throughout the trunk of the fish (Figure 12 ), in
ine with our earlier observations of this compound in vitro
o-labelling experiments (Figure 5 ). 

o assess whether the selected ligand would impact on tissue
ptake or in vivo fluorescence and localization, we compared
aL3 to GaL4 and observed that GaL4 labels all structures
ess efficiently than GaL3 , as well as being poorly tolerated
ver a 120-minute treatment window (Figure S117 ). Consistent
6 of 31
with this result, we demonstrated that FeL3 was also less
specific in labelling and very poorly tolerated by comparison to
FeL4 (Figures S118–S119 ). Moreover, compound speciation and
differential labelling of structures were observed following treat-
ments with BODIPY-COOH (general non-specific labelling),
BODIPY-En (dim neuromast staining), and co-treatments of
Ga(NO3 )3 with HL4 (dim gut and neuronal staining, Figure
S118 ). Together, these observations highlight that all aspects of
these compounds, presence, availability and selection of metals,
BODIPY and ligand framework including the TSC motifs are
crucial in controlling penetrance and targeting in an in vivo
context. 

The BODIPY-tagged thiosemicarbazone–metal complexes syn-
thesized and characterized in this study, most notably the
Advanced Science, 2026



FIGURE 10 Representative brightfield and fluorescence stereomicroscope images of 4 dpf zebrafish larvae incubated with compounds at 10 µm 

for 120 min at 28.5◦C, arrowheads indicate labelled digestive system, arrows indicate labelled neuromasts, where (a) control group in embryo media and 
1% DMSO, (b) HL4 , 1% DMSO, (c) InL4 , 1% DMSO, (d) GaL4 , 1% DMSO. (e) mean fluorescence intensity for the digestive organs of a2–d2, calculated 
from eight treated larval fish per condition, error bar stands for the standard deviation. a1–d1 is the brightfield channel; a2–d2 is the emission detected at 
λ = 500–550 nm, excitation at λex = 450–490 nm; a3–d3 is the emission detected at λ ≥ 590 nm, excitation at λex = 540–580 nm; d4 is an enhanced image 
of d2, taken at exposure (100 ms− 1 ) and gain (2.40), whereas all other fluorescence images taken at exposure (100 ms− 1 ) and gain (1). Scale bar: 500 µm. 
Significant difference determined via Brown–Forsythe and Welch ANOVA testing and confirmed through post hoc Dunnett’s multiple comparison. (*) 
< 0.05, (**) < 0.010, (***) < 0.001 and (****) < 0.0001. 
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allium–quinoline derivative, exemplify the convergence of
ioinorganic chemistry, functional imaging, toward chemother-
peutics development. As stated above, gallium(III), due to
ts close chemical similarity to ferric iron, is known for its
apacity to bind transferrin and hijack iron uptake pathways
o selectively target proliferating cancer cells, where it inhibits
ey iron-dependent enzymes such as ribonucleotide reductase
RR), impairing DNA synthesis and inducing cell death [ 51–
3 ]. In contrast, indium(III), though chemically related, does not
ffectively mimic iron and likely displays minimal interaction
ith transferrin, thus leading to limited cellular uptake and
egligible inhibition of iron-dependent processes [ 54, 55 ]. Ligand
tructure can also significantly influence compound behavior:
uinoline-ligated gallium complexes generally exhibit increased
ipophilicity, stability, and mitochondrial targeting, favoring anti-
ancer and organelle-specific applications [ 56–58 ]. Conversely,
yrimidine-ligated complexes generally confer different cellular
ptake characteristics, which may result in altered biological
ffects and reduced organelle-specific targeting [ 58, 59 ]. While
a, Fe and In analogues used in this study localize to digestive
dvanced Science, 2026
tissues in vivo, only gallium strongly penetrates mitochondria, as
verified by MitoTracker co ‑labelling and in vitro experimentation.
By contrast, ferric iron largely recapitulates the staining pattern
of gallium but with far lower efficacy, while indium accumulates
passively with limited bioactivity, suggesting potential as a non-
toxic imaging agent. Mitochondrial targeting by both the ferric-
quinoline and gallium–quinoline compounds was recapitulated
in HeLa cells, validating the function in a clinically relevant
human model [ 60 ]. 

The gallium–thiosemicarbazone–BODIPY complex behaves as
a theranostic agent, combining cytotoxicity via iron mimicry
and mitochondrial disruption with real-time fluorescence imag-
ing enabled by the BODIPY fluorophore, whose stability and
photophysical properties are retained upon metal coordination
[ 61, 62 ]. Notably, no prior studies have reported BODIPY-tagged
Triapine or Triapine-derived thiosemicarbazonato-metal com-
plexes capable of tracking speciation or metal-ligand integrity in
cells, nor have MP FLIM-based analyses been applied to such
Ga(III), Fe(III) or In(III) TSCs in living cells. Moreover, organism-
17 of 31



FIGURE 11 Representative brightfield and fluorescence stereomicroscope images of 4 dpf zebrafish larvae incubated with compounds at 10 µm for 
120 min at 28.5◦C, arrowheads indicate labelled digestive system, arrows indicate labelled neuromasts, where (a) GaL4 , 1% DMSO, (b) FeL4 , 1% DMSO. 
a1–b1 is the brightfield channel; a2–b2 is the emission detected at λ = 500–550 nm, excitation at λex = 450–490 nm; a3–b3 is the emission detected at 
λ ≥ €590 nm, excitation at λex = 540–580 nm. a2 and b2 are taken at exposure (100 ms− 1 ) and gain (2.40), whereas all other fluorescence images taken at 
exposure (100 ms− 1 ) and gain (1). Scale bar: 500 µm. 

FIGURE 12 (a) Schematic demonstrating the area of imaging. (b) Representative confocal laser-scanning microscope images of 4 dpf zebrafish 
larvae co-incubated with GaL4 at 10 µm and Mitotracker Red CMXRos at 500 n m , 1% DMSO, for 120 min at 28.5◦C, arrows indicate co-labelled 
neuromasts, arrow heads indicate co-labelled mitochondria, asterisk indicates the labelled digestive system. b1 is the emission detected at λ = 500–
550 nm, compounds were excited at λex = 488 nm; b2 is emission detected at λ = 575–625 nm, compounds were excited at λex = 561 nm; b3 is the merged 
image of b1 and b2. Scale bar: 100 µm. 
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evel real-time imaging of these complexes remains entirely
nexplored, further highlighting the novelty of our approach
nd its promise in integrating metal-based therapeutics with
dvanced fluorescence imaging. 
8 of 31
Building on these imaging properties, the gallium–quinoline–
thiosemicarbazone–BODIPY complexes presented here
show strong translational potential across oncology and
infectious disease applications. Complexation with quinoline–
Advanced Science, 2026



TABLE 4 Calculated 2P FLIM data from the in vitro fluorescence 
lifetime distribution histograms of PC-3 and HeLa cells treated with 
1 µm of HL3, HL4 and corresponding metal complexes, incubation for 
15–20 min and control group (1% DMSO), at 37◦C with multiphoton 
excitation at 910 nm (corresponding to Figure 8 ) or 1010 nm (correspond- 
ing to Figure 9 ). Data presented as peak ± error (ns). The full width 
at half maximum (FWHM), calculated from the lifetime distribution 
curve within the focal area was used to assess the fluorescence lifetime 
distribution error. The weakly fluorescent compound InL2 was measured 
in Hela cells under similar conditions, 2P average lifetime distribution 
had a maximum of 0.34 ns ± 0.17, versus TCSPC (in 100 µm conc. and 
1% DMSO) with parameters: T1 0.21 ns (87.35%) and t2 0.95 ns (12.65%), 
χ2 = 1.3. Additional 2P and 1P FLIM data, solution TCSPC in DMSO and 
micrographs are given in Figures S96–S114 . 

Treatment group 
2P-fluorescence lifetime 

(ns) 

Control PC-3 (1% DMSO) 1.08 ± 0.39 
Control HeLa (1% DMSO) 0.49 ± 0.18 
HL3 (PC-3) 4.56 ± 0.16 
HL3 (HeLa) 4 ± 0.57 
HL4 (HeLa) 4.18 ± 0.57 
HL4 (PC-3) 4.56 ± 0.16 
GaL4 (HeLa) 3.86 ± 0.11 
GaL4 (PC-3) 4.40 ± 0.17 
InL4 (HeLa) 4.48 ± 0.17 
InL4 (PC-3) 4.41 ± 0.18 
FeL4 (PC-3) 4.59 ± 0.20 
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hiosemicarbazone ligands enhances bioactivity by improving
embrane permeability, intracellular metal chelation dynamics,
nd organelle-specific accumulation, as previously demonstrated
n colon (HCT-116) and hepatocellular (HepG2) models, where
itochondrial localization correlates with potent anticancer
ctivity and ferroptosis-like cell death [ 63 ]. Additionally,
allium–quinoline complexes have demonstrated efficacy
gainst Plasmodium falciparum , including drug-resistant strains,
uggesting dual antitumor and antiparasitic applications [ 64 ].
ritically, the lifetime-sensitive BODIPY tag enables FLIM to
esolve real-time intracellular behaviors, such as metal–ligand
peciation, subcellular retention, and environmental sensitivity,
ith a level of resolution rarely achievable using conventional
luorescent agents [ 65, 66 ]. These combined features position
allium–quinoline-TSC as a unique theranostic platform with the
otential to target malignancies with high metabolic demands
r mitochondrial vulnerabilities in aggressive cancers where
urvival rates remain low and imaging tools are insufficient
 67–69 ]. 

his study shows the selective and relatively abundant accu-
ulation of the gallium–quinoline–thiosemicarbazone complex
n zebrafish neuromasts, which are highly mitochondria-rich
echanosensory organs homologous to mammalian cochlear
air cells [ 70, 71 ]. Unlike traditional inner ear imaging agents,
hich are typically limited to intensity-based emission profiles
nd lack anatomical specificity, the GaL4 complex presented
dvanced Science, 2026
here demonstrates two rare and valuable properties: (i) strong,
reproducible accumulation in neuromasts, and (ii) sensitivity
of fluorescence lifetime to the cellular microenvironment. To
our knowledge, no existing inner ear imaging agents simultane-
ously exhibit dynamic lifetime sensing and neuromast-specific
localization in vivo, a set of capabilities that uniquely positions
these compounds for studying mitochondrial health, mechano-
transduction, and drug-induced ototoxicity in real time [ 72–74 ].
Zebrafish lateral line neuromasts are widely used to model
sensory hair cell degeneration and regeneration, especially in
the context of aminoglycoside- or cisplatin-induced ototoxicity,
where mitochondrial depolarization and ROS generation precede
cell death [ 75–77 ]. The mitochondrial localization of our gallium–
quinoline probe has the potential of monitoring the dynamic,
sub-organellar resolution of such early pathological events. When
combined with MP FLIM, this platform may facilitate tracking
and assessment of mitochondrial dysfunction without relying
on concentration-dependent intensity readouts, offering a major
advantage over traditional fluorophores used in neurosensory
systems [ 78, 79 ]. 

The neuromast-targeting behavior and mitochondrial selectivity
of these complexes also suggest promising applications in the
diagnosis and treatment of neurodegenerative diseases linked to
mitochondrial dysfunction [ 80–83 ]. Recent studies have shown
that mitochondrial redox shifts and calcium dysregulation in hair
cells may serve as early biomarkers of broader neurodegenerative
processes, making neuromasts a powerful surrogate model for
mitochondrial health in the nervous system [ 84, 85 ]. The use
of gallium–quinoline-BODIPY complexes of type GaL4 in such
contexts could enable non-invasive, real-time monitoring of
mitochondrial dysfunction in live vertebrate models, offering
insight into disease onset and progression. Moreover, these metal-
based chromophores can be engineered for targeted therapeutic
delivery, such as conjugation to antioxidants, neuroprotective
peptides, or mitochondrial uncouplers, transforming them into
multimodal tools for both detection and intervention [ 86–88 ]. 

3 Conclusions 

We have designed and synthesized a series of BODIPY-tagged
thiosemicarbazone metal complexes to interrogate metal spe-
ciation, intracellular localization, and dynamic behavior in
living systems. These Ga(III), In(III) and Fe(III) complexes of
pyrimidine and quinoline thiosemicarbazone ligands retained
their structural integrity and photophysical responsiveness in
both cell-based and whole-organism models. The developed
compounds enabled complementary CFM and FLIM imaging,
offering high-resolution insight into subcellular localization,
lifetime-sensitive environmental sensing, and uptake kinetics.
In vitro HeLa and PC-3 imaging assays complemented by in
vivo imaging in zebrafish embryos revealed selective biodistri-
bution and organ-specific uptake, with both ferric-quinoline and
in particular gallium–quinoline complexes showing conserved
mitochondrial tracking and targeting of zebrafish neuromasts.
Consequently, these lifetime-responsive chromophores represent
a versatile toolkit for real-time visualization of metal–ligand
behavior in complex biological environments. Using this as
a platform, we are advancing their development as precision
theranostic agents for targeted imaging and therapeutic applica-
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2

ions, especially in the contexts of oncology, mitochondrial and
eurosensory diseases. 

n conclusion, we performed fluorescence imaging studies,
ncluding lifetime measurements of metal(III) complexes versus
ree ligands and biodistribution analyses in cells and zebrafish,
o assess the stability of gallium in biological systems. In addi-
ion, co-localization experiments with standard dyes [Hoechst
r DAPI ( λex 405 nm), Mitotracker Red CMXRos ( λex 543 nm),
ysotracker Red DND-99, ( λex 543 nm) and ER tracker Red
ex 543 nm)] were also conducted to explore the potential of
hese probes for organelle-specific targeting and discovered that
ompounds GaL4 and FeL4 both localize in cellular mitochon-
ria. We investigated how substituents on the TSC scaffold
nfluence cellular localization, providing insights into structure–
istribution relationships for these triapine-derived probes. To
valuate the effect of the fluorescent label on antiproliferative
ctivity, the corresponding non-fluorescent thiosemicarbazones
nd their Ga(III), In(III) and Fe(III) complexes were also prepared
nd tested. The data suggested the metal–ligand integrity in
he complexes both in vitro and in vivo over the timescale
f the experiments, with real-time high-resolution visualization
evealing subcellular distribution and offering new theranostic
pportunities. By providing lifetime-based contrast independent
f local probe concentration, these constructs overcome limita-
ions of conventional neuroimaging and open avenues for future
heranostic development in neurodegenerative diseases. 

 Experimental Section 

.1 General Information 

ll reagents were purchased from Sigma-Aldrich, Invitrogen or
lfa-Aesar and were used as supplied without prior purification
nless otherwise stated. Flash chromatography was performed
sing silica gel 60 (0.043–0.063 mm, VWR) using head pressure
y means of head bellows. 1 H NMR spectra were recorded on
 Varian Mercury VX300 (300 MHz) spectrometer or a Varian
nity (500 MHz) spectrometer or a Bruker AVC 500 (500 MHz)
pectrometer at 298 K and referenced to residual non-deuterated
olvent peaks. Chemical shifts were quoted in ppm with signal
plittings recorded as singlet (s), doublet (d), triplet (t), quartet
q), quintet (qt) and multiplet (m). Coupling constants, J , were
easured to the nearest 0.1 Hz and were presented as observed.

3 C{1 H} NMR spectra were recorded on a Varian Mercury VX300
300 MHz) spectrometer or a Varian Unity (500 MHz) spectrom-
ter or a Bruker AVC 500 (500 MHz) spectrometer at 298 K
nd were referenced to the solvent peak. 19 F NMR spectra were
ecorded on a Varian Mercury VX300 (300 MHz) at 298 K and
ere referenced to a fluorobenzene spike ( δ− 113.15). NMR spectra
ere processed using MestreNova software, v. 14. 

ass spectrometry was performed using a Bruker Micromass
CT instrument. Mass spectra were recorded on a Micromass LCT
ime-of-flight mass spectrometer under conditions of electrospray
onization (ESI-MS). Accurate masses were reported to four
ecimal places using tetraoctylammonium bromide (466.5352 Da)
s an internal reference. Values were reported as a ratio of
ass to charge in Daltons. Mass spectra were processed using
estreNova v. 14 and MassHunter software. 
0 of 31
Electronic absorption spectroscopy (UV/Vis) was performed
using a Perkin–Elmer Lambda 19 spectrometer, running UV
Winlab software. Spectra were measured using 1 cm quartz
cuvettes. 

Fluorescence spectra were recorded in 1 cm quartz cuvettes
using a Hitachi F-4500 fluorescence spectrometer, running FL
Solutions software. Relative quantum yields were determined by
comparison to either Fluorescein in 0.1 m NaOH ( ΦR = 0.95 at
496 nm) or [Ru(bipy)3 ](PF6 )2 in water ( ΦR = 0.042 in water at
420 nm). 

Solid-state Raman spectra were recorded using a Renishaw InVia
confocal Raman microscope. Spectra were recorded in the range
200–4000 cm− 1 using the extended scan option. Excitation was
either using a 785 or 532 nm laser depending on the amount
of photoluminescence. Additionally, various laser powers were
used in a tunable mode as required depending on the amount of
photoluminescence. 

High Performance Liquid Chromatography (HPLC) was per-
formed using a Gilson HPLC instrument equipped with a Dionex
C18 Acclaim column (5 µm , 4.6 × 150 mm). 

Method A: A 15-minute gradient method was applied using H2 O/
MeCN each containing 0.1% TFA as mobile phases with the
following conditions: flow rate 1 mL/min, 0 min 20% MeCN; 1 min
20% MeCN; 4 min 95% MeCN; 11.5 min 95% MeCN; 13.5 min 15%
MeCN, 15 min 15% MeCN. 

Method B: A 20-minute gradient method was applied using H2 O/
MeCN containing 0.1% TFA as mobile phases with the following
conditions: flow rate 1 mL/min, 0 min 20% MeCN; 1 min 20%
MeCN; 4 min 95% MeCN; 11.5 min 95% MeCN; 17.5 min 15%
MeCN, 20 min 15% MeCN. 

Method C: A 35-minute gradient method was applied using
H2 O/MeCN each containing 0.1% TFA as mobile phases with the
following conditions: flow rate 1 mL/min, 0 min 5% MeCN; 12 min
95% MeCN; 26 min 95% MeCN; 30 min 5% MeCN, 35 min 5%
MeCN. 

4.2 X-Ray Crystallography 

Intensity data for HL1 and BODIPY-NHS were collected at
150(2) K on a Rigaku Xcalibur, EosS2 single crystal diffractometer
using graphite monochromated Mo-K α radiation ( λ = 0.71073 Å)
and for HL4, GaL1, GaL2 and InL2 on a Rigaku SuperNova
Dual EosS2 single crystal diffractometer using monochromated
Cu-K α radiation ( λ = 1.54184 Å). Unit cell determination,
data collection data reduction and absorption correction were
performed using the CrysAlisPro software [ 91 ]. The structures
were solved with SHELXT [ 92, 93 ] and refined by a full-
matrix least-squares procedure based on F2 (SHELXL-2018/3)
[ 92, 93 ]. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed onto calculated positions and
refined using a riding model. Where possible hetero atom
hydrogen atoms were located in the difference Fourier map
and were refined freely or with bond length restraints. The
CCDC deposition data were: HL1 (C9 H13 N5 S) CCDC 2493568 ,
Advanced Science, 2026

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/advs.202519815
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L2 (as a HPF6 and H2 O adduct C13 H15 N4 SPF6 .H2 O CCDC
516861 , GaL1 (C18 H24 GaN10 S2 , PF6 ) CCDC 2540008 , GaL2
C26 H26 GaN8 S2 , PF6 ) CCDC 2516141 , InL2 (C26 H26 InN8 S2 , PF6 )
CDC 2540007 , BODIPY-NHS (C22 H22 BF2 N3 O4 ) CCDC 2493570
nd HL4 (C33 H32 BF2 N7 OS) CCDC 2493569 , and selected crystal
ata and structure refinement and molecular structures are given
n Supporting Information including Figures S120–S126 . 

.3 Cell Culture and Preparation 

ells were cultured at 37◦C, 5% CO2 and high humidity. Once con-
luence was greater than 70% cells were collected. PC-3 [ 94 ] and
eLa [ 95 ] were purchased from ATCC. PC-3 cells were cultured
n Roswell Park Memorial Institute (RMPI) 1640 serum and HeLa
n Eagle’s Minimum Essential Medium (EMEM) using standard
rotocols. The medium contained; 10% foetal calf serum (FCS),
.5% penicillin/streptomycin (10 000 IU mL− 1 1/10 000 mg mL− 1 ),
nd 1% 200 m m L -glutamine. Phenol red was absent in all
reparation steps. Supernatant containing dead cells and excess
rotein was aspirated. Live adherent cells were washed with
0 mL of phosphate buffer saline (PBS), removing any remaining
edia containing FCS. Cells were incubated with 6 mL trypsin
olution (0.25% trypsin in PBS) for 8–10 min at 37◦C. After
his time, 6 mL of 10% RMPI medium was added to inactivate
he trypsin, with the resultant solution centrifuged for 7 min
1000 rpm, room temperature), to remove any remaining dead
ell matter. The supernatant liquid was aspirated, and 4 mL
f 10% RMPI medium was added to the remaining cells. Cells
ere counted using a haemocytometer and seeded as appropri-
te. For AG09429 (human gingival fibroblasts) were purchased
rom the Coriell Institute for Medical Research (Camden, New
ersey), obtained from a 25-year-old apparently healthy female
onor [ 96 ]. AGO9429 were cultured using the same procedure
s Eagle’s Minimum Essential Medium (EMEM). The media
ontained FCS (15%), 0.5% v/v penicillin/streptomycin (10 000
U mL− 1 /10 000 mg mL− 1 ) and 1% v/v L -Glutamine (200 m m ).
ll cells were tested for validity using standard mycoplasma
creening protocols and these were contaminants free: upon
efrosting, the cell stocks were cultured and maintained in
ccordance with the standard guidelines [ 97 ]: they were routinely
hecked for mycoplasma contamination and their culture was
imited to 10 passages maximum from the frozen and certified
tocks received. 

.4 MTT Assay Procedures 

ells cultured as described above were plated (7 × 103 cells mL− 1 ),
n a 96-well plate and were left to adhere for 48 h at 37◦C
nd 5% CO2 . Compounds were extensively lipophylised prior
o assays and kept under vacuum drying overnight. Purity was
eemed to be > 90% by a combination of HPLC, NMR and
GA evaluations. The corresponding solutions were made by
issolving solids in fresh DMSO which were subsequently loaded
t different concentrations into wells and were cultured for either
0 min, 24 h or 48 h, and in soe cases assyas were extended to
2 h observations. Final concentrations were: 250 µm , 100 µm ,
0 µm , 10 µm , 1 µm , 0.5 µm , 0.1 µm , and 1 n m (1% compound
n DMSO, 99% of 10% FCS media). After incubation for the
pecified time point, supernatant was aspirated from each well,
dvanced Science, 2026
which were then washed twice with PBS. 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to each
well (0.5 mg/mL, 10% serum free media (SFM)), followed by a
three-hour incubation. After aspiration of the MTT, 100 µL of
DMSO was added to the wells. Plates were then read using a
BMG LABTECH FLUOstar Optima microplate reader. Data were
obtained from 3 plates per time point and was analysed using
origin 9.1 to calculate IC50 values. Error was reported as the
standard error. 

4.5 Cell Culture for Imaging Procedures 

Cells were seeded as monolayers in T75 tissue culture flasks
(Falcon) and maintained in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% fetal bovine serum
(FBS), L -glutamine, penicillin, and streptomycin. Cultures were
incubated at 37◦C in a humidified atmosphere containing 5% CO2 
and passaged using trypsin upon reaching 70%–80% confluence. 

For fluorescence microscopy, cell monolayers were plated in
glass-bottom Petri dishes three days before imaging to ensure
proper adhesion, with approximately 7.5 × 104 cells per dish. Prior
to microscopy experiments, cells were seeded onto sterile glass
dishes and incubated for 48 h to allow adherence. Stock solutions
of the fluorescent compounds (1 m m in DMSO) were prepared
and diluted in RPMI to achieve a final concentration of 10 µm
(10 µL of a 10 m m solution in 990 µL medium). After aspiration
of the growth medium, cells were washed five times with Hank’s
balanced salt solution (HBSS), incubated with the compound-
containing medium for 20 h at 37◦C, and subsequently washed
three times with HBSS to remove non-internalized compounds.
Cells were then recovered in 1 mL of serum-free RPMI for
imaging. 

Confocal fluorescence microscopy was performed using a Nikon
Eclipse Ti2-E inverted confocal microscope equipped with an
LU-N3 laser unit (405, 488, and 561 nm) or a Nikon A1Rsi
laser scanning confocal system fitted with a 60 × oil-immersion
objective lens. The microscope included a motorized piezo Z-
stage, halogen lamp, and mercury lamp for widefield fluorescence
imaging. All images were processed using the NIS-Elements
software package (Nikon Instruments). 

Cell uptake studies using correlated CFM and two-photon FLIM
were carried out on live PC-3 or HeLa cells adhered to glass-
bottom Petri dishes and incubated with the compounds for 15,
20, or 30 min at 37◦C. Control images were recorded from
cells exposed to Dulbecco’s Modified Eagle Medium (DMEM)
containing 1% DMSO to account for cellular autofluorescence.
The compounds were dissolved in 1% DMSO and added to the cell
culture medium to give final concentrations ranging from 10 to
100 µm . Fluorescence lifetime decays were collected for the entire
field of view at 5 min intervals, with uptake reaching a maximum
within 30 min. The data and images presented were obtained after
20 min of incubation. 

Epifluorescence microscopy images were captured using a Nikon
Eclipse TE2000 epifluorescence microscope. Cells were cultured
as described above and plated in a glass-bottom petri dish (35 mm
diameter and 1.5 mm thickness) at 1.5 × 105 –2.5 × 105 cells per
21 of 31
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TABLE 5 Estimated clogP values for relevant compounds and metal 
complexes [ 102 ]. 

Compound clogP 

Triapine 0.06 
Cisplatin 0.06, -0.16a , -2.2c 

HL1 0.94, 0.64a , 0.98b 

HL2 2.50, 2.39a , 2.95b 

GaL1 0.95a ; 1.39b 

GaL2 4.47a , 3.60b 

InL1 1.33a ; 1.39b 

InL2 4.85a , 3.55b 

BODIPY-COOH 2.79 
BODIPY-NHS 2.44 
BODIPY-EN 2.15 
HL1 2.77, 4.40a , 2.41b 

HL2 3.91, 5.77a , 4.13b 

GaL3 4.46a , 3.97b 

GaL4 5.35b 

InL3 4.45 a , 3.97b 

InL4 5.35b 

FeL3 4.46a , 3.97b 

FeL4 5.35b 

a WLOGP. 
b Value obtained from https://vcclab.org/web/alogps /. 
c Experimental value. 
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ish and were left 48 h for cells to adhere. Prior to microscopy
bservation, cultured cells were washed with PBS three times
nd refilled with 990 µL of serum-free media. Subsequently, com-
ounds (10 µL in DMSO) were loaded to make the final volume
 mL, at the appropriate concentration. Final concentrations were
ncubated with 1% DMSO. After the appropriate incubation time
t either 37◦C or 4◦C, cells were washed with PBS three times,
efilled with fresh SFM (1 mL) with confocal images captured
mmediately afterward. 

mages were processed using Nikon NIS elements-AR Analysis
.30.02 software. 

o-localisation Studies: To glass-bottom petri dishes loaded with
ompound and washed as described above, 10 µL of desired
racking dye in 990 µL SFM was added, to give final, work-
ng concentrations as stated by the manufacturer. Dyes used
ere: ER-Tracker Red (BODIPY TR Glibenclamide), MitoTracker
ed CMXRos, Invitrogen LysoTracker Red DND-99, ER-Tracker
reen (BODIPY FL Glibenclamide), and Invitrogen MitoTracker
reen FM. Microscope dishes were then incubated for 20 min
t 37◦C. Plates were then washed with PBS twice, refilled with
 mL fresh SFM and immediately imaged. Images were processed
sing Nikon NIS elements-AR Analysis 4.30.02 software. Pearson
alues were calculated from 3 random fields of view over 3
ndependent experiments. Errors were reported as the standard
eviation. 

luorescence Lifetime imaging microscopy experiments were
arried out at the Rutherford Appleton Laboratory using the
entral Laser Facility OCTOPUS cluster. The instruments used
or the 1P confocal-FLIM and 2P-FLIM have been previously
escribed [ 89 ]. 

-Photon FLIM: Correlated images were acquired by raster scan-
ing focused near-infrared (NIR, 910 nm) femtosecond pulsed
aser light (200 fs, 76 MHz; Coherent Mira F900, pumped
y Verdi V15 lasers) through a 60 × water-immersion objective
NA 1.2). Emission was filtered using a BG39 filter following
ultiphoton excitation and detected with a Hamamatsu R3809U
hotomultiplier tube. Point fluorescence decays were recorded
or each pixel (minimum 128 × 128 pixels), and lifetimes were
alculated using Becker & Hickl SPCImage software (v. 4) as
reviously described [ 43–50 ]. 

or the 1-Photon excitation, 488 nm light was obtained using a
uper K Extreme NKT-SC 390–2000 nm super continuum laser
NKT, Photonic Solutions, UK) (variable repetition rate with 40–
0 ps pulse width). The laser repetition rate was reduced to
9 MHz. SuperK SELECT (NKT) was used to obtain the 488 nm.
maging was carried out on a Nikon Ti2-E microscope equipped
ith a 60 ×, NA 1.27 water immersion objective. A Nikon EC2-
i confocal scan head was used to raster-scan the laser, and
luorescence was collected through the same objective. Detection
as performed using a hybrid photomultiplier tube (HPM100-40,
ecker & Hickl), with a 525/39 bandpass filter and an FL515 long-
ass filter (Thorlabs) to eliminate laser scatter. 

or the 2-Photon excitation, a mode-locked tunable laser, 660–
320 nm (Chameleon Discovery NX, Coherent Lasers), was used
o provide a laser light at a wavelength of 910 nm with 100 fs
2 of 31
pulse width at 80 MHz. this is a custom-built system constructed
around the same 1PE microscope coupled to a Nikon EC1
modified confocal scanhead. 

FLIM acquisition was carried out using the same confocal
setup, integrated with a Becker & Hickl SPC830 or SPC-QC
104 time-correlated single-photon counting (TCSPC) module,
controlled via SPCM software (version 9.0, 64-bit). Images were
acquired at a resolution of 256 × 256 or 512 × 512 pixels using
FiFo mode, which records individual photon arrival times and
spatial coordinates, storing the data on the TCSPC PC card.
Before FLIM data acquisition, the instrument response function
(IRF) was determined to correct for electronic noise and laser
pulse fluctuations. Calibration was performed using fluorophores
with well-characterized lifetimes, including 1 µm fluorescein,
rhodamine B, and 7-hydroxycoumarin carboxylic acid in water.
Imaging proceeded only when measured lifetimes were within 5%
of published values [ 90 ]. 

4.6 Zebrafish Husbandry 

All experiments were conducted with approval from the local
ethical review committee at the University of Bath and in
accordance with the UK Home Office regulations (Guidance on
the Operation of Animals, Scientific Procedures Act, 1986). All
work was performed on zebrafish ( Danio rerio ) using wildtype AB
Advanced Science, 2026
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trains, which were reared at 28.5◦C on a 14 h light/10 h dark cycle.
taging and husbandry were performed as previously described
 98 ]. Embryos were raised in E3 media (5 m m NaCl, 0.17 m m KCl,
.33 m m CaCl2 , 0.33 m m MgSO4 ) with 0.1% methylene blue up to
he point of experimentation, according to standard protocols. 

.7 Zebrafish Compound Treatment and 

maging Experiments 

ompound treatment was performed at the indicated concen-
rations (10 or 200 µm ) in 1% DMSO for 120 min, using E3
edia without additional methylene blue. The Ga(NO3 )3 was
t a range of 100 µm to 10 m m , with 100 µm the one selected
or pre-incubation. Following treatment, larvae were washed
 × 5 min in E3 media, followed by immediate imaging. Prior
o imaging, zebrafish larvae (4 dpf) were anaesthetized using
ricaine (Sigma-Aldrich). For confocal imaging, fish were sub-
equently mounted in 1% low-melting point agarose in 60 mm
etri dishes and submerged in a layer of E3 media approximately
 mm in depth. Fluorescent stereomicroscope images were
enerated on a Leica MZFLiii system (Leica Microsystems) and
aptured using an Olympus EP50 camera (Olympus/Evident
orporation). Confocal images were generated on an Olympus
luoview FV3000 system (Evident). 

.8 Zebrafish Image Analysis and Statistics 

iji (ver. 2.16.0) was used for all image analysis. Fluorescent
egions of interest (ROIs) were selected by utilizing the “wand”
ool (Legacy mode), and these were used to quantify fluorescence
ntensity for the digestive system. Mean fluorescence intensity
alues were extracted for each ROI. Mean values were calculated
nd plotted using GraphPad Prism (ver. 10.6.1). Statistical analysis
as carried out using a one-way ANOVA test. Results are repre-
ented as mean ± SEM. The criterion for statistical significance
as set at p < 0.05. 

.9 Synthesis of (E)- N,N -2-(1-(pyrimindin-2- 
l)eth ylidene)Hydrazine-1-Carbothiomaide 
HL1) 

 

-Acetylpyrimidine (100 mg, 0.89 mmol) and 4,4-dimethyl-3-
hiosemicarbazide (300 mg, 2.5 mmol) were suspended in EtOH
20 mL). The resultant solution was stirred at room temperature
nd after 5 min a drop of HCl (75 µL) was added, and the reaction
as left to stir for 1 h. The resultant precipitate was vacuum
iltered and washed with cold EtOH to afford a yellow solid
138 mg, 69%). 

nal. Calcd for C9 H13 N5 S: C, 48.39; H, 5.87; N, 31.37. Found: C,
8.76; H, 5.68; N, 32.17. 
dvanced Science, 2026
1 H NMR (400 MHz, (CD3 )2 SO, 298 K): δ 11.08 (s, 1H, NH), 8.96
(d, J = 4.9 Hz, 2H, H-2), 7.56 (t, J = 4.9 Hz, 1H, H-1), 2.62 (s, 6H,
H-7), 2.42 (s, 3H, H-5). 

13 C{1 H} NMR (101 MHz, (CD3 )2 SO, 298 K): δ 179.3 (C-6), 159.1 (C-
3), 157.8 (C-2), 140.7 (C-4), 120.7 (C-1), 40.6 (C-7). 

ESI-MS : [M + H]+ C9 H13 N5 S calc. 224.096, found: 224.097. 

HPLC (Method A): Rt (min) 8.41. 

IR (solid): ν (cm− 1 ) 3316 (NH), 3115 (NH), 3066, 2929, 2896, 1990,
1902, 1616, 1598, 1558, 1522, 1503, 1458, 1425, 1363, 1302, 816, 79, 450.

4.10 Synthesis of ( E )- N , N -Dimethyl-2-(quinolin- 
2-ylmethylene)Hydrazine-1-Carbothioamide 
(HL2) 

2-Quinolinecarboxaldehyde (200 mg, 1.27 mmol) and 4,4-
dimethyl-3-thiosemicarbazide (150 mg, 1.25 mmol) were sus-
pended in EtOH (20 mL) and stirred at room temperature. After
5 min of stirring, HCl (75 µL) was added, the solution was then
left stirring for a further hour. The orange product was collected
by vacuum filtration (278 mg, 86%). 

Anal. Calcd for C26 H26 N8 S2 : C, 60.44; H, 5.58; N, 21.69. Found: C,
60.97; H, 5.01; N, 21.26. 

1 H NMR (400 MHz, (CD3 )2 SO, 298 K): δ 11.11 (s, 1H, NH), 8.61 (d,
J = 8.7 Hz, 1H, H-8), 8.55 (s, 1H, H-10), 8.17 (d, J = 8.7 Hz, 2H, H-5,
H-7), 8.11 (d, J = 8.2 Hz, 1H, H-2), 7.90 (t, J = 8.7 Hz, 1H, H-4), 7.72
(t, J = 7.7 Hz, 1H, H-3), 3.36 (s, 6H, H-12). 

13 C{1 H} NMR (101 MHz, (CD3 )2 SO, 298 K): δ 178 (C-11), 152.8 (C-
9), 147.3 (C-1), 143.7 (C-10), 139 (C-7), 138.7 (C-3), 131.3 (C-2), 128.2
(C-5), 127.8 (C-6), 126.5 (C-4), 118.3 (C-8), 40.1 (C-12). 

ESI-MS : [M + H]+ C13 H14 N4 S calc. 259.1017, found: 259.1019. 

HPLC (Method A): Rt (min) 8.23. 

IR (solid): ν (cm− 1 ) 3063 (NH), 3009 (NH), 2921, 1622, 1576, 1540,
1497, 1449, 1424, 1363, 1300, 831, 819, 787, 746, 706. 

4.11 Synthesis of Complex GaL1 
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ompound HL1 (50 mg, 0.22 mmol) and Ga(NO3 )3 (28 mg
.11 mmol) were dissolved in EtOH (15 mL) and stirred for 1 h
t room temperature. KPF6 (18 mg, 0.11 mmol) was added to
he solution which was left to stir for an hour. Precipitate was
ollected by vacuum filtration and washed with cold EtOH, to
fford a yellow solid (42.4 mg, 74%). Elemental Anal. Calcd for
18 H24 GaN10 PF6 S2 ⋅1.5H2 O: C, 31.50; H, 3.97; N, 20.41. Found: C,
1.53; H, 3.57; N, 20.91. 

 H NMR (400 MHz, CD3 CN, 298 K): δ 9.09–8.30 (broad m, 2H,
-1 H-3), 7.63 (t, J = 5.2 Hz, 1H, H-2), 3.38 (s, 12H, H-8), 2.79 (s,
H, H-6). 

9 F NMR (376 MHz, DMSO) δ − 70.15 (P F6 , d , J = 711 Hz). 

1 P NMR (162 MHz, DMSO) δ − 144.19 (sept, J = 711 Hz) 

SI-MS : [M]+ C18 H24 GaN10 S2 calc. 513.0879, found: 513.0880. 

PLC (Method A): Rt (min) 9.56. 

R (solid): ν (cm− 1 ) 3078 (weak), 2933, 2859, 2778, 1583, 1555, 1510,
455, 1385, 1361, 1304, 825, 744, 653, 555. 

.12 Synthesis of Complex GaL2 

ompound HL2 (60 mg, 0.24 mmol) and Ga(NO3 )3 (31 mg
.12 mmol) were dissolved in EtOH (15 mL) and stirred for 1 h
t room temperature. KPF6 (23 mg, 0.12 mmol) was then added
o the solution which was left to stir for an hour. Precipitate was
ollected by vacuum filtration and washed with cold EtOH, to
fford a bright orange solid (56 mg, 76%). 

 H NMR (400 MHz, (CD3 )2 SO, 25◦C, 298 K): δ 9.28 (s, 2H, H-10),
.85 (d, J = 8.5 Hz, 2H, H-7), 8.19 (d, J = 8.5 Hz, 2H, H-8), 8.07 (dd,
 = 8.2, 1.5 Hz, 2H, H-5), 7.69 (ddd, J = 8.6, 6.9, 1.6 Hz, 2H, H-3),
.58 (ddd, J = 8.1, 6.9, 1 Hz, 2H, H-4), 7.44 (d, J = 8.7 Hz, 2H, H-2),
.32 (s, 6H, H-12), 3.18 (s, 6H, H-12). 

9 F NMR (376 MHz, DMSO) δ − 70.13 (P F6 , d , J = 711 Hz). 

1 P NMR (162 MHz, DMSO) δ − 144.19 (sept, J = 711 Hz) 

1 Ga NMR (122 MHz, DMSO) δ − 1.81 

SI-MS : [M]+ C26 H26 GaN8 S2 calc. 583.0978, found: 583.0979. 

PLC (Method A): Rt (min) 7.95. 
4 of 31
IR (solid): ν (cm− 1 ) 3091 (weak), 2978.5, 2933, 1601, 1589 (sh), 1512,
1391, 1364, 1310, 1297, 823, 776, 774, 556. 

4.13 Synthesis of Complex InL1 

Compound HL1 (75 mg, 0.34 mmol) and In(NO3 )3 (37 mg
0.16 mmol) were dissolved in EtOH (15 mL) and stirred for 1 h
at room temperature. KPF6 (31 mg, 0.16 mmol) was then added to
the solution which was left to stir for a further hour. Precipitate
was collected by vacuum filtration and washed with cold EtOH,
to afford the desired product as a bright yellow solid (75 mg, 80%).

1 H NMR (400 MHz, CD3 CN, 298 K): δ 9.09 (m, 2H, H-1/3), 8.94
(m, 2H, H-1 /3), 7.69 (t, 2H, J = 5.1 Hz, H-2), 3.38 (s, 12H, H-8), 2.65
(s, 6H, H-6). 

13 C{1 H} NMR (101 MHz, (CD3 )2 SO, 298 K) δ: 175.2 (C-7), 155.9 (C-
5), 142.9 (C-4), 123.5 (C-2), 121.5 (C-1/3), 43.2 (C-8), 13 (C-6). 

19 F NMR (376 MHz, DMSO) δ − 70.15 (P F6 , d , J = 711 Hz). 

31 P NMR (162 MHz, DMSO) δ − 144.19 (sept, J = 711 Hz) 

ESI-MS : [M]+ C18 H24 InN10 S2 , calc. 599.0660, found: 559.0662. 

HPLC (Method A): Rt (min) 9.14. 

IR (solid): ν (cm− 1 ) 2927, 2851, 1582, 1552, 1503, 1446, 1385, 1364,
1297, 829, 793, 556, 433. 

4.14 Synthesis of Complex InL2 

Compound HL2 (50 mg, 0.20 mmol) and In(NO3 )3 (22 mg
0.20 mmol) were dissolved in EtOH (15 mL) and stirred for 1 h
at room temperature. KPF6 (19 mg, 0.20 mmol) was then added
to the solution which was left to stir for a further hour. The
Advanced Science, 2026
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recipitate was collected by vacuum filtration and washed with
old EtOH, to afford the desired product as an orange solid (47 mg,
4%). 

 H NMR (400 MHz, (CD3 )2 SO, 298 K): δ 9.13 (d, J = 8.8 Hz, 1H,
-8), 8.76 (d, J = 8.5 Hz, 1H, H-7), 8.64 (s, 1H, H-10), 8.17–8.1 (m,
H, H-5), 8.01–7.90 (m, 2H, H-2,4), 7.74 (t, J = 7.5 Hz, 1H, H-3), 3.34
s, 6H, H-12). 

3 C{1 H} NMR (101 MHz, (CD3 )2 SO, 298 K) δ: 183.2 (C-11), 177 (C-
), 148.8 (C-1), 143.2 (C-8), 143 (C-10), 137.7 (C-3), 133.9 (C-7), 129.9
C-6), 128.3 (C-4), 124.2 (C-2), 122.5 (C-5), 40.1 (C-12). 

9 F NMR (376 MHz, DMSO) δ − 70.15 (P F6 , d , J = 711 Hz). 

1 P NMR (162 MHz, DMSO) δ − 144.19 (sept, J = 711 Hz) 

SI+ -MS : [M]+ C26 H26 InN8 S2 calc. 629.0753, found: 629.0751. 

PLC (Method A): Rt (min) 8.05. 

R (solid): ν (cm− 1 ) 3349 (weak), 3188 (weak), 2978.5, 2930, 1653,
635, 1592, 1506, 1394, 1367, 1295, 900, 898, 750, 625, 487, 462. 

E)-4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4l4,5l4- 
ipyrrolo[1,2-c:2’,1’-f][1,3,2]diazaborinin-10-yl)-N- 
2-(2-(1-(pyrimidin-2-yl)ethylidene)hydrazine-1- 
arbothioamido)ethyl)benzamide, HL3 

ompound HL1 (130 mg, 0.58 mmol) and compound BODIPY-
n (300 mg, 0.73 mmol) were suspended in MeCN (30 mL)
nd refluxed for 16 h at 90◦C. The resulting solution was dried
nder vacuum, and the residual solid redissolved in the minimum
mount of CH2 Cl2 . Flash chromatography was used to purify the
rude mixture using DCM/MeOH (0%–10%). The desired product
as obtained as a red solid (200 mg, 58%). 

 H NMR (400 MHz, (CD3 )2 SO, 298 K): δ 13.97 (s, 1H, NH-1), 8.95–
.91 (m, 2H, H-11), 8.81 (d, J = 4.9 Hz, 1H, H-2), 8.25 (t, J = 6.5 Hz,
H, NH-2), 8.05 (d, J = 8.2 Hz, 1H, H-2), 7.83 (t, J = 6.5 Hz, 1H, NH-
), 7.39–7.34 (m, 3H, H-1/12), 5.96 (s, 2H, H-18), 4.19–4.11 (m, 2H,
-7), 3.81–3.77 (m, 2H, H-8), 2.55 (s, 6H, H-20), 2.47 (s, 3H, H-5),
.34 s, 6H, H-17). 
dvanced Science, 2026
19 F{1 H} NMR (376 MHz, (CD3 )2 SO, 298 K): δ− 146.26 (dd, J = 65.4,
32.3 Hz). 

11 B{1 H} NMR (128 MHz, (CD3 )2 SO, 298 K): δ 0.77 (t, J = 33 Hz). 

ESI-MS : [M + H]+ C29 H31 BF2 N8 OS, calc. 589.2840, found:
589.2480. 

HPLC (Method B): Rt (min) 6.63 

IR (solid): ν (cm− 1 ) 3255 (NH), 2962, 2924, 2850, 1645, 1543, 1505,
1466, 1407, 1306, 1193, 1150, 1093, 804, 734, 475 

(E)-4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4l4,5l4- 
dipyrrolo[1,2-c:2’,1’-f][1,3,2]diazaborinin-10-yl)- 
N-(2-(2-(quinolin-2-ylmethylene)hydrazine-1- 
carbothioamido)ethyl)benzamide HL4 

Compound HL2 (125 mg, 0.48 mmol) and compound BODIPY-
En (224 mg, 0.55 mmol) were suspended in MeCN (30 mL)
and refluxed for 16 h. The resulting solution was dried under
reduced pressure, and the residual solid redissolved in DCM.
Flash chromatography was used to purify the crude mixture using
DCM/MeOH (0%–10%). The desired product was obtained as a
red solid (195 mg, 65%). 

1 H NMR (400 MHz, (CD3 )2 SO, 298 K): δ 11.95 (s, 1H, NH-1), 9.07
(t, J = 5.3 Hz, 1H, NH-2), 8.94 (t, J = 5.6 Hz, 1H, NH-3), 8.53 (d,
J = 8.7 Hz, 1H, H-8), 8.40 (d, J = 8.7 Hz, 1H, H-7), 8.24 (s, 1H, H-10),
8.13–8.09 (m, 2H, H-16), 8.02–7.97 (m, 2H, H-2), 7.79–7.76 (m, 1H,
H-4), 7.64–7.60 (m, 1H, H-3), 7.54–7.51 (m, 2H, H-17), 6.16 (s, 2H,
H-23), 3.80 (q, J = 5.9 Hz, 2H, H-13), 3.60 (q, J = 5.8 Hz, 2H, H-12),
2.45 (s, 6H, H-25), 1.31 (s, 6H, H-22). 194.28, 178.22, 166.95, 163.52,
155.64, 147.39, 143.11, 141.45, 138.52, 137.53, 135.13, 131.38, 130.23,
128.86, 127.76, 121.98, 118.47, 117.63, 49.06, 44.56, 41.45, 34.86, 29.44,
14.68, 14.53. 

19 F{1 H} NMR (376 MHz, (CD3 )2 SO, 298 K): δ− 145.86 (dd, J = 65.4,
32.3 Hz). 

11 B{1 H} NMR (128 MHz, (CD3 )2 SO, 298 K): δ 0.75 (t, J = 33 Hz). 

ESI-MS : [M + H]+ C33 H32 BF2 N7 OS calc. 624.2525, found: 624.2525.

HPLC (Method B): Rt (min) 6.11, (Method C): Rt (min) 11.72 min
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R (solid): ν (cm− 1 ) 3247 (NH), 2970, 2920, 1655, 1540, 1502, 1476,
410, 1306, 1190, 1153, 1090, 805, 735, 476. 

.15 Synthesis of Complex GaL3 

ompound HL3 (20 mg, 0.04 mmol) and Ga(NO3 )3 (4.6 mg,
.02 mmol) were dissolved in MeOH (8 mL) and stirred at room
emperature for 3 h. KPF6 (3.2 mg, 0.02 mmol) was then added to
he reaction mixture which was left stirring for a further hour. The
recipitate was then collected by vacuum filtration and washed
ith cold MeOH to afford the desired complex as a red solid.
roduct was obtained as a red solid (18 mg, 67%) which was
urther recrystallized from CHCl3 . 

 H NMR (500 Hz, (CD3 )2 SO, 298 K): δ 11.87 ((b, protonation of
 ═ N(H) in solution), 8.82 (dd, 2H, H-2), 8.07 (d, 3 J = 8 Hz, 4H,
-12), 7.87 (m, 4H, H-1, H-3), 7.54 (d, 3 J = 8 Hz, 4H, H-13), 6.20 (s,
H, H-19), 3.54 (m, 4H, H-8), 3.04 (m, 4H, H-9), 2.52 (s, 6H, H-6),
.46 (s, 12H, H-21), 1.34 (s, 12H, H-18). 13 C{1 H} NMR (151 MHz,
MSO- d6 ) δ 197.85, 179.13, 178.07, 166.74, 162.25, 159.88, 158.03,
55.66, 147.22, 146.43, 143.79, 141.42, 139.31, 137.20, 135.36, 130.87,
28.67, 122.17, 121.38, 43.75, 14.58. 

9 F{1 H} NMR (376 MHz, (CD3 )2 SO, 298 K): δ − 143.64 (dd, B F2,
 = 65.4, 32.3 Hz); − 70.15 (P F6, d, J = 711 Hz ). 

1 B{1 H} NMR (128 MHz, (CD3 )2 SO, 298 K): δ 0.59 (t, J = 32.6 Hz).

1 P NMR (162 MHz, (CD3 )2 SO) δ − 144.19 (sept, J = 711) 

ass Spectrum : ESI-MS Calc. For C58H60B2F4GaN16O2S2
M] + : 1243.3981, Found: 1243.4024 

PLC (Method B): Rt (min) 9.88 

R (solid): ν (cm− 1 ) 2962, 1648, 1541, 1506, 1469, 1403, 1361, 1305,
186, 1158, 1054. 

.16 Synthesis of Complex GaL4 
6 of 31
Compound HL4 (25 mg, 0.04 mmol) and Ga(NO3 )3 (4.6 mg,
0.02 mmol) were dissolved in MeOH (8 mL) and stirred at room
temperature for 3 h. KPF6 (3.2 mg, 0.02 mmol) was then added to
the reaction mixture which was left stirring for a further hour. The
precipitate was then collected by vacuum filtration and washed
with cold MeOH to afford the desired complex as a red solid
(16 mg, 74%) which was further recrystallized from CHCl3 . 

1 H NMR (400 MHz, (CD3 )2 SO, 298 K): δ 11.92 (b, protonation
of C ═ N(H) in solution), 9.02 (t, J = 5.3 Hz, 1H, NH-1 ), 8.93 (t,
J = 5.3 Hz, 1H, NH-2), 8.48 (d, J = 8.7 Hz, 1H, H-8), 8.40 (d,
J = 8.7 Hz, 1H, H-7), 8.22 (s, 1H, H-10), 8.16–8.05 (m, 2H, H-16),
8.02–7.97 (m, 2H, H-2), 7.80–7.75 (m, 1H, H-4), 7.65–7.60 (m, 1H,
H-3), 7.54–7.51 (m, 2H, H-17), 6.17 (s, 2H, H-23), 3.80 (q, J = 5.9 Hz,
2H, H-13), 3.60 (q, J = 5.8 Hz, 2H, H-12), 2.45 (s, 6H, H-25), 1.28 (s,
6H, H-22). 

13 C{1 H} (126 MHz, DMSO- d6 ): δ 197.85, 179.13, 178.07, 166.74,
162.25, 159.88, 158.03, 155.66, 147.22, 146.17, 143.79, 143.27, 143.00,
141.42, 139.31, 137.20, 135.36, 130.87, 128.50, 122.17, 121.38, 39.90,
39.63, 14.58 

19 F{1 H} NMR (376 MHz, (CD3 )2 SO, 298 K): δ − 143.64 (dd, B F2,
J = 65.4, 32.3 Hz); − 70.14 (P F6 , d, J = 711 Hz). 

11 B{1 H} NMR (128 MHz, (CD3 )2 SO, 298 K): δ 0.57 (t, J = 32.3 Hz).

31 P NMR (162 MHz, DMSO) δ − 142.06 (septet, J = 711 Hz). 

71 Ga NMR (122 MHz, DMSO) δ − 1.93. 

ESI-MS : [M + H]+ C66 H62 B2 F4 GaN14 O2 S2 calc. 1313.4000, found:
1313.4015. 

IR (solid): ν (cm− 1 ) 2961, 1645, 1542, 1506, 1474, 1404, 1371, 1304,
1190, 1155, 1071. 

HPLC (Method C): Rt (min) 13.69 min 

4.17 Synthesis of Complex InL3 

Compound HL3 (20 mg, 0.04 mmol) and In(NO3 )3 (6 mg,
0.02 mmol) were dissolved in MeOH (8 mL) and stirred at room
temperature for 3 h. KPF6 (3.2 mg, 0.02 mmol) was then added to
the reaction mixture which was left stirring for a further hour. The
precipitate was then collected by vacuum filtration and washed
with cold MeOH to afford the desired complex as a dark red solid
(24 mg, 84%) which was further recrystallized from CHCl3 . 

1 H NMR (400 Hz, DMSO-d6, 25◦C): δ 11.93 ((b, protonation of
C ═ N(H) in solution), 8.83 (m, 2H, H-2), 8.05 (d, 3 J = 8 Hz, 4H, H-
12), 7.85 (m, 4H, H-1, H-3), 7.55 (d, 3 J = 8 Hz, 4H, H-13), 6.25 (s,
Advanced Science, 2026
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H, H-19), 3.56 (m, 4H, H-8), 3.10 (m, 4H, H-9), 2.55 (s, 6H, H-6),
.49 (s, 12H, H-21), 1.36 (s, 12H, H-18). 

 H NMR (400 MHz, CDCl3 ) δ 13.90 (b, protonation of C ═ N(H)
n solution), 8.95 (s, 1H, H-2), 8.87 ( dd , J = 4.9, 3.4 Hz, 2H H-1, H-
), 8.19–7.77 (broad m, H11-H13), 5.90 (s, 2H, H-19), 4.09 (m, H-8 ),
.81–3.38 (m, 4H, H-9), 2.48 (s, 6H, H-6), 2.40 (broad s, 12H, H-21),
.27 (s, 12H, H-18) 

9 F NMR (376 MHz, CDCl3 ) δ− 72.59 (d, J = 48.2 Hz), − 146.26 (dd,
 = 34, J = 65.4 Hz). 

1 B NMR (128 MHz, CDCl3 ) δ 0.75 (t, J = 34 Hz). 

SI-MS : [M]+ C58 H60 B2 F4 InN16 O2 S2, calc. 1289.3700, found:
289.3700. 

PLC (Method B): Rt (min) 12.96. 

R (solid): ν (cm− 1 ) 2961, 1644, 1542, 1506, 1467, 1400, 1360, 1304,
181, 1154, 1048, 970, 832, 825, 788, 732. 

.18 Synthesis of Complex InL4 

ompound HL4 (25 mg, 0.04 mmol) and In(NO3 )3 (6 mg,
.02 mmol) were dissolved in MeOH (8 mL) and stirred at room
emperature for 3 h. KPF6 (3.2 mg, 0.02 mmol) was then added
o the reaction mixture which was left stirring for a further
our. The precipitate was then collected by vacuum filtration
nd washed with cold MeOH to afford the desired complex as a
ark red solid (22 mg, 82%) which was further recrystallized from
HCl3 . 

 H NMR (400 MHz, (CD3 )2 SO, 298 K): δ 9.06 ( t , J = 5.3 Hz, 1H,
 H-1 ), 8.94 ( t , J = 5.3 Hz, 1H, NH-2 ), 8.59 (d, J = 8.7 Hz, 1H, H-
), 8.52 (d, J = 8.7 Hz, 1H, H-7), 8.24 (s, 1H, H-10), 8.20–8.01 (m,
H, H-16), 8.02–7.95 (m, 2H, H-2), 7.80–7.75 (m, 1H, H-4), 7.75–
.65 (m, 1H, H-3), 7.64–7.55 (m, 2H, H-17), 6.15 (s, 2H, H-23), 3.80
 q , J = 5.9 Hz, 2H, H-13), 3.60 ( q , J = 5.8 Hz, 2H, H-12), 2.45 (s,
H, H-25), 1.29 (s, 6H, H-22). 13 C{1 H} (126 MHz, DMSO- d6 ):197.85,
79.13, 178.07, 166.74, 162.25, 159.88, 158.03, 155.66, 147.22, 146.17,
43.79, 143.27, 141.42, 139.31, 137.20, 135.36, 130.87, 128.50, 122.17,
21.38, 39.90, 39.63, 14.58 

9 F NMR (376 MHz, (CD3 )2 SO) δ − 70.12 ( d , J = 48.2 Hz), − 143.62
 d , J = 31, 65.4 Hz). 

1 B NMR (128 MHz, (CD3 )2 SO) δ 0.58 ( t , J = 32.9 Hz). 

1 P NMR (162 MHz, DMSO) δ − 144.23 (septet, J = 711 Hz). 
dvanced Science, 2026
ESI-MS : [M]+ C66 H62 B2 F4 InN14 O2 S2 calc. 1359.8696, found:
1359.8700. 

IR (solid): ν (cm− 1 ) 2961, 1644, 1542, 1506, 1467, 1400, 1360, 1304,
1181, 1154, 1048, 975, 821, 736. 

HPLC (Method C): Rt (min) 13.67 min 

4.19 Synthesis of Complex FeL3 

Compound HL3 (25 mg, 0.04 mmol) and Fe(NO3 )3 (8.5 mg,
0.02 mmol) were dissolved in MeOH (5 mL) and stirred at room
temperature for 3 h. KPF6 (4 mg, 0.02 mmol) was then added to
the reaction mixture which was left stirring for a further hour. The
precipitate was then collected by vacuum filtration and washed
with cold MeOH to afford the desired complex as a dark red solid
(22 mg, 85%), which was further recrystallized from CHCl3 . 

ESI-MS : [M] + C58 H60 B2 F4 FeN16 O2 S2 , calc. 1230.4012, found:
1230.4066. 

HPLC (Method B): Rt (min) 8.77 

IR (solid): ν (cm− 1 ) 2963, 1643, 1543, 1508, 1468, 1402, 1363, 1306,
1192, 1155, 1084, 975, 832, 736. 

4.20 Synthesis of Complex FeL4 

Compound HL4 (18 mg, 0.03 mmol) and Fe(NO3 )3 (6 mg,
0.015 mmol) were dissolved in MeOH (4 mL) and stirred at room
temperature for 3 h. KPF6 (4 mg, 0.02 mmol) was then added to
the reaction mixture which was left stirring for a further hour. The
precipitate was then collected by vacuum filtration and washed
with cold MeOH to afford the desired complex as a dark red solid
(15 mg, 82%) which was further recrystallized from CHCl3 . 

ESI-MS : [M] + C66 H62 B2 F4 FeN14 O2 S2 , calc. 1230.4109, found:
1230.4066. 

HPLC (Method B): Rt (min) 9 

IR (solid): ν (cm− 1 ) 2952, 1637, 1536, 1500, 1468, 1399, 1359, 1306,
1184, 1151, 1089, 970, 814, 732. 
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.21 Computed logP (clogP) 

omputed logP values for the set of compounds HL1-HL4 and
orresponding metal complexes were determined from Swis-
ADME [ 99, 100 ] with the exception of the metal complexes of
L4 because the SMILES strings of these complexes exceeded
00 characters. For these compounds, clogP values were obtained
rom vcclabs ( https://vcclab.org/web/alogps/ ) [ 101 ]. All clogP
alues (Table 5 ) appear to be within expectations overall, given
he lipophilic nature of both, the BODIPY framework and the
eteroaromatic groups. Unless otherwise stated, they refer to
he consensus Log P o/w. In the case of metal complexes, only
LOGP (atomistic method from Wildman and Crippen) values
ere obtained. For the purposes of comparison, both computed
nd experimental logP values for triapine and cisplatin [ 102 ] were
lso provided. 
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