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Rhenium tricarbonyl complexes with the general formula fac-[Re(CO)s(N,N')LI®* (where N,N' = a biden-
tate polypyridyl ligand and L = a monodentate axial ligand) have been recognized over the past decade as
potential anticancer therapeutics. In the present study, we introduced glycoconjugated diimine ligands
into such complexes to enhance their water solubility, biocompatibility and bioavailability, and to target
the overexpressed glucose transporters (GLUTS) on cancer cells. We prepared a series of water-stable Re
(1) complexes (1-4) with the general formula [Re(CO)s(N,N')LI(CF3SO3), where N,N' = a glycoconjugated
diimine (GluP, GluQ, and AcGluP) and L = imidazole (HIm) or indazole (HIn), and tested their in vitro cyto-
toxicity against a series of cancer cell lines. All complexes were characterized using electrospray ionization
mass spectrometry, NMR spectroscopy and X-ray absorption spectroscopy. The structure of the diimine
ligand (N,N’) and the lipophilicity of the complexes were varied, e.g. by protecting the hydroxyl (—OH)
groups of the glucose moiety with acetyl groups in complex 4, fac-[Re(CO)s(p-AcGluP)(HIn)[(CFsSO3), to
compare potential GLUT-mediated transport versus passive diffusion uptake. In vitro cytotoxicity results
revealed that the more lipophilic complexes 3, fac-[Re(CO)3(GluQ)(HIN)I(CF3SOs), and 4 have moderate
cytotoxicity. X-ray fluorescence microscopy (XFM) allowed us to evaluate the cellular distribution of com-
plexes 3 and 4 in A2780 ovarian cancer cells. Complex 3, which has unprotected sugar —OH groups,
accumulated more in the nuclear/perinuclear area. In contrast, the more lipophilic complex 4 showed
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lower Re accumulation and a more uniform intracellular distribution. For the non-cytotoxic hydrophilic
complex 1, fac-[Re(CO)s(GLUP)(HIM)(CFsSO3), XFM showed a much weaker intracellular Re signal, while
ICP-MS detected significant uptake by HepG2 liver cancer cells. The observations suggest partial involve-

rsc.li/dalton ment of glucose transport pathways in the uptake of complexes 1 and 3.

plexes have made them desirable; however, they still often lack
selectivity and stability in biological media, leading to toxic

1. Introduction

Transition metal complexes have been important in the field
of medicinal chemistry since the FDA approval of cisplatin as
an anticancer drug in 1978." Cisplatin and its analogues are
known to mainly target DNA via interaction with purine bases,
leading to apoptosis in malignant cells."” Later, cisplatin ana-
logue complexes such as carboplatin, oxaliplatin, and hepta-
platin have been developed to overcome some limitations of
cisplatin such as dose-limiting toxicity and drug resistance."*”
The high potency and cytotoxicity of these anticancer com-
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side effects. In the past two decades, complexes of aluminum
(1), iron(u), copper(u), ruthenium(u & m), palladium(u), gadoli-
nium(u), and gold(1 & u) have been investigated for their anti-
cancer properties and some have successfully entered clinical
trials; however, their selectivity towards cancer cells has largely
remained unattained.®**

The limitations of current successful Pt(un) anticancer
agents have shifted research towards transition metal com-
plexes with increased selectivity towards cancer cells, while
maintaining their structural integrity to prevent off-target side
effects. One way to enhance the selectivity of an anticancer
compound is to target specific cellular transporters such as
glucose transporters (GLUTs) that are overexpressed on cancer
cells. This is due to the increased rate of glucose consumption
by these malignant cells, which exhibit increased metabolic
activity."* GLUTs have been previously targeted by "*F-fluoro-
deoxyglucose (**F-FDG), which is commonly used in positron

Dalton Trans.


http://rsc.li/dalton
http://orcid.org/0000-0001-5808-5594
http://orcid.org/0000-0002-5117-871X
http://orcid.org/0000-0002-6298-8187
http://crossmark.crossref.org/dialog/?doi=10.1039/d6dt00710d&domain=pdf&date_stamp=2026-05-30
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00710d
https://pubs.rsc.org/en/journals/journal/DT

Open Access Article. Published on 02 June 2026. Downloaded on 6/3/2026 6:32:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

emission tomography (PET) and is readily taken up by cancer
cells.” Glucose-containing analogues of cisplatin and other
platinum complexes (Scheme 1) have also been reported to
show preferential cellular uptake in cancer cells."®'” More
specifically, complexes bearing a glucose moiety conjugated
via carbon 2 (C,) have been shown to be most efficiently inter-
nalized by GLUT-1 proteins.'® In this process, it is important
for the glucose moiety to remain attached to the drug/metal
center until reaching the GLUT target. Kinetically inert tran-
sition metal centers like the rhenium(i) ion are then favorable
for avoiding rapid ligand substitution.

Rhenium(i) tricarbonyl complexes, fac-[Re(CO);(N,N)L]”",
where (N,N') is a bidentate diimine and L is a monodentate
ligand, have been investigated for their anticancer and photo-
physical activities. The low spin d° electronic configuration of
the Re(CO);" entity often promotes inertness in solution and
makes it favorable for designing photo-CORMs (photo-acti-
vated CO releasing molecules), i.e. Re(CO);" complexes that
can release toxic CO molecules upon irradiation with light of
specific energy and are otherwise nontoxic.">>* Others have
been reported to target different organelles in cancer cells such
as mitochondria and affect the levels of reactive oxygen species
in their target cells.”**® The axial (L) ligand of early fac{Re
(CO);(N,N')L] complexes was often a halide such as Cl or Br,
which would form neutral species.*>” However, the halide
ligand would undergo ligand substitution with solvent molecules
such as H,O upon solvation, forming a fac-[Re(CO);(N,N")(H,0)]"
complex.”®**® Such rapid substitution in vivo before reaching the
target could lead to undesired interactions and increased toxic
side effects, as observed for cisplatin." Thus, it is important to
design anticancer complexes that maintain their integrity before
reaching their target. An example of such a complex is fac|Re
(CO)5(2,9-dimethyl-1,10-phenanthroline)(p-tolylisonitrile)]’,  in
which the coordination environment remained intact as moni-
tored by X-ray fluorescence microscopy.>*' Furthermore, fac{Re
(CO)3(N,N)L]" complexes bearing (N,N') = 1,10-phenanthroline
(phen) and 2,2"-bipyridine (bpy), and N-donor axial ligands such
as substituted pyridine were reported to show in vitro and in vivo
cytotoxicity against a series of cancer cell lines (Scheme 2). These
complexes are also shown to target subcellular organelles such as
mitochondria and lysosomes.>*»>73>

The diimine ligand in fac-[Re(CO);(N,N')L]”" complexes is
often a polypyridyl group such as bpy or phen. These ligands
are not biocompatible, and their complexes often lack solubi-
lity in aqueous media. Using a diimine ligand bearing a
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Scheme 1 Structures of reported glucose-containing platinum anticancer complexes.
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glucose moiety would enhance the solubility and biocompat-
ibility of its Re(CO);" complexes while targeting GLUTSs. Such
glycoconjugated rhenium(1) tricarbonyl complexes were
initially introduced as analogues of their **™Tc(CO);" radio-
pharmaceutical complexes that were designed for diagnostic
and therapeutic purposes.*® However, the carbohydrate moiety
in these complexes was often conjugated via a linker due to
the instability and weaker coordination ability of the sugar
hydroxyl (-OH) groups.?’

Our goal in the present study was to prepare stable fac-[Re
(CO)3(N,N")L]" complexes bearing glucose-derived ligands and
evaluate how ligand design influences their stability, lipophili-
city, cellular uptake, and biological activity in cancer cells. As
such, we selected glucose containing diimine ligands (N,N' =
GluP and GluQ; Scheme 3), which can be readily obtained by
condensation of an amino sugar, e.g. p-glucosamine, with an
aromatic aldehyde such as 2-pyridinecarboxaldehyde. This
design was based on the rationale that the presence of a
glucose-derived moiety could potentially influence cellular
uptake, although no specific transport mechanism was exam-
ined in this study. As the axial L group, we chose imidazole, a
naturally abundant N-donor ligand, or indazole, which is used
in some FDA-approved anticancer drugs.*® Both imidazole and
indazole were also used in the well-known ruthenium-based
anticancer complexes, NAMI-A, KP1019 and NKP-1339
(BOLD-100); the latter is currently in clinical trials.”?94°

We also considered that, if direct participation of glucose
transport pathways proved limited, increasing lipophilicity
might favor cellular uptake through non-specific membrane
permeation. For that purpose, we also prepared a Re(CO);"
complex of the AcGluP ligand, in which all -OH groups were
acetylated (Scheme 3). There has been a report on acetylated
glucose moieties enhancing the antitumor activity of a gold(i)
complex in vivo.*!

Thus, we synthesized glycoconjugated Re(CO);" complexes
1-4 (Scheme 3) and tested their cytotoxicity towards a series of
cancer cells and a primary (non-cancerous) cell line. Elemental
distribution maps and cellular localization of these complexes
were obtained for a selected cancer cell line through X-ray
Fluorescence Microscopy (XFM), revealing the extent to which
they could be taken up by the cells. The effect of the most cyto-
toxic complex on cell morphology was evaluated by monitoring
the A2780 cells after exposure to different concentrations of
complex 4. Furthermore, the clonogenic assay was performed
to test whether this complex exhibited any cytostatic activity.
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Scheme 2 Structures of anticancer fac-[Re(CO)s(N,N')L]* complexes bearing (N/C)-donor axial ligands.

2. Results and discussion

With the goal of preparing water-soluble, stable anticancer fac-
[Re(CO);(N,N")L]" complexes that could be preferentially taken
up by cancer cells with GLUT-1 overexpression, we initially syn-
thesized the fac-[Re(CO);(GluP)Cl] compound containing the
glycoconjugated (N,N’) ligand GluP (Scheme 3). Its structural
characterization using NMR spectroscopy showed that,
depending on the relative orientation of the GluP sugar entity
towards Cl, this compound exists as a pair of diastereomers,
each with a (minor) and B (major) anomers, and could
undergo complete hydrolysis in aqueous solution over 48 h,
forming fac-[Re(CO);(GluP)(H,O)]Cl. Moreover, a small
fraction (<1%) of the compound in the form of the
fac-[Re(CO);3(a-GluP)Cl] isomer could lose a CO ligand in protic
solvents under ambient conditions.”®

We then prepared a series of Re(CO);" glycoconjugated
compounds by substituting the axial group with the N-donor
ligands imidazole (HIm) and indazole (HIn) in fac-[Re
(CO)5(GluP)(HIm)](OTf) (1) and fac-[Re(CO);(GluP)(HIn)](OTf)
(2); (OTf™ = CF3S0;37). We also enhanced the lipophilicity of
the glycoconjugated ligand by replacing GluP with GluQ and
AcGluP (Scheme 3) in fac-[Re(CO);(GluQ)(HIn)J(OTf) (3) and
fac[Re(CO)3(AcGluP)(HIn)](OTf) (4) to promote the cellular
uptake of these compounds through passive diffusion and
compared the cytotoxicity of these glycoconjugated
compounds (1-4).

This journal is © The Royal Society of Chemistry 2026
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2.1. Syntheses and characterization

The diimine ligands GluQ and AcGluP were synthesized by
condensing an amino sugar with an aromatic aldehyde, using
a mild base (triethylamine, NEt;) to neutralize the hydro-
chloride salt (Scheme 4).**** The purity of these ligands,
which are stable at room temperature for weeks when stored in
a desiccator under low pressure, was confirmed by elemental
analysis and NMR spectroscopy (Fig. S1a-S2a). The formation
of GluP in 1 and 2 occurred in situ in a one-pot synthesis
(Scheme 5), since GluP is highly sensitive to moisture at room
temperature** and should be used as soon as it is prepared.

The compounds fac-[Re(CO)3(GluP)Cl],*® fac-[Re(CO)3(GluQ)
Cl], and fac-[Re(CO);(AcGluP)Cl] were initially prepared as pre-
cursors to complexes 1 and 2, 3, and 4, respectively. Then the
precursors were reacted with Ag(CF3;SO3) to prepare the inter-
mediate fac-[Re(CO)3(N,N')(CF3SO3)] complex, in which the
weakly coordinating triflate (OTf™ = CF3SO;~) was replaced by
the N-donor ligands imidazole (HIm) and indazole (HIn),
resulting in fac-[Re(CO);(GluP)(HIm)](OTf) (1), fac|[Re
(CO)3(GluP)(HIn)|(OTf) (2), fac-[Re(CO);(GluQ)(HIn)](OTf) (3),
and fac-[Re(CO);(AcGluP)(HIn)](OTf) (4) (Scheme 5).

The triflate compounds of complexes 1-4 were purified
using Sephadex LH-20 size exclusion chromatography; in each
case the purity of the main band was checked using high-
resolution ESI-mass spectrometry to ensure the absence of the
free ligand or reaction by-products (Fig. S7 and S8). After eva-
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Scheme 4 Syntheses of the glycoconjugated ligands GluQ and AcGluP.4%43

porating the main band to dryness, the purity of the com- centration needed for biological assays or UV-vis measure-
pound was confirmed via elemental analysis (1 and 4) and/or ments. To obtain the "H NMR spectrum of 4 (~6 mM) in D,0,
"H NMR spectroscopy (Fig. S3a-S6a). Furthermore, the facial 10% CD;OD was needed (Fig. Séc).
arrangement of the CO ligands was confirmed by measuring NMR spectroscopy. Complexes 1-3 bearing unprotected
their FT-IR spectra (Fig. S9). sugar -OH groups allow for free tautomerization at the anome-
Complexes 1 and 2 are highly soluble in water, while the ric carbon (C;-OH) in solution, in which the p-glucopyranose
limited water solubility of complex 3 (~1 mM) is still sufficient ring opens and closes to form two anomers, ie., a and f
for biological assays, UV-vis and 'H NMR spectroscopy anomers. However, the acetylation of the p-glucopyranose
(Fig. S5¢). Complex 4 dissolves in aqueous solutions contain- rings in complex 4 prevents tautomerization and only the f
ing 0.5-2% methanol or 3-5% acetone, depending on the con- anomer is observed (Scheme 6). The p anomer is typically the

Dalton Trans. This journal is © The Royal Society of Chemistry 2026
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panel).

major species in polar solvents due to the favorable hydrogen
bonding of the equatorial -OH groups with protic solvent
molecules.*> Moreover, in the o anomer the intramolecular
hydrogen bonding between the imine nitrogen and the axial
-OH prevents the exo-anomeric effect (i.e., no, — o, ¢, stabi-
lizing orbital interaction),*® leading to preferential formation
of the P anomer in polar solvents. Note that the
p-glucopyranose ring only adopts the *C; chair conformation
based on the "H NMR coupling constants of C;H and C,H,
which are %/, = 2-4 Hz («) and 6-9 Hz (B).*°

All complexes have two sets of signals per anomer that are
more apparent in the anomeric region of the "H NMR spectra
of complexes 1 and 2 (Fig. S3a-S4a), i.e., two a anomer and
two p anomer signals. For complex 3 these signals are merged,
showing one peak for a anomers and one peak for p anomers

This journal is © The Royal Society of Chemistry 2026

(Fig. S5a). Only two B-anomer peaks are observed for complex
4 (Fig. 1). The presence of two diastereomers is due to the chir-
ality of the Re(1) center, which was also observed for the precur-
sor  fac{Re(CO);(GluP)Cl], as discussed previously.?®
Theoretical studies confirmed the existence of two diastereo-
mers for complexes 1-4 (see below).

In the C NMR spectra of complexes 1-4, the signals for the
carbonyl ligands were observed in the 180-200 ppm range (see
Fig. S3a-S6a) and resemble the facial rhenium tricarbonyl isomer
based on their longer NMR relaxation time compared to the mer-
idional isomer.>® Due to the low intensity of these facial quatern-
ary carbons, the a-anomer carbonyls in complexes 1-3 were not
easy to detect because of their lower concentration.

Theoretical calculations. Ground state density functional
theory (DFT) calculations were carried out to predict the struc-

Dalton Trans.
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Fig. 1 'H and **C NMR spectra (600 MHz, 25 °C, CDCls) of fac-[Re(CO)s(AcGluP)(HIn)I(OTf) (4). Inset: Anomeric region showing two distinct signals
for the C;Hy anomers with a diastereomeric ratio of 0.9; see also Fig. S6a. The IH NMR spectrum in D,O (+10% CDzOD) is shown in Fig. 8 and

Fig. Séc.

tures and optimize the geometries of the GluP, GluQ and
AcGluP ligands and their corresponding glycoconjugated
rhenium tricarbonyl complexes 1-4; for details see the SI. The
existence of the two diastereomers for each complex was con-
firmed through the two different orientations of the glycocon-
jugated ligand towards the Re(CO);" entity and the axial
ligand. Depending on whether the sugar’s C; or C; atom is
facing the axial ligand, different intramolecular interactions
can take place, resulting in two distinct ground state structures
(structures A and B in Fig. 2 and Table S1d).

For example, according to the "H NMR spectrum shown in
Fig. 1, fac-[Re(CO);(AcGluP)(HIm)](OTf) (4) has two p anomers
with similar concentrations. Assuming these structures are in
equilibrium but exchange slowly on the NMR time scale, their
diastereomeric ratio was determined to be 0.9 based on their

Dalton Trans.

'"H NMR peak integrals (Fig. 1 and Table Sic). The corres-
ponding AG value is ~0.3 k] mol™", calculated according to the
Gibbs free energy equation, AG = —RT'In K, where K is the equi-
librium constant, ie. in this case, the ratio of the two f
anomers, T = 298 K, and R = 8.314 x 10™® k] mol™* K. The
DFT calculated Gibbs free energy difference between these two
 anomers in water (SMD solvent corrected) is A(AG*) ~—14 k]
mol ™" (Table Sic). Using the same equation, this energy differ-
ence leads to a diastereomeric ratio of 284, favouring one of
the diastereomers, as opposed to the experimental ratio of 0.9.
The reason for this difference is an error of at least 14 k] mol™
in calculating A(AG*) for this complex. This error may be due
in part to the SMD solvation model and partly to the lack of
accounting for the collective entropy of the ensembles of the
two species, which may increase the AG difference between

This journal is © The Royal Society of Chemistry 2026
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9 Structure A

Fig. 2 DFT calculated diastereomers of fac-[Re(CO)z(B-AcGluP)(HIn)l(OTf)
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Structure B 9

(4) showing that in structure A, the C;-OAc (acetyl group) faces the axial

indazole ligand, while in structure B, C3-OAc does. The latter structure has a lower (~14 kJ mol™) calculated Gibbs free energy in water.

the two diastereomers, contrary to the experimental obser-
vations. It should be noted that the '"H NMR signals for each
of the p anomers represent a time-average of an ensemble of
conformations, and the structures shown in Fig. 2 are the
most stable for each species. Given the complexity of the
systems, we consider the theoretical calculation results
satisfactory.

For compounds 1 and 2 with both o and p anomers, the

situation is more complex. Based on the "H NMR peak integral

for each anomer (Fig. S3a and S4a), the experimental AG
values were found to differ by up to ~20 k] mol™" from the
DFT calculated A(AG*) ones for each pair of diastereomers
(Table Sic). Thus, the DFT calculated diastereomeric ratios
differ from those observed in their "H NMR spectra.

X-ray absorption spectroscopy (XAS). The k*-weighted Re Ls-
edge X-ray absorption fine structure (EXAFS) spectra of 1-4 are
shown in Fig. 3 along with their corresponding Fourier trans-
forms (not corrected for the phase shift), displaying two main

Re-(C/N) Re-C-O

FT Magnitude

3 6 9
kiR

Fig. 3 Least square curve-fitting of k*-weighted Re Ls-edge EXAFS spectra of 1-4 and their corresponding Fourier transform (not corrected for

phase shift); see Table 1.

This journal is © The Royal Society of Chemistry 2026
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Table 1 Least squares curve fitting results of Re Lz-edge EXAFS spectra shown in Fig. 32

Re-C Re-N Re-C-O (e = 3)
Complex N R(A) o (A?) N R(A) o (A?) N R(A) o* (A%
1 3f 1.92 0.0031 3f 2.16 0.0032 6f 3.09 0.0020
2 3f 1.92 0.0036 3f 2.16 0.0030 of 3.09 0.0022
3 3f 1.92 0.0038 3f 2.16 0.0041 of 3.08 0.0022
4 3f 1.92 0.0029 3f 2.17 0.0032 6f 3.09 0.0019

“Fitting k-range = 2.4-15.9 A™"; f = fixed; estimated errors for the refined parameters: R + 0.02 A and &> + 0.001 A”. S,> value was fixed at 1.0 (trans-

mission data).

peaks at around 1.8 A and 2.7 A related to Re~(N/C) and Re-C~
O scattering paths (Scheme S1), respectively. The refined dis-
tances are nearly identical: Re-C 1.92 + 0.02 A, Re-N 2.16 +
0.02 A and Re-C-O 3.09 + 0.02 A (see Table 1), and are similar
to the average bond distances of their corresponding ground
state optimized geometries (Re-C 1.93, Re-N 2.23-2.27, and
Re-C-O 3.09 A; see Table S1e). Typically, one cannot differen-
tiate between Re-C and Re-N bond distances because of the
similar electron density of these backscattering atoms.
However, for this data set with Ak = 12.5 A" (the k-range of
the collected data), the resolution of distances between the
absorber  and  similar = backscattering  atoms  is

AR = %c = 0.13 A. Since the difference between the Re-C and

Re-N distances is 0.24 A, their scattering contributions can be
refined separately.

Electronic absorption spectroscopy. The electronic absorp-
tion spectra of 1-4 display a low energy band at around
330-450 nm (Fig. 4), mainly attributed, based on TD-DFT cal-
culations, to the metal-to-ligand charge transfer (MLCT) or
metal-ligand-to-ligand charge transfer (MLLCT) involving
mixed Re and ligand HOMOs (Tables S3-S10). The maximum

absorption (Amax) of this band displays a red shift as the = con-
jugation of the diimine (N,N’) ligand increases from GluP in 2
to GluQ in 3 (Amax = 367 to 403 nm), changing the solution
color from yellow (2) to orange (3). The red shift can be
explained based on the stabilization of the n* orbitals through
extended © conjugation, leading to lower energy requirements
to excite electrons from the MOs on the Re d orbitals to the
diimine ligand’s n* (LUMO).

Substitution of the axial ligand imidazole in 1 with indazole
in 2 leads to a shift of the MLCT band from A, = 375 to 367 nm
(Fig. 4).”” TD-DFT calculations for the structures with the lowest
calculated energies in solvent (structures A- f-anomer for 1 and
2; Table S1d) showed that for complex 1, the A = 375 nm band is
mainly composed of transitions from (HOMO-2) and
(HOMO-1) to the LUMO (Fig. 5). The corresponding band for
complex 2 at 4 = 367 nm arises from the (HOMO-2) to LUMO
transition; see Fig. S12 and S14. Based on these calculations, the
L ligands imidazole and indazole are not directly involved in the
lowest-energy absorption bands (Fig. S11, S13 and Tables S3-S6),
and they have little effect on the overall energy gap between the
occupied and unoccupied MOs.

3.5
. b
) 262 e 367 1 )
3.0 = 371 403 2 : _
o ‘% (‘ .
= —3 i
2.5 - " 1 &
Vg E 375 — , |
= i = | |
L 2.0 s ’ i1
£ @
i 8
= 0.0 , , ' ' o,
% 10- 330 360 390 420 450 .
Wavelength (nm) 2
Complex 1 2
0.5 367403
0.0 4
T T T . : .
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 4

(a) UV-vis spectra of freshly prepared aqueous solutions (C = 50 pM) of fac-[Re(CO)z(GLuP)(HIM)I(OTf) (1), fac-[Re(CO)s(GluP)(HIN)I(OTf) (2), fac-

[Re(CO):(GluQ)(HIN)I(OTF) (3), and fac-[Re(CO)3z(AcGluP)(HIN)(OTf) (4, in 0.5% methanol) and (b) aqueous solutions of complexes 1-4 (C = 1.0 mM).
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Complex 1 Complex 2

'8

LUMO

(HOMO - 2)

(HOMO - 1)

(HOMO - 2)

Fig. 5 DFT calculated HOMOs and LUMOs of structures in a solvent with the lowest calculated energy: (left panel) fac-[Re(CO)z(p-GluP)(HIm)I(OTf)
(1) and (right panel) fac-[Re(CO)z(B-GluP)(HIn)I(OTf) (2) (structures A—panomer in Table S1d), showing Re—CO (CO =*) orbitals as HOMOs and GluP
conjugation n* orbitals as LUMOs. Transitions between these orbitals (LMCT) are observed as peaks at imax = 375 nm and 367 nm for 1 and 2,

respectively.

2.2. Aqueous stability

The electronic absorption spectra of aqueous solutions
(50 uM) of fac[Re(CO);(GluP)(HIm)](OTf) (1) and fac[Re
(CO);5(GluP)(HIn)|(OTf) (2) monitored over 72 h exhibited no
change (Fig. S19), and their pH values varied only slightly
(5.6-6.1 for 1 and 5.3-5.5 for 2). Meanwhile the absorption
spectra of fac-[Re(CO);(GluQ)(HIn)](OTf) (3) and fac[Re
(CO)3(AcGluP)(HIn)](OTf) (4) displayed a minor decrease over

3.0 -
0.4 Fresh
. ——24h
51 - 403 ——48h
=
2.0 -
o &
= 15 =
&
! 0.1 : .
= 107 380 400 420 440
w Wavelength (nm)
0.5 -
Compound 3
0.0 -
T T T T T 1
200 300 400 500 600 700 800

Wavelength (nm)

time, with pH remaining within a narrow range of 5.4-5.5 for
3 and 5.5-5.9 for 4 (Fig. 6).

In the ESI-mass spectra of complexes 1-3 in aqueous solu-
tion, a peak associated with the dicarbonyl species [Re
(CO),(GluP/GluQ)L]" appears (+m/z = 579.088, 629.104, and
679.121 amu for 1, 2 and 3, respectively); see Fig. S7a, S8a and
Fig. 7. Formation of dicarbonyl species was not observed for
the fac-[Re(CO);(AcGluP)(HIn)](OTf) (4) complex, since the
hydroxyl groups in AcGluP are protected through acetylation

309 371 Fresh
2.5 044
<
e
< 20 =
o £
= R
<~ 154 s
S w
(8]
T 0.1 v -
= 101 340 360 380 400 420
w Wavelength (nm)
0.5
Compound 4
0.0
T T T T T 1
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 6 UV-vis spectra of a 50 pM aqueous solution offac-[Re(CO)z(GluQ)(HIn)I(OTf) (3) and fac-[Re(CO)s(AcGluP)(HIN)(OTf) (4; with 0.5% methanol)

over 72 h.
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Fig. 7 ESI-mass spectra (+ion mode) of (top panel) fac-[Re(CO)z(GluQ)(HIN)I(OTf) (3) in water, and (bottom panel) fac-[Re(CO)3(AcGluP)(HIn)I(OTf)
(4) in water + 0.5% methanol, freshly dissolved and after 72 h. The size exclusion chromatography columns used for purification, and the collected

main bands are shown on the left.

and are therefore unavailable for coordination to the Re(CO);"
entity by displacing one of the coordinated equatorial CO
ligands.?® For quantitative measurement of the CO loss of 2
and 3 in aqueous solution, gas chromatography coupled with
thermal conductivity detection (GC-TCD) was used, showing
the release of an insignificant amount of CO gas (<0.1%, see
the SI), even though the peak for the [Re(CO),(GluQ)(HIn)]*
mass ion at +m/z = 679.121 in the spectrum of 3 (72 h in Fig. 7)
showed a 100% relative intensity, evidence that ESI-MS is not a
quantitative technique. Such spontaneous CO release (<1%)
was initially detected for fac-[Re(CO);(a-GluP)Cl].>®

The presence of mass peaks at +m/z = 119.061 and 561.067
amu in the ESI-mass spectrum of complex 3 recorded after
72 h (Fig. 7), which correspond to the protonated indazole and
[Re(CO),(GluQ)]" ions, respectively, could be attributed to
partial dissociation of the axial indazole ligand from this
complex in aqueous solution and may explain the minor loss

Dalton Trans.

of intensity observed in the UV-vis spectrum of complex 3 over
72 h (Fig. 6). Slight changes in the UV-vis absorption of
complex 4 could also be due to the potential loss of the
AcGluP ligand, based on a minor peak at +m/z = 495.045 amu
in its ESI-mass spectrum, or due to the hydrolysis of one or
two acetyl groups in aqueous solution within 72 h, based on
the small mass peaks observed at +m/z = 723.118, 741.119 and
783.130 amu (Fig. 7 and Table 2).

Partial hydrolysis of the AcGluP acetyl groups was further
confirmed through a "H NMR time study of complex 4 in D,O
(+10% CD3;OD) over 72 h, which showed a small peak at
2.08 ppm that gradually increased in intensity over time
(Fig. 8, right). Although this peak has been assigned to acetic
acid,*® considering the pD = 6.61 of this solution (pD = pH
reading + 0.4),"° the peak is, in this case, associated with the
acetate (CH3COO™) group,’® resulting from partial deacetyla-
tion of AcGluP upon reaction with HOD/D,0.”" It is note-

This journal is © The Royal Society of Chemistry 2026
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Table 2 ESI-mass peak assignments of complexes 3 and 4 shown in
Fig. 7

+m/z Peak assignment”

Complex 3

119.061 [HIn + H']" (calc. = 119.061)

561.067 [Re" +2CO + GluQ]" (calc. = 561.067)

679.121 [Re” +2CO + GluQ + HIn]" (calc. = 679.120)

707.114 [Re" +3CO + GluQ + HIn]" (calc. = 707.115)

Complex 4

495.045 [Re" + 3CO + HIn + HCOO™ + NH," + (CH;CO)]"
(calc =495.044)

723.118 [Re" + 3CO + AcGluP-2(CH;CO) + 2H + HIn - H,0]"
(calc =723.110)

741.119 [Re" + 3CO + AcGluP-2(CH;CO) + 2H + HIn]"
(cale. = 741.121)

783.130 [Re' +3CO + AcGluP-CH;CO + H + HIn]" (calc. = 783.131)

825.142 [Re" +3CO + AcGluP + HIn]" (calc. = 825.141)

“GluQ (Ci6H;sN,05); HIn (C,HgN,); ACGIUP (CaoH,sN,00)
(CH,CO).

acetyl

worthy that based on the two anomeric C;Hy peak integrals
(Fig. 8, left), the ratio of the two diastereomers of 4 in D,0 is
0.85, which is similar to the ratio of 0.9 in CDCl; (Fig. 1, top).

A "H NMR time study for 3 in D,O did not show any change
over 72 h; however, the spectra were too complex (Fig. S5¢) to
show the minor release of the indazole ligand into solution, as
suggested by its ESI-mass spectrum (Fig. 7, top).

2.3. Cytotoxicity and cellular distribution

Cell viability studies. The cytotoxicity of complexes 1-4
along with cisplatin was measured against a series of cancer

40.46 f

o.54f 18
72h JL AM M

48 h M

View Article Online

Paper

cell lines and one primary cell line using the MTT assay after
treating the cells with the corresponding compounds for 72 h.
The results are shown in Table 3 and Fig. S22-S26. Complexes
1 and 2 were not cytotoxic (ICs, > 200 pM), while 3 and 4
showed moderate to low cytotoxicity towards all cell lines.
Complex 3 is cytotoxic towards all tested cell lines including
the primary cell line (non-cancerous MRC-5) with half-
maximal inhibitory concentration (ICs,) values in the range of
30-72 puM. Complex 4 is generally less toxic than 3 with ICso =
55-116 pM, except towards the A2780 (ovarian) cancer cells
with IC5, = 20 + 5 pM, and shows somewhat lower cytotoxicity
towards the primary lung fibroblast cell line MRC-5 (ICs, =
96 + 5). The selectivity index (SI = IC5, MRC-5/IC5, cancer cell
line), calculated from the ICs, values, shows that complex 4 is
the most selective compound for A2780 ovarian cancer cells
(SI = 4.8), while complex 3 exhibits only modest selectivity
toward this cell line (SI = 1.8); see Table S12.

The precursor complexes fac-[Re(CO);(N,N')C1] (N,N' = GluP
and GluQ) were dissolved in water for 48 h and the cell viabi-
lity of their hydrolyzed products fac-[Re(CO);(NV,N")(H,0)]"CI~
was measured; the cationic complex ion did not show any cyto-
toxicity towards the tested cell lines.

Comparing the ICs, trend of 1-4 and their corresponding
partition coefficients (log P) shows that an increase in log P
corresponds to a decrease in the IC5, value, where complexes 3
and 4 exhibit cytotoxic activity (Table 3). The water/n-octanol
partition coefficient (logP) is a measure of lipophilicity: a
higher log P is correlated with increased hydrophobicity/lipo-
philicity of a complex, which is an important property for
absorption, distribution, metabolism and excretion of that

complex.”>™* For complexes 1-4, the logP value increases

24 h ”“ M 24 h \
0.55 f 0.45 f
Oh X 5 Oh
I v T v T T T v T v T T 1 T T T
6.4 6.3 6 2 6.1 6.0 59 5.8 57 2 3 2.2 2.1

'H NMR Chemical Shift (5, ppm)

'H NMR Chemical Shift (5, ppm)

Fig. 8 'H NMR spectra (600 MHz, 25 °C, D,O + 10% CDsOD) of complex 4, fac-[Re(CO)s(AcGIUP)(HIn)|(OTf), recorded over 72 h, using DSS for
internal calibration (5 = 0 ppm); see the full spectrum in Fig. Séc. (Left panel) Anomeric region (scaled X 5) showing two distinct signals for the C;H,
anomers (1p) with the diastereomeric ratio of 0.85 remaining constant. (Right panel) Acetyl group region showing peaks for CHs groups and a small
peak at § = 2.08 ppm (CH3COQ™) arising from the partial hydrolysis of the acetyl groups.
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In vitro cytotoxicity results (ICso values) at 72 h for complexes 1-4, hydrolyzed products of their precursors and cisplatin, and their corres-

ICso (1M)
Complex A2780 DU-145 MDA-MB-231 A549 MRC-5 log P
fac-[Re(CO);(GluP)(H,0)]Cl >200 >200 >200 >200 >200 —
fac[Re(CO);(GluQ)(H,0j|Cl >200 >200 >200 >200 >200 —
AcGluP >200 >200 >200 >200 >200 —
1 >200 >200 >200 >200 >200 -1.3£0.3
2 >200 >200 >200 >200 >200 —0.13 £ 0.01
3 29.7+0.6 31+£2 36 +4 72+£2 52+3 0.3+0.1
4 205 55+1 92 +2 116 +4 96 +5 0.45 £ 0.03
Cisplatin 8.0+ 0.5 2.7+0.4 38+4 12+4 14+3 —-2.5 £ 0.3°
“ Ref. 3.
from negative (—1.3 + 0.3 for 1) to slightly positive values (+0.3 ns
to +0.45 for 3 and 4, respectively). This is clearly related to '_|

. o . . . 250 . 250
their water solubility: while complex 1 is highly soluble in - ‘ 5
water, 4 dissolves in aqueous solutions containing 0.5-2% g 200 &, 200
methanol or 3-5% acetone, depending on the concentration. 2 150 £ 150
Typically, it is expected that the more hydrophobic complexes E 100 & 100
have higher cell permeability through passive diffusion. @ & o 5
However, this does not always increase their cytotoxicity.

One hypothesis drawn from these results was that the more 0 LI I e L

. . . & a8 . NN & LA »
lipophilic complexes 3 and 4 are mainly absorbed by the cells ‘\0"“ \5’0\ @q& @q& ‘\0& \5’& ‘§Q9\®Q9\
via passive diffusion and show cytotoxicity, although the ICs, R R &R
values for 3 are generally lower (more cytotoxic) than those of 707 77
4 (more lipophilic), except towards A2780 cells. Cellular uptake ) )
Fig. 9 ICP-MS analysis of the cellular uptake of HepG2 liver cancer

measurements of complexes 1 and 2 containing the more
hydrophilic GluP ligand could reveal whether these complexes
can enter the cells via GLUT-mediated transport, despite being
non-cytotoxic. The advantage of non-toxic complexes that can
accumulate inside cancer cells is that they could have diagnos-
tic applications based on their luminescence properties.’®
However, complexes 1 and 2 did not show any emission upon
excitation using their lowest absorption band.

Cellular uptake. One method of measuring the cellular
uptake of a metal complex is to digest cells after treatment
with the complex and assess the amount of metal content
through Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) analysis. For this purpose, we chose the HepG2 (liver
cancer) cell line that expresses a high number of GLUT-1
protein genes, specifically the SLC2A1 gene with 371 normal-
ized transcripts per million (nTPM).”® The HepG2 cells were
exposed to complex 1 (75 pM) for 72 h (matching the timeline
in the cell viability studies), using two different cell culture
media: no glucose (NG) and low glucose (LG) levels; see the SI
for details. Note that HepGz2 cells cannot tolerate high glucose
levels. ICP-MS measurements of digested HepG2 cells showed
that although the Re uptake was higher in cells grown in no
glucose media (Fig. 9), the difference was not statistically sig-
nificant. Notably, the presence of glucose as the primary GLUT
substrate to some extent inhibits the uptake of the glycoconju-
gated complex 1. Considering that complex 1 is not lipophilic
(log P = —1.3 £ 0.3), its cellular uptake in HepG2 cells could be

Dalton Trans.

cells treated with fac-[Re(CO)s(GluP)(HIm)I(OTf) (1; 75 pM) for 72 h in no
glucose (NG) and low glucose (LG, 1 g L™%) DMEM culture medium. The
data bars represent the mean and standard deviation of two biological
replicates measured in three technical replicates.

GLUT-mediated. It is noteworthy that complex 1 was not cyto-
toxic towards HepG2 cells, with IC5, = 126 + 47 and >200 pM
in NG media and LG media, respectively.

Cellular localization. Cellular accumulation of complexes 1,
3 and 4 in A2780 ovarian cancer cells and their elemental dis-
tribution maps were obtained using X-ray fluorescence
microscopy (XFM), imaging a set of three to four cells in each
case (A-D) for statistical purposes. XFM was selected as the
imaging method since it does not depend on the lumine-
scence properties, such as the fluorescence quantum yield of
the Re ions in these complexes, which is a fundamental factor
in optical fluorescence microscopy. With this technique, one
can detect different elements simultaneously. Since P and Zn
have higher concentrations in the nucleus due to DNA struc-
ture and zinc-finger proteins,”” the Zn and/or P distribution
maps are used to identify the boundaries of the nucleus, while
sulfur mainly accumulates in the cytosol as glutathione.>®
Therefore, obtaining the elemental distribution maps for bio-
logically important elements such as Zn, Fe, Cu, Ca, S, and P,
as well as that of Re, helps us understand the rhenium
accumulation in different organelles through co-localization.

This journal is © The Royal Society of Chemistry 2026
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Since the fluorescence of Re Ly, (8652.5 eV) and Zn K, (8638.9
eV) overlapped, the Re Lg; emission line (10 010.0 eV) was used
to obtain its elemental distribution in the cells.

Fig. 10 and Fig. S27-S30 show the elemental distribution
maps in A2780 cells after being treated for 6 h with 20 pM solu-
tions of 1, 3, and 4 in DMEM (5% acetone in DMEM for 4), or

Control - A

max =b.024

1-A
max =0.075
3-A
max =0.081
4-A
min max

View Article Online

Paper

only with DMEM (control cells). Comparing all these images
shows that cells treated with complex 3 display the strongest Re
signal, which accumulates in the same region as Zn, indicating
that the main cellular target for complex 3 is the nuclear/peri-
nuclear area. Localization of Re in nuclear and perinuclear
regions was previously observed in MDA-MB-231 cells that were

max =6.99

max = 0.00688

max =0:011

max = 0.00688

max =0.033

10
10 pm wm

Fig. 10 Optical micrographs (top left panel) and XFM elemental distribution map of the A2780 control cells in DMEM and those treated for 6 h with
20 puM of complexes fac-[Re(CO)3(GluP)(HIm)IOTf (1), fac-[Re(CO)3(GluQ)(HIN)]OTf (3) in DMEM, and fac-[Re(CO)z(AcGluP)(HIn)]IOTf (4) in (DMEM +
5% acetone). The maximum elemental area densities (ug cm™2) obtained from standards are given at the bottom of each map, where spots with the

highest area density are shown in red.
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exposed to fac[Re(CO);(bpy)(H,0)](OTf).>® Co-localization of Re
with P and Zn was also observed for HeLa cells treated with the
fac{Re(CO);(dmphen)(p-tolylisonitrile)](OTf) complex.**

The maximum elemental area densities were measured in
the four imaged cells treated with this complex (3-A through 3-
D in Fig. 10 and Fig. S29) and show that for Re the mean is
0.196 + 0.101 pg cm™> (+ standard deviation). The cells treated
with complex 4 show a significantly lower Re signal, which, like
Zn, has a rather uniform distribution across the cell. Indeed, for
the three imaged cells treated with complex 4 (cells 4-A through
4-C in Fig. 10 and Fig. S30), it was not possible to easily locate
the nuclear position, i.e. areas with higher Zn and/or P density.
In these cells, the average maximum area density for Re is 0.034
+ 0.005 pg cm >, which is about 17% of that of complex 3. If
passive diffusion was the only pathway for cellular uptake of
these cationic complexes, higher Re area density values would be
expected for 4 that has higher lipophilicity than 3, with log P
values of 0.45 + 0.03 and 0.3 + 0.1, respectively (Table 3).
Moreover, dissolution of complex 4 in aqueous or cell culture
media requires a small percentage of organic solvents, such as

Control

Green Plasma

View Article Online
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methanol (0.5-2%) or acetone (3-5%), depending on the desired
concentration in solution. Therefore, the higher Re accumulation
in cells treated with the water-soluble complex 3 (relative to 4)
could indicate partial GLUT-mediated transport of this complex.
Note that for complex 4 this mode of transport is inhibited due
to the sugar -OH protection.

A closer look at the images obtained for the control cells in
Fig. 10 and Fig. S27 (control-A to control C) reveals that there
is a small signal in the Re distribution map that would corres-
pond to a fictional average maximum area density of 0.010 +
0.001 pg cm™2, even though the control cells were only treated
with DMEM. This signal is due to the presence of trace con-
taminants like tungsten and gallium in the beamline.
Tungsten emission lines, Ly; = 9672.4 €V and Lg, = 9961.5 eV,
almost overlap with the Re Lg; line at 10010.0 eV. Also,
gallium emission (Kg; = 10264.2 eV) makes the fitting of the
nearby Re signal in the XFM spectrum rather difficult. It also
interferes with the less intense Re Ly, line at 10 275.2 eV.

The presence of such a background signal in the Re distri-
bution maps makes it challenging to detect trace amounts of

Merge

Fig. 11 Changes in the morphology of A2780 ovarian cancer cells observed in fluorescence microscopy images with Green Plasma and DAPI
markers. The images were obtained after treatment of cells with complex 4 for 72 h at concentrations of% X ICsq (10 pM), ICs0 (20 pM), and 2 x ICso
(40 pM). The negative control was treated with DMEM + 5% acetone. The images were captured using a CELENA microscope at 10x magnification.
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Re in the cells. For example, in the XFM spectra of cells treated
with complex 1, a small Re Ly, peak is observed (Fig. S31 and
S32). Fitting this Re peak in the XFM spectra of the four cells
treated with complex 1 resulted in Re distribution maps (1-A
through 1-D) having an average maximum area density of
0.018 + 0.012 pg cm >, which is slightly higher than that in the
control cells (0.010 + 0.001 pg cm™?), but not statistically sig-
nificant (p-value = 0.328). This means that we cannot detect
any clear Re signal within the cell boundary, as the detected
emission in the Re region for these cells is the sum of emis-
sion from the traces of Re in complex 1 taken up by the cells,
and the emissions from tungsten/gallium contaminants in the
beamline, which artificially increase the Re maximum density
(as seen for the control cells). The contrast images of the Re
distribution in the cell treated with complex 1 (1-A) vs. the
control cell (control-A) are displayed in Fig. 10, right panel.

It is noteworthy that despite the weak Re signal detected by
XFM in A2780 ovarian cells treated for 6 h with a 20 pM solu-
tion of complex 1, the ICP-MS data showed that HepG2 liver
cells with a high number of GLUT-1 protein genes, when
treated for a longer period (72 h) with a more concentrated
(75 uM) solution of 1, exhibited a significant uptake of this
complex (Fig. 9).

The contrast images on the far-right compare the detected
Re signal when lowering the maximum area density to
0.00688 pg cm™2 for this energy region for all samples. The
threshold for the maximum area density has been intention-
ally lowered in these images to be able to detect the Re signal
in the 1-A cell. In cells 3-A and 4-A that have significantly
higher Re content than this artificial maximum threshold, all
spots appear in red color.

Cellular morphology. Monitoring cell morphology after
exposure to a cytotoxic complex can hint towards a possible
mechanism of action; for details of the methodology, see the
SI. For this purpose, A2780 cells were treated with complex 4,
the most cytotoxic complex towards this cell line, at 5 pM,
10 puM, 20 pM (ICs, concentration), and 40 pM before introdu-
cing any dye. It was initially observed that the cell density sig-
nificantly decreased over 72 h. DAPI and Green Plasma dyes
mark the adenine-thymine regions in the nucleus and the cell
plasma membrane, respectively.®® After 72 h, the cells exposed
to 4 at the IC5, concentration and higher experience a loss of
nuclear integrity along with cytoplasmic shrinkage, which is
often indicative of apoptosis®" (Fig. 11 and Fig. $33). The clo-
nogenic assay further concluded that complex 4 mainly acts as
a cytotoxic rather than cytostatic agent, as it largely kills the
cells in the colonies rather than inhibiting their growth
(Fig. S34).

3. Conclusions

This study outlines the syntheses and structural characteriz-
ation of four Re(1) glycoconjugated complexes as their triflate
salts with the general formula fac-[Re(CO);(N,N')L](OTf), where
(N,N") = GluP, GluQ, or AcGluP and L = imidazole or indazole,
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and also reports their in vitro cytotoxicity against a series of
cancer cell lines and a primary cell line. Complexes 1 and 2 are
highly soluble in water, while complex 3 has limited water
solubility (~1 mM) and complex 4 dissolves in aqueous solu-
tions containing 0.5-2% methanol or 3-5% acetone, depend-
ing on the concentration. These complexes were relatively
stable in aqueous solution over 72 h, as monitored by UV-vis
and ESI-MS time studies: for complex 3, the dissociation of the
axial indazole ligand occurred only for a small fraction, while
for complex 4 only trace amounts of loss of the glycoconju-
gated AcGluP ligand or partial de-acetylation of AcGluP was
observed over time. Complexes 3 and 4 having higher log P
values (0.3-0.45) showed moderate cytotoxicity against several
cancer cell lines, especially the A2780 ovarian cancer cells.
XFM images revealed that A2780 cells treated with 3 exhibited
the highest cellular Re accumulation, primarily within the
nuclear/perinuclear region, co-localized with Zn-rich areas. In
contrast, 4 showed a lower and more broadly distributed intra-
cellular Re signal. Because of its acetylated glucose moiety and
higher lipophilicity, complex 4 was considered to be a useful
comparison, as pathways for its uptake would not depend on
direct glucose recognition. However, the current cellular
accumulation results for 4 could be slightly affected by a small
amount of hydrolysis of its AcGluP acetylated groups, although
the ESI-MS data (Fig. S8c) show this to be insignificant during
the 6 h drug exposure time used in the XFM experiments.
These findings indicate that glucose transport pathways may
be partially involved in the uptake of complex 3; however,
additional mechanistic studies are needed to confirm this
hypothesis. XFM images showed minimal accumulation of
complex 1 in A2780 cells. Meanwhile ICP-MS analysis of
HepG2 cells treated with this complex revealed a trend towards
higher uptake under glucose-free conditions. These results
provide preliminary support for the involvement of glucose
transport pathways. To the best of our knowledge, complexes 1
and 3 are the first water soluble, stable glycoconjugated Re
(CO);" complexes with a direct bond to a glucose-derived entity
that may be at least partially transported by the GLUTs. We
will continue to explore the cytotoxicity of other stable glyco-
conjugated complexes with GLUT-mediated transport, by chan-
ging the ligands, metal ions and their coordination geometry.

4. Experimental section

4.1. Materials and reagents

Chemical reagents Re(CO)sCl  (Sterm  Chemicals),
p-glucosamine hydrochloride, 1H-indazole (HIn), 2-quinoline
carboxaldehyde (Fischer Scientific), 1,3,4,6-tetra-O-acetyl-p-p-
glucosamine hydrochloride (Thermo Scientific), 2-pyridine car-
boxaldehyde, silver trifluoromethanesulfonate, imidazole
(HIm), triethylamine, absolute ethanol, diethyl ether, dichloro-
methane (Sigma-Aldrich), and sodium hydroxide (Merck) were
purchased and wused without further purification.
Tetrahydrofuran (THF, Sigma-Aldrich) was distilled over type
4A molecular sieves to remove the butylated hydroxytoluene
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(BHT) stabilizer, which would otherwise give intense peaks in
the NMR spectra. Sephadex LH-20 (Sigma-Aldrich) was soaked
in methanol or ethanol for 24 h before packing the column.

Cell culture. The cancer cell lines DU-145 (prostate),
MDA-MB-231 (breast), and A549 (lung), and the primary cell
line MRC-5 (lung) were acquired from Sigma-Aldrich and cul-
tured in low glucose (1 g L™') DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 units per mL), gentamicin (50 mg L"),
and amphotericin (25 pg mL™"). The A2780 (ovarian) cancer
cell line (Sigma-Aldrich) was similarly cultured in RPMI
1640 medium (Roswell Park Memorial Institute) with the same
supplements. 10x PBS (phosphate-buffered saline) was diluted
10-fold with Milli-Q water to obtain 1x PBS. Dulbecco’s PBS
(D-PBS) and 1x PBS solutions were sterilized by passing
through a Nalgene filter before use. All cell lines were main-
tained in culture flasks in a humidified 5% CO, incubator at
37 °C.

4.2. Syntheses and characterization

2-Deoxy-2-[(2-quinolinylmethylene)amino]-p-glucose (GluQ).
This compound was prepared with a slight modification of a
previously reported procedure (see the SI).*?

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-f-[(2-pyridinylmethylene)
amino]-o-glucose (AcGluP). This compound was also syn-
thesized by modifying a previously described method in the lit-
erature (see the SI).*?

Jac[Re(CO);(GluP)Cl]. This precursor compound was syn-
thesized and characterized as described elsewhere.®

fac-[Re(CO)5(GluP)(HIm)J(CF3SO3) (1). Silver trifluorometha-
nesulfonate, Ag(CF;S0;) (0.20 mmol), was added to fac-[Re
(CO)5(GluP)Cl] (0.17 mmol) in ~20 mL of acetone and refluxed
at 56 °C for 3 h under an argon atmosphere in darkness to
form fac{Re(CO);(GluP)(CF;S0;)]. The silver chloride precipi-
tate was filtered, and imidazole (HIm, 0.20 mmol) was added
and stirred overnight at room temperature (RT) under argon.
After removing the solvent, the mixture was passed through a
Sephadex LH-20 size exclusion chromatography column with
absolute ethanol as the mobile phase, to separate the
unreacted reagents. The main orange band was collected and
evaporated to dryness using a rotary evaporator, and the
product was washed with diethyl ether and dried under
vacuum. Yield 54%. Elemental anal. caled for [Re
(CO)5(C1,H,6N,05)(C3H,N,)](CF53S0;) (ReCioH,oN,04;SF;): %C
30.20, %H 2.67, %N 7.41, %S 4.24; found %C 30.31, %H 2.72,
%N 7.65, %S 4.32. '"H NMR (600 MHz, 25 °C, CD,0D; the
chemical shift range covers signals for a specific H in all four
diastereomers) 8y 9.23-9.42 (s, 1H, C;H), 9.08-9.18 (d, J = 6
Hz, 1H, C;,H), 8.34-8.38 (m, 1H, C;oH), 8.26-8.32 (m, 1H,
CoH), 7.82-7.85 (m, 1H, Cy;H), 7.68-7.82 (s, 1H, C,3H),
7.04-7.13 (m, 1H, C1,H), 6.72-6.89 (m, 1H, C;5H), 5.74 (d,J =3
Hz, 0.1H, C,Ha), 5.43 (d, J = 6 Hz, 0.4H, C,Hp), 5.09 (d, ] = 6
Hz, 0.3H, C;Hp), 5.04 (d, J = 3 Hz, 0.1H, C,Ha), 4.39-4.43 (m,
0.3H, CsHa), 4.36-4.37 (m, 0.2H, C,Ha), 4.17-4.20 (m, 0.3H,
Cs;Ha), 3.92-3.94 (m, 1H, C¢H, two diastereotopic H), 3.83-3.86
(m, 0.7H, C;Hp), 3.71-3.75 (m, 0.9H, C¢H), 3.59-3.62 (m, 1H,
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C,H), 3.42-3.52 (m, 1.7H, C4Hp, CsHP). >*C NMR (151 MHz,

CD;0D) 8¢ 198.1 (COeq), 196.5 (COcq), 190.7 (CO,y),
172.4-175.0 (C;), 155.7-156.6 (Cg), 154.9-155.0 (Cy,),
142.5-142.8 (Cyo), 140.2-140.4 (Cy3), 131.7-131.9 (Ci4),
131.4-131.5 (Cys), 131.5-131.7 (Co), 119.5-119.6 (Cy4),

96.4-97.0 (C4p), 92.0-92.1 (C,a), 82.3-82.4 (Cy), 77.8-78.5 (C,),
75.4-75.6 (Cs), 70.2-73.6 (C3, Cs), 62.6-62.7 (Cs). MS (ESI, posi-
tive mode): +m/z (relative intensity) 579.090 (1 - CO-
CF;S0; 7T, 15), 607.096 ([1 - CF;S0;7]", 100). IR (ATR, cm™"):
Ve—o = 2025, 1889; vc_oy = 1025 cm™'. Water/n-octanol par-
tition coefficient (log P) = —1.3 (= 0.3).

fac-[Re(CO)s(GluP)(HIn)J(CFsSO3) (2). This compound con-
taining complex 2 was prepared using 1H-indazole (Re: HIn =
1:1 mole ratio) following a similar procedure to that used for
1 and was purified using a Sephadex LH-20 column with dis-
tilled THF as the mobile phase, affording the main bright
orange band. After removing the solvent, the solid residue was
washed with diethyl ether and dried under vacuum. Yield
80%. Elemental anal caled for [Re(CO);(C;,H;6N,05)(C7HgN,)]
(CF3S0;) [(C,H5),0] (ReC,,H3,N401,SF;): %C 36.86, %H 3.67,
%N 6.37, %S 3.64; found %C 36.73, %H 3.32, %N 7.49, %S
3.43. 'H NMR (600 MHz, 25 °C, CD;0D; the chemical shift
range covers signals for a specific H in all four diastereomers)
Sy 9.37-9.47 (s, 1H, C,H), 9.14-9.23 (d, J = 6 Hz, 1H, C;,H),
8.28-8.38 (m, 2H, CyoH, CoH), 8.03-8.18 (s, 1H, C,;H),
7.82-7.86 (m, 1H, Cy,H), 7.64-7.77 (m, 1H, C,3H), 7.37-7.54
(m, 2H, C,5H, Cy6H), 7.13-7.22 (m, 1H, C,,H), 5.66 (d, J = 3 Hz,
0.1H, C,;Ha), 5.39 (d, J = 6 Hz, 0.5H, C;Hp), 5.13 (d, J = 6 Hz,
0.2H, C,Hp), 5.06 (d, J = 3 Hz, 0.1H, C,Ha), 4.30-4.62 (m, 1H,
C3H), 4.01-4.19 (t, 1H, C4H), 3.71-3.95 (m, 3H, C,H + C¢H
with two diastereotopic H), 3.51-3.65 (m, 1H, CsH). "*C NMR
(151 MHz, CD;0D) 8¢ 196.9 (COeq), 195.3 (COq), 190.2 (COLy),
173. 9-176.5 (C,), 156.4 (Cg), 155.1 (Cy), 142.8 (Co) 139.7 (Cay),
138.2 (C,5), 134.8 (Cay), 132 (Cy4), 131.5 (Cyp), 130.7 (Cye), 123.8
(Czs), 122.0 (Cy3), 111.1 (Cy4), 91.7-96.5 (Cy), 82.1 (Cy), 78.4
(Cs, one diastereomer), 78.0 (Cs, one diastereomer), 73.5-78.9
(Cy4), 71.9 (Cs, one diastereomer), 71.2 (Cs, one diastereomer),
62.4 (Cg¢). MS (ESI, positive mode): +m/z (relative intensity)
657.100 ([2 - CF3S0;7]", 100). vc—o = 2031, 1912; veon =
1027 em™ ', Water/n-octanol partition coefficient (log P) = —0.13
(+ 0.01).

fac-[Re(CO)s(GluQ)(HIn)J(CF3S0;) (3). The precursor com-
pound, fac-[Re(CO);(GluQ)Cl], was prepared by refluxing Re
(CO)sCl (0.55 mmol) in ~15 mL of absolute ethanol at 68 °C
for 6 h under argon. The solution was cooled down to RT and
a suspension of GluQ (0.55 mmol) in 50 mL of absolute
ethanol was added and stirred for 2 h under argon at RT. After
reducing the volume, the mixture was passed through two con-
secutive Sephadex LH-20 columns with ethanol as the mobile
phase, affording the main dark red band. Upon addition of
diethyl ether to the separated main band, a red fac-[Re
(CO)3(GluQ)Cl] powder formed.

Ag(CF;S0;) (0.11 mmol) was added to fac-[Re(CO);(GluQ)Cl]
(0.09 mmol) in ~20 mL of acetone and refluxed for 3 h under
an argon atmosphere in darkness. After filtering the silver
chloride precipitate, 1H-indazole (0.11 mmol) was added and
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the solution was stirred overnight at RT under argon. After
reducing its volume, the mixture was passed through a
Sephadex LH-20 column with distilled THF as the mobile
phase. The main orange band was isolated and washed with
diethyl ether and dried under vacuum. Yield 56%. Elemental
anal. caled for [Re(CO);3(C16H1sN20s5)(C;HeN,)](CF3S03)
[(C2H5)20]0.75 (ReC3oH31 5N4011.75SF3): %C 39.54, %H 3.48, %
N 6.15, %S 3.52; found %C 39.91, %H 3.56, %N 6.98, %S 2.89.
"H NMR (600 MHz, 25 °C, CD;0D; the chemical shift range
covers signals for a specific H in all four diastereomers) &y
9.62-9.74 (s, 1H, C,H), 8.72-8.98 (m, 2H, CoH + C;3H),
8.12-8.34 (m, 3H, C;oH + Cy4H + CyH), 7.70-8.05 (m, 2H,
CisH + CyH), 7.36-7.58 (m, 3H, CpsH + CysH + CyeH),
7.11-7.16 (m, 1H, C,,H), 5.70-5.72 (d, J = 3 Hz, 0.5H, C,;Ha),
5.50 (d, J = 6 Hz, 0.5H, C;Hp), 4.49-4.80 (m, 1H, C;H),
3.75-4.01 (m, 3H, C4;H + C¢H with two diastereotopic H),
3.58-3.70 (m, 2H, C,H + CsH). *C NMR (151 MHz, CDCl,, the
most intense peaks from the species are assigned) ¢ 196.7
(COcq), 194.6 (COcq), 189.9 (CO4y), 175.7 (C;), 149.1 (Cg), 144.4
(Co); 142.7 (Cyp), 140.0 (Cy7), 135.1 (Cyp), 133.9 (Cyq), 129.7
(C13), 130.8 (Cy4), 131.1 (Cys), 131.9-132.1 (Cy5 + Cyy), 127.8
(Caz), 125.6 (Cy), 123.8 (Cay), 123.9 (Ca3), 111.1 (Cye), 96.4
(C1P), 91.7 (Cy), 78.4 (C,), 73.6 (Cy), 72.1 (Cs), 71.2 (C3), 62.5
(Ce). MS (ESI, positive mode): +m/z (relative intensity) 707.114
([4 - CF380;7]", 100). ve—o = 2033, 1910; vc_op = 1027 cm ™.
Water/n-octanol partition coefficient (log P) = +0.13 (x 0.1).

fac-[Re(CO)s(p-AcGluP)(HIn)J(CF3SO3) (4). The precursor com-
pound, fac-[Re(CO);(AcGluP)Cl], was prepared by refluxing Re
(CO)sCl (0.26 mmol) in ~15 mL of absolute ethanol for 6 h at
68 °C under an argon atmosphere. After removing the solvent,
~15 mL of acetone was added to the remaining yellow oil and
stirred at RT under an argon atmosphere overnight, to
exchange the coordinated ethanol in Re(CO);(EtOH),Cl with
acetone, which would then allow for easy ligand substitution
in the next step. The solvent was removed using a rotary evap-
orator, and to the remaining, AcGluP dissolved in 15 mL of di-
chloromethane (0.26 mmol) was added and stirred overnight
under argon at RT. After reducing the volume, the mixture was
passed through two consecutive Sephadex LH-20 columns with
distilled THF as the mobile phase. Upon addition of pentane
to the separated main band, a dark orange powder fac-[Re
(CO)3(AcGluP)Cl] was formed. Mixing this compound
(0.13 mmol) with Ag(CF;S03) (0.16 mmol) in dichloromethane
for 3 days under argon in the dark led to the formation of the
solid compound fac-[Re(CO);(AcGluP)(CF;SO03)].

To the above triflate salt (0.08 mmol) dissolved in 10 mL of
dichloromethane, 1.2 equivalents of 1H-indazole (0.11 mmol)
were added and stirred for 48 h at RT under argon. After
removing the solvent, the mixture was passed through a
Sephadex LH-20 column with methanol as the mobile phase.
The product was dried under vacuum. Yield 74%. Elemental
anal. caled for [Re(CO);3(CyoH24N200)(C;HeN,)](CF3S03)
(ReC;3,H;30N,0;5SF;): %C 38.23, %H 3.10, %N 5.75, %S 3.29;
found %C 38.33, %H 3.34, %N 5.56, %S 3.13. 'H NMR
(600 MHz, 25 °C, CDCl;; the chemical shift range covers
signals for a specific H in both diastereomers) &§;; 11.22-11.38
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(s, 1H, NH), 9.45-9.58 (s, 1H, C,H), 9.79-9.85 (d, J = 6 Hz, 1H,
Cy,H), 8.68-8.77 (d, J = 6 Hz, 1H, CyH), 8.38-8.39 (m, 1H,
CioH), 8.33-8.37 (m, 1H, Cy;H), 7.68-7.75 (m, 2H, C,;H &
Cy3H), 7.56-7.62 (m, 1H, CyeH), 7.40-7.44 (m, 1H, CysH),
7.20-7.25 (m, 1H, C,,H), 6.15 (d, J = 6 Hz, 0.5H, C;Hp), 5.99 (d,
J = 6 Hz, 0.5H, C;Hp), 5.63-5.70 (m, 1H, C,H), 5.09-5.20 (m,
1H, C3H), 4.31-4.38 (m, 1H, C,H), 4.07-4.38 (m, 2H, C¢H two
diastereotopic H), 3.99-4.06 (m, 1H, Cs;H), 1.87-2.10 (s, 12H,
Cy4H, C16H, Ci5H, CyoH). *C NMR (151 MHz, 25 °C, CDCl;) 6¢
194.8-194.9 (COq), 193.7-194.0 (COeq), 187.6-188.4 (CO,y),
177.1-177.6 (C,), 169.3-170.6 (CO: Cy3 + Ci5 + Ci; + Ci),
167.8-168.2 (Cy;), 154.4-154.5 (Cg), 153.0-153.2 (Cio),
141.9-142.2 (Cy9 + Cy4), 133.4-133.5 (Co), 131.1 (Cyy),
130.1-130.2 (Cys), 123.5-123.7 (C,4), 122.8 (Cy,), 120.5 (Cy3),
111.8-112.0 (Cy), 92.0-93.0 (C,), 75.3-75.5 (Cy), 72.8-73.2 (Cs),
72.2-72.4 (Cy4), 68.8-69.1 (C3), 61.4 (Cg), 19.9-20.8 (C14 + Cy6 +
Cig + Cyg)- MS (ESI, positive mode): +m/z (relative intensity)
825.142 ([6 - CF3S80;7]", 100). ve—o = 2024, 1888; vc—o (acetyl)
= 1746; v o (ester) = 1202; vc_on = 1033 cm™ . Water/n-octanol
partition coefficient (log P) = +0.45 (+ 0.03).

4.3. Physical measurements

ESI-mass spectrometry. High-resolution electrospray ioniza-
tion (ESI) mass spectra were recorded in both positive (+) and
negative (—) ion modes using an Agilent 6520 Q-TOF instru-
ment. Freshly dissolved dilute solutions of solid compounds
1-3 in water and 4 in 0.5% methanol aqueous solution were
injected and mobilized at an injection flow rate of 0.2 mL
min~' and a drying gas flow rate of 7 L min™" at 200 °C.
Capillary, skimmer, and fragmentor voltages were set at 4000,
65, and 80 V, respectively. Peak assignments were confirmed in
the high-resolution mode using an Isotope Distribution
Calculator from Scientific Instrument Services.®” The ESI-mass
spectrum of each solution was recorded after 72 h to check the
stability of the complex ions.

Infrared spectroscopy. FT-IR spectra of the solid salts of
complexes 1-4 were recorded using an Agilent Cary 630 FT-IR
spectrometer equipped with an attenuated total reflectance
(ATR) accessory. For each sample, 32 scans with a spectral
resolution of 4 cm™" were averaged.

NMR spectroscopy. 'H- and "*C-NMR spectra were recorded
at room temperature with a Bruker 600 MHz Avance III spectro-
meter using CD;OD (for 1-3) or CDCl; (for 4) as the solvent.
For each "H NMR spectrum, a total of 128 scans were co-added
and the solvent residual signal (at 3.31 ppm for CHD,OD and
7.26 ppm for CHCl;) was used for internal calibration.*® The
3C NMR spectra were recorded using broadband proton
decoupling at 151 MHz, a 30° pulse, a 26.2 kHz sweep width,
65 K data points and the uniform driven equilibrium Fourier
transform (uDEFT) pulse sequence® with a 4s delay between
scans, which allowed observing the quaternary CO (carbonyl)
carbons that lack a proton and have long relaxation times. A
total of 12 000 scans were collected overnight and calibrated by
internally referencing to the solvent signal (at 49.15 ppm for
CHD,OD and at 77.2 ppm for CDCI;).** 2D NMR spectra, i.e.
Heteronuclear Single Quantum Coherence Spectroscopy
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(HSQC) were recorded using a Bruker Avance III spectrometer
operating at 600 MHz (for 1) and 400 MHz (for 2-4), with 8-12
scans collected for each.

The "H NMR time studies were carried out for complexes 3
(1 mM in D,0) and 4 (6 mM in D,0 + 10% CD3;OD), using
sodium  4,4-dimethyl-4-silapentane-1-sulfonate (DSS) for
internal calibration (§ = 0 ppm). All spectra of 3 were normal-
ized relative to the DSS peak integral.

UV-vis spectroscopy. Electronic absorption spectra were
recorded using a Cary 300 UV-vis spectrophotometer. Samples
for time studies were freshly prepared (50 pM) in water (for
1-3) or in 0.5% methanol aqueous solution (for 4) at room
temperature and placed in a 1.0 cm quartz cell, using the
solvent as a blank. The measurements were repeated after 72 h
to monitor their stability over time.

X-ray absorption spectroscopy (XAS). Re Lj-edge X-ray
absorption spectra of the solid compounds 1-3 were recorded
at room temperature in both transmission and fluorescence
modes simultaneously by placing the sample at 45° relative to
the beam and using a Passivated Implanted Planar Silicon
(PIPS) fluorescence detector at the BioXAS-Main beamline of
the Canadian Light Source (CLS, 2.9 GeV and 220 mA). Higher
harmonics were removed by detuning the Si (220) double-
crystal monochromator to 60% of the maximum beam inten-
sity at 10600 eV. The spectrum of 4 in the solid state was
recorded in transmission mode at room temperature at beam-
line 12C at the Photon Factory, High Energy Accelerator
Research Organization, Japan (PF - KEK, 2.5 GeV, 450 mA),
equipped with a Si(111) monochromator crystal and Rh-coated
higher harmonic rejection mirror. The ion chambers (I, and
1,) were filled with N, gas. Rhenium foil was used for external
calibration of incident beam energy, setting its first inflection
point at 10535 eV. The solid samples were finely ground and
mixed with boron nitride at a BN : sample ratio of 40 : 60 (w/w)
and packed into a 1 mm aluminum frame with Mylar tape as
the window. For each sample three to four scans were collected
and compared before averaging using the Athena program® to
check for potential beam damage.

Extended X-ray absorption fine structure (EXAFS) oscil-
lations were extracted using the WinXAS 3.1 program,®® and
processed as described elsewhere®® with the threshold energy
E, varying between 10539.4 eV (4) and 10 540.5-10 541.2 eV
(1-3). Structural data from the standard compound fac-[Re
(CO);(bpy)(H,0)](OTf)*® (OTf~ = CF3;S0;7) were used for the
ATOMS program,®” which generated the input file for the FEFF
7.02 program,®®®® for simulating EXAFS oscillations.

Least-squares curve fitting of the simulated EXAFS model
functions to the experimental EXAFS spectra was carried out
over a k-range of 2.4-15.9 A™", fixing the coordination number,
N;, while refining the bond distance (R;) and the Debye-Waller
parameter (¢°), allowing AE, to float as a common value for all
paths. The amplitude reduction factor (S,*) was initially
refined for all EXAFS spectra, which led to lower values for the
fluorescence data (S,> ~0.8) shown in Fig. S10, compared to
the transmission data (S,”> ~1.1) presented in Fig. 3. To ensure
that the EXAFS refinement results including the Debye-Weller
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parameter (¢”) values in Table 1 are comparable for the solid
compounds of 1-4, the S, value was fixed at 1.0 for all fittings
shown in Fig. 3. The accuracy of the average bond distances is
within + 0.02 A, and the estimated error limit for the Debye-
Waller parameters is + 0.001 A%,

X-ray fluorescence microscopy (XFM). Silicon nitride
windows (1.5 mm x 1.5 mm x 500 nm thickness, Silson Ltd,
UK) were sterilized and placed in 6-well microplates. A2780
(ovarian) cancer cells were grown in RPMI 1640 medium
(Roswell Park Memorial Institute; see below). The cell density
required for one well was 22.5 x 10* cells in 3 mL to fully cover
the window. The cell suspension was gently pipetted into each
well and the plates were incubated for 36-40 h at 37 °C under
a 5% CO, atmosphere for cells to grow and attach to the
windows. Stock solutions (200 pM) of 1-4 in low glucose
DMEM (Dulbecco’s modified Eagle’s medium) were diluted to
20 pM with DMEM (solution 4 contained 5% acetone for solu-
bility purposes). RPMI medium was gently pipetted out, and
the cells were treated with the 20 pM solution of each complex
for 6 h. Those in control wells were treated with pure DMEM.
After 6 h, the medium was removed, and the cells were washed
with 3 mL of Dulbecco’s PBS (D-PBS), followed by chemical fix-
ation of the cells using a 4% paraformaldehyde solution in
D-PBS, and incubation for 1 hour at 37 °C under a 5% CO,
atmosphere. The windows were finally washed twice with
100 mM ammonium acetate solution in Milli-Q water and
allowed to dry completely.

XFM data collection and data analysis. Single A2780 control
cells and treated cells were imaged to obtain their elemental
distribution maps on beamline 2-ID-D at the Advanced Photon
Source (APS, 6 GeV and 160 mA), Argonne National Laboratory,
Ilinois, USA. Three to four individual cells for imaging were
first selected using an optical microscope. The beam was
tuned to an incident energy of 12.8 keV to allow for the exci-
tation of the Re L-edge and the detection of the Re L emission
line (E = 10010.0 eV) as well as the fluorescence of lighter
elements of interest (P, S, Ca, Cl, Cu, and Zn). The Re Lg; emis-
sion line was used since its Ly, line (8652.5 eV) overlaps with
the Zn K,; emission line (8638.9 eV). The sample was posi-
tioned in the beam path with a 15° tilt, and a single element
silicon drift detector (Vortex EX) was positioned at 90° to the
beam. The incident beam spot size was focused to 0.35 pm x
0.35 pm using Fresnel zone plate focusing optics and elemen-
tal maps were collected in fly scan mode with a dwell time of
300 ms and a spatial resolution of 0.50 pm x 0.50 pm. For
quantification (ug cm~?), AXO (Dresden, Germany) thin film
standards RF 19-200-S6247-09 were measured with the same
sample and detector positions for comparison of fluorescence
intensity. Data analysis was performed using the uProbeX
program,’® by first fitting the raw integrated spectrum of all
pixels to the element emission energies, followed by per pixel
processing, including the option for quantification to extract
the fitted elemental maps and to quantify elemental concen-
trations. Contrast Re images were generated by setting a
specific maximum concentration (ug cm™?) across desired
elemental maps. The mean maximum concentration, standard
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deviations,
calculators.

Cell viability assay. The cytotoxicity of 1-4, fac-[Re
(CO)5(GluP)Cl] and its hydrolyzed form fac-[Re(CO);(GluP)
(H,0)ICl, as well as fac[Re(CO);(GluQ)(H,O)]Cl, the pure
AcGluP ligand, and cisplatin was measured against four cancer
cell lines A2780 (ovarian), MDA-MB-231 (breast), DU-145 (pros-
tate), A459 (lung) and one primary cell line MRC-5 (lung) using
the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide (MTT) assay. For assays, the cells were trypsinized,
counted to adjust for cell density, and seeded in 96-well flat-
bottomed cell culture plates (KASVI) at a density of 1.5 x 10*
cells per well. The plates were incubated at 37 °C with 5% CO,
for 24 h for the attachment of cells to the wells. After this
period, the culture medium was removed and 100 pL of fresh
medium containing various concentrations of the complexes
(ranging from 1.56 to 200 pM) was added. The plates were then
incubated under the same conditions for 72 h. After incu-
bation, 50 pL of MTT solution (1 mg mL ™" in PBS) was added
to each well. The plates were further incubated for 3 h. During
incubation, mitochondrial dehydrogenase in viable -cells
reduced the MTT and purple formazan crystals formed. These
crystals were then solubilized by the addition of isopropanol,
and the absorbance of each well was measured using a micro-
plate reader (BioTek™, Epoch™) at a wavelength of 540 nm.
The absorbance values were then used to determine the cyto-
toxicity of the complexes against different cell lines using
GraphPad Prism Version 10.3 software. By fitting cell viability
(%) vs. log [drug] curves, half-maximal inhibitory concen-
tration (ICs,) values were calculated. All data were collected
from nine replicates and the standard deviation was
calculated.

Partition coefficient (log P). The partition coefficients of 1-4
were determined by the shake-flask method in water and
n-octanol.”> Complexes 1-3 were dissolved in pre-saturated
water with n-octanol to give a [Clinitwater = 50 PM solution,
while 4 was dissolved in pre-saturated n-octanol with water to
achieve [Clinit.oct = 50 pM. The UV-vis spectra of the solutions
were recorded to calculate the molar absorption coefficients
(émax) using the Beer-Lambert law at the wavelength (Amax)
corresponding to the maximum absorption band of lowest
energy: 377 nm (1), 367 nm (2), 403 nm (3), and 360 nm (4).
Then a specific volume of each solution (1-3; Viuater) Was
shaken with a known volume of pre-saturated n-octanol (Vo)
at three different v/v ratios 1:1, 1:2 and 2 : 1 for 30 minutes at
room temperature. For 4, this procedure was carried out by
mixing a specific volume of its n-octanol solution (V,) with a
known volume of pre-saturated water (Viaer). After shaking,
the water/n-octanol phases were separated by centrifuging the
solutions at 3000 rpm for 5 min. The UV-vis absorption
spectra of the aqueous phase for 1-3 and the n-octanol phase
for 4 were recorded to determine the concentration of each
corresponding complex remaining in solution after shaking:
[Cléin.water for 1-3 and [Clgin.octe for 4. The log P values of com-
plexes 1-3 and 4 were calculated using eqn (1) and (2), respect-
ively. The reported log P values are the average of three inde-

and p-values were
71,72

calculated using online
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pendent measurements, ie. Viater (ML): Ve (ML) = 15:15,
7.5:15and 15:7.5

log P 4= log|:[c}init.water _ [C]fin.water % Vwater:| (1)
[C}fin.water Voct
IOg P, = log |:[C]init.oct — [C]fin.oct % Vwater:| (2)
[C]fin.oct Voct
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