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Eight novel heteroleptic Hf'Y complexes containing differently substituted 2-picolylamino-bis-phenolate
and 2,6-dipicolinic acid (Dipic) groups as chelating ligands were synthesized and characterized with yields
higher than 80%. These [ONON] type Hf'"Y complexes have good aqueous stability and potent anti-tumor
activity against Hela S3 (human cervical adenocarcinoma) and Hep G2 (human derived hepatoma) cells.
In particular, the complexes demonstrated selective inhibitory activity against Hep G2 cells. The ICsq value
of the most cytotoxic complex [L1Hf'VDipic4'C'] (0.9 + 0.4 pM) was ten-fold higher than that of cisplatin
(11.2 + 2.1 pM) on Hep G2 cells, being the most cytotoxic anti-tumor Hf'Y complex to date. Furthermore,
[L{HfVDipic* ' could inhibit tumor cell migration, induce reactive oxygen species generation (particu-
larly HO"), loss of mitochondrial membrane potential and almost exclusive early apoptosis in HelLa S3
cells. [LyHf"VDipic*"] exhibited rapid cellular uptake by HeLa S3 cells, and when in aqueous media, these

Received 12th October 2024, Hf" complexes slowly hydrolyzed, releasing non-toxic phenolato ligands as the product of hydrolysis.
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Overall, these rare earth complexes, particularly [LyHf"VDipic* '], show promising potential as novel anti-
cancer agents with significant efficacy against human liver cancer cells and favorable selectivity profiles
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Introduction

Titanocene dichloride ([Cp,Ti"Cl,], TDC) and budotitane (bis-
(1-phenyl-1,3-butanedione)Ti"™) were the first group 4 metal
complexes with anti-tumor activity reported in the 1980s."?
Both entered clinical trials but failed due to limited aqueous
stability and undefined mechanisms of action. Still, they opened
a new chapter in medicinal chemistry as a large number of their
derivatives have been synthesized and evaluated for anti-tumor
efficacy over the last decades.® In 2007, Tshuva et al. reported a
di-amino-phenolato Ti" bis-alkoxyl complex that exhibited signifi-
cantly improved aqueous stability and stronger anti-tumor activity
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for further therapeutic development.

than TDC,* thus laying the foundation for a new generation of
anti-tumor Ti" complexes.>® Following studies, by us”® and
others,”'° it was shown that the aqueous stability can be further
improved by replacing the labile alkoxy groups on Ti" with
additional chelators. These can either be part of the phenolato
backbone (N-hydroxyethyl), resulting in homoleptic complexes, or
achieved by introducing an additional chelator (2,6-dipicolinic
acid, Dipic), resulting in heteroleptic Ti" complexes. These het-
eroleptic Ti" complexes have significantly enhanced kinetic stabi-
lity and anti-tumor activity. The anti-tumor active species formed
by hydrolysis,"* the in vivo anti-tumor efficacy’”> and the mecha-
nism of action were subsequently investigated.*"*

In addition to their role as potential anti-tumor candidates,
the above heteroleptic Ti-complexes have recently found appli-
cation in tumor sensing and as tumor targeting drugs.® A *°Ti
complex stabilized by the above heteroleptic ligand system has
recently been used as a PET (positron emission tomography)
tracer to visualize tumor tissue. Conjugation of a Dipic-based
heteroleptic *>Ti complex with tumor targeting PSMA (prostate
specific membrane antigen) has combined chemotherapeutic
effects with diagnostic features."®

Recently, we reported a post-functionalization protocol for
[(salan)Ti"(Dipic)] via a pallidum-catalyzed Sonogashira reac-
tion,"” and an environmentally benign synthesis of heterolep-
tic bis-chelated Ti'"V complexes in green solvents within
minutes.'® Since SAR (structure-activity relationship) data

This journal is © The Royal Society of Chemistry 2025
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revealed that the phenolato “part” is crucial for the anti-tumor
activity of Salan-type Ti" complexes,'® we further expanded the
complex library to three types of phenolato ligands: [ONNO]
(Salan) type, [ONON] type with a 2-picolylamino “side bridge” and
[ONOOQ] type with an N-(2-hydroxyethyl) “side arm”. Among them,
the [ONON] type Ti" complexes showed the strongest anti-tumor
activity and low toxicity on primary cells."® Despite the above
achievements for anti-tumor Ti" complexes, the field for the
other two group 4 metals, Zr (Zirconium) and Hf (Hafnium), is
surprisingly underdeveloped. In particular, to the best of our
knowledge, for anti-tumor Hf™ complexes, only 10 related reports
have been found.

Coordination complexes of rare earth metals, especially
those of hafnium, have been mainly used in luminescent
materials®®*'  and as catalysts for polymerization
reactions. Regarding bioactive Hf" complexes, early
reports showed that hafnocene dichloride did not exhibit anti-
tumor activity.>® A folate-Hf" conjugate showed anti-bacterial
and anti-fungal activity.”” In contrast, McGowan et al. reported
that the ICs, of a tris-diphenyl p-diketonato Hf"¥ complex was
in the same range as that of cisplatin against HT-29 (human
colorectal adenocarcinoma) and MCF-7 (Michigan Cancer
Foundation-7, human breast adenocarcinoma). However, its
aqueous stability was not investigated,*® probably for the same
reasons that budotitane failed earlier. Recently, Choi et al.
reported that a Hf-MOF (metal organic framework) containing
a folate moiety could generate ROS (reactive oxygen species),
deregulate tumor-cell proliferation, as well as increase apopto-
sis.>® We recently reported four Salan-type Hf™” complexes con-
taining Dipic derivatives as the second chelator.’® The complex
with Dipic substituted with Cl at position 4 showed rapid cellu-
lar uptake and induced almost exclusively apoptosis in HeLa
S3 cells (human cervical adenocarcinoma). Furthermore, an
oxo-bridged dimeric Hf"V-Hf" complex was identified as a
novel anti-tumor compound.’’ In contrast to Hf-based nano-
materials, which have been intensively studied,**** molecular
Hf" complexes are rather scarce, with only four representa-
tives of Hf™ bis-chelates known to date. We report herein the
synthesis and characterization of eight new Hf" bis-chelates
with tripodal tetradentate [ONON]-type ligands, H,L,_, bearing
a 2-picolylamino side bridge (Scheme 1). Their in vitro anti-
tumor activity and mechanism of cellular uptake, ROS pro-
duction and apoptosis are also investigated and presented.

22-25

(1) Hf(O"Bu),
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Results and discussion
Synthesis and molecular structure

The SAR (structure-activity relationship) from our previous
report on phenolato Ti"V bis-chelates indicated that the
aqueous stability and anti-tumor activity of the complexes were
dominated by the substitution pattern on the phenolato
moiety.”> When the 2 position of the phenyl (phenolato) was
occupied by sterically demanding groups, such as t-butyl, the
stability was significantly enhanced. While cytotoxicity was
maintained for 2-picolylamino and 2-hydroxyethylamino Ti"
complexes, it disappeared for Salan Ti" complexes bearing the
ethylenediamino linker. Less bulky substitutions such as those
with methyl were important for both cytotoxicity and stability.
Lighter halogen atoms, such as CI and F, increased the cyto-
toxicity, whereas Br decreased it. Additionally, our previous
work with Hf™ complexes showed that the Cl atom on the
Dipic co-ligand was also important, since it enhanced the com-
pound’s polarity and provided the necessary solubility in polar
solvents.*°

Based on the above observations, ligands H,L;_, containing
t-butyl and methyl at the 2, 3 and 4 positions (phenyl) were
synthesized, and Dipic* was also employed as a second che-
lator. It is worth mentioning that 2-picolylamino ligands
bearing halogens could not be converted into the corres-
ponding Hf" complexes and were therefore excluded from
this study. [L,_sHf""Dipic*™°"] complexes were easily syn-
thesized from Hf(O"Bu), in toluene, following our previous
report,®® and in good yields (>80%). The Hf" complexes of
H,L, and H,L; containing ¢-butyl in the ortho position to the
OH group could be purified directly by flash chromatography
on silica gel, whereas the Hf" complexes of H,L,; and H,L, are
kinetically less stable and decompose on silica gel. For these,
purification relied on filtration of insoluble matter and
washing with toluene to remove unreacted ligands. The
enhanced stability with increasing bulkiness at the ortho posi-
tion is a direct consequence of steric shielding of the O-Ti
bond.*® All ligands and Hf™ complexes were characterized by
the usual analytical techniques of 'H and '*C NMR, FTIR,
HRMS (ESI-TOF), elemental analysis and UV-vis absorption
spectroscopy and details are given in the ESL{ These confirm
the molecular structure of the compounds and their purity.
The HPLC analyses (see the ESIf) show, for all complexes, the
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Scheme 1 Synthesis of 2-picolylamino [ONONI]-type Hf'"V bis-chelates [L;_4Hf'"VDipic] and [L;_4Hf"VDipic*<'].
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presence of one peak, corresponding to >99%, corroborating
their high purity.

Single crystals suitable for X-ray diffraction analysis of
[LHfVDipic] and [L,Hf“VDipic*"] were obtained by slow crys-
tallization in a mixed solvent consisting of dichloromethane
and hexane (1:1) at —20 °C. The solid state ORTEP diagrams
of the molecular structures are depicted in Fig. 1. The main
crystallographic data and selected bond distances and angles
are given in the ESL{ [L,Hf'Dipic] is triclinic and
[L,Hf"VDipic* "] is monoclinic and they crystallized in P1 and
P2y, space groups, respectively. The [L,Hf"VDipic] unit cell
also contains one molecule of hexane and one molecule of
H,0. Similar to the reported [ONNO]-type (Salan) [LsHf "VDipic]
(Ls = 6,6'((ethane-1,2-diylbis(methylazanediyl))bis(methylene))
bis(2,4-dimethylphenol)),”® the tripodal [ONONJ-type ligand
occupies one face of a pseudo-octahedron with Dipic occupy-
ing the remaining cis-positions, forming a hepta-coordination
sphere around the Hf"V centre. The bond angles of O(1)-Hf-O
(2) (161.31° and 162.93°) and O(3)-Hf-O(4) (137.06° and
137.91°) of [L,Hf"VDipic] and [L,HfVDipic*"] are all smaller
than those of [LsHf"VDipic] (168.33° and 138.52°), due to the
tripodal arrangement of L,. However, the 2-picolylamino side
bridge does not significantly affect the N(1)-Hf-N(2) angle
(Table 1). Finally, the dihedral angle of the phenyl moieties in
[LsHf VDipic] (78.44°) is much larger than in [L,Hf"VDipic] and
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Vo ]
& v
\o |
[L:Hf Dipic] [L:HfDipic*<]

Fig. 1 Solid state molecular structures of approximate C, symmetric
hepta-coordinated [ONON]-type Hf'"Y bis-chelates. Thermal ellipsoids
are drawn at the 50% probability level. Hydrogen atoms are omitted for
clarity.

Table 1 Selected bond lengths (A) and angles (°) of [L,Hf'"VDipic] and
[LHf"VDipic* '] and a previously reported [LsHf'VDipic] *°

[LHfVDipic]  [LHf"Dipic*“']  [L;Hf"“Dipic]
O(1)-Hf 1.980(19) 1.998(3) 1.985(2)
O(2)-Hf 1.983(19) 1.969(3) 1.988(2)
O(3)-Hf 2.133(19) 2.156(3) 2.121(2)
O(4)-Hf 2.149(19) 2.116(3) 2.135(2)
N(1)-Hf 2.398(2) 2.402(4) 2.432(3)
N(2)-Hf 2.394(2) 2.427(4) 2.420(3)
N(3)-Hf 2.292(2) 2.282(4) 2.283(3)
O(1)-Hf-0(2) 161.31(8) 162.93(14) 168.33(9)
O(3)-Hf-0(4) 137.06(7) 137.91(12) 138.52(9)
N(1)-Hf-N(2) 71.11(8) 70.51(13) 72.67(9)
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[LHfVDipic*"] (49.3° and 48.7°) (Fig. S31). This rather “flat”
arrangement of the phenyl rings reflects to some extent the
spatial flexibility of the 2-picolylamino Hf" complexes.

Additionally, PXRD (powder X-ray diffraction) was per-
formed on [L,Hf"Dipic] and [L,Hf"Dipic*“], and the
obtained spectra are consistent with the simulated ones
(Fig. S47), suggesting a pure phase for the two Hf-based
crystals.

Stability and hydrolysis

The aqueous stability of the synthesized Hf"™ complexes was
investigated in a mixed solvent of 1/10 (v/v) of H,O/THF (H,O
calculated to be 1 x 10° equiv.) by time-resolved UV-vis spec-
troscopy at 37 °C. As shown in Table 2, [L,Hf"Dipic],
[L,HfVDipic*®"], [L,Hf"Dipic] and [LHf"Dipic*“"] decom-
posed rather slowly with ¢, (half-hydrolyzation time) calcu-
lated to be 20 h, 10 h, 20 h and 15 h, respectively. The stability
characteristics of these [ONON]-type Hf" complexes are
similar to those of the Salan Hf" bis-chelates, as evidenced by
the complexes of L, and L; with at least one ¢-butyl ortho to the
phenolato oxygen, which remained stable (see the ESI, Fig. S9-
S16t) in the time frame studied. Moreover, the products of
hydrolysis of [L;Hf"Dipic***'] and [L,Hf"Dipic*™"] com-
plexes were isolated from scaled-up reactions at 50 °C and
characterized by HRMS (high resolution mass spectrometry) to
be H,L,; and H,L,, respectively (Fig. S17 and S18 in the ESIT).

Cytotoxicity assay

The anti-tumor activity of the [L;_,Hf"VDipic*™!] complexes
and respective ligands was examined by the MTT (methyl-
thiazolyldiphenyl-tetra-zolium bromide) assay on HeLa S3
(human cervical carcinoma) and Hep G2 (human derived
hepatoma) cells with cisplatin as the reference. The ICs, value
for each sample was calculated as the average of the data
obtained from three experiments on different days. In each
replicate, all concentrations were repeated five times.

As shown in Table 3, [L,Hf"Dipic] (entry 1) showed
reduced inhibitory activity against the two tumor cell lines
compared to cisplatin (entry 15). However, the anti-tumor

Table 2 Values of ty,, (half-hydrolyzation time) of Hf'V complexes in a
1/10 mixture (v/v) of H,O/THF

Entry” Complex ty/» (h) Amax. (nm)
1 [LHfVDipic] 20 343
2 [LHfVDipic] Stable” 288
3 [L;HfVDipic] Stable” 343
4 [L4Hf“’Dipic1 20 343
5 [L,HfVDipic* ] 10 343
6 [LHfVDipic*“'] Stable” 295
7 [L;HfVDipic* ] Stable” 343
8 [LHfVDipic* ] 15 343

“Hydrolysis was followed by time-resolved UV-vis spectroscopy after
mixing 3 mL of THF solution of Hf" complex (13.9 mmol) with
0.3 mL of H,0 (0.3 mL, 1 x 10° equiv.) at 37 °C. ” No decomposition
after 2 weeks. ® Anax Oof each Hf"™ complex was determined by UV-vis
spectroscopy.

This journal is © The Royal Society of Chemistry 2025
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Table 3 ICso values (pM) obtained by the MTT assay in HelLa S3 and
Hep G2 cells, after 48 h of incubation

Entry Complex HeLa S3 Hep G2

1 L,HfVDipic] 15.1+2.7 31.8+9.8
2 L,Hf VDipic] Non-toxic Non-toxic
3 L;Hf"VDipic| Non-toxic 44.3+0.1
4 L4Hf'VDipicl Non-toxic 38.4+18.6
5 L,HfVDipic* ] 2.2+0.1 0.9 +0.4
6 L,Hf"VDipic* ] 14.4£2.2 4.3+15
7 L,HfVDipic* '] 17.3 £ 5.1 3.9+1.4
8 L,Hf "Dipic* ] 7.3+4.5 2.1+0.6
9 LsHfVDipic* '] 1.5+0.3 6.7 £1.4
10 H,L, Non-toxic? Non-toxic
11 H,L, Non-toxic Non-toxic
12 H,L; Non-toxic Non-toxic
13 H,L, Non-toxic? Non-toxic
14 Dipic and Dipic* Non-toxic Non-toxic
15 Cisplatin 3.5+0.4 11.2 +2.1

“Partially active on HeLa S3 cells, see ESL{

activity of [L,Hf"VDipic] (entry 2) disappeared completely.
Interestingly, [LsHf"VDipic] and [LHf"Dipic] demonstrated
high selectivity against Hep G2 cells (entries 3 and 4). The
introduction of Cl into the Dipic co-ligand significantly
increased the anti-tumor activity, and [L,_;Hf'VDipic*"] all
showed anti-tumor activity in the low micromolar range
against the two tumor cell lines, in some cases higher than cis-
platin (entries 5-8). Furthermore, all Dipic*“' complexes are
more cytotoxic to Hep G2 than to HeLa S3 cancer cells, and
among them [L,Hf'VDipic*“'] is the most cytotoxic complex
(ICs0: 2.2 £ 0.1 uM on HeLa S3; 0.9 + 0.4 pM on Hep G2). Its
ICs, value is comparable to the cytotoxic Salan type,
[LsHfVDipic* '] *° (entry 9), and to the structurally related Ti"
complex, [L,Ti"Dipic."> The ligands H,L,,, Dipic and
Dipic* were tested separately for cytotoxicity, and except for
H,L; and H,L,, which have partial activity on HeLa S3 cells in
the concentration range of 1 x 1077 pM to 1 x 10> uM, the
others were all non-toxic (entries 10-14).

From the above results, we can conclude that the 2-picolyla-
mino Hf"Y complexes containing Dipic*® generally have
higher anti-tumor activity than the reported Salan-type Hf"
bis-chelates and cisplatin against Hep G2 cells, and that
[L,Hf VDipic*®"] performs better than cisplatin in HeLa S3
cells.

Structure-activity relationship

The structure-activity (stability) relationship of the phenolato
([ONON] and [ONNO]J-type) Hf™ bis-chelates is summarized in
Fig. 2. The Hf" bis-chelates containing Dipic as co-ligand gen-
erally exhibit low molecular polarity, resulting in poor solubi-
lity in DMSO. The use of Dipic* significantly enhances the
molecular polarity leading to better solubility and good cyto-
toxicity. The Hf" complexes bearing phenolato(t-butyl) moi-
eties demonstrated good aqueous stability but insufficient
anti-tumor activity. The [ONNO] and [ONON]-type Hf" com-
plexes containing non-bulky substituents, such as methyl at
either the 2 or 3 positions of phenolato, generally showed

This journal is © The Royal Society of Chemistry 2025
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[ONON] and [ONNO] type phenolato Hf'V complexes stabilized with 2,6-Dipicolinic acid

R
"‘;‘ Dipic reduces molecular polarity and
4 [ONON] type leads to poor solubility in DMSO
SN R = Me, t-Butyl Cytotoxicity decreased or disappeared
N Re=H,CI

Selectively inhibit Hep G2 cells

[ONNO] type

R = Me, t-Butyl
R*=H, Cl
Selectively inhibit HeLa S3 cells

NN

2
Dipic*® enhances solubility in DMSO
3 | and leads to high cytotoxicity

4 R

Phenolato(t-butyl) moiety enhances stability but decreases anti-tumor activity
Phenolato(methyl) moiety is essential for Hf"Y complexes' anti-tumor activity

Fig. 2 Structure—activity relationship of [ONON]-type and [ONNO]-
type Hf" bis-chelates.

good cytotoxicity. In comparison to the [ONNOJ-type Hf" com-
plexes, which selectively inhibit the growth of HeLa S3 cells,
the [ONON]-type Hf" complexes are more prone to inhibit
Hep G2 cells. Furthermore, neither methyl nor H at the pheno-
lato-2 position has a significant effect on the aqueous stability.

Apoptosis assay

Since [L;Hf'VDipic*“'] was the complex with the lowest ICs,
values, it was selected for studies on the mechanism of action.
First, [L;Hf"VDipic*“'] was subjected to apoptotic analysis
using the Annexin V-FITC/PI apoptosis assay kit. HeLa S3 cells
were used for direct comparison with the [ONNO]J-type Hf"
complex, [LsHf"VDipic*“"].*® Cells were treated with 1 x 107>
UM, 1 pM and 1 x 10% pM of [L;Hf VDipic*“'] for 24 h and were
analyzed by flow cytometry. As depicted in Fig. S8,f
[L,HfVDipic*"] could induce 17.0%, 19.6% and 23.4% apop-
tosis in total at the three concentrations in HeLa S3 cells. In
comparison to necrosis, apoptosis leads to significantly
reduced side effects and is therefore preferred for anti-tumor
drugs. In our study, [L;Hf"VDipic*“'] induced only 1.3%, 1.6%
and 1.3% necrosis of HeLa S3 cells at the tested concentrations
(1.4% necrotic cells observed in the control group) (Fig. 3).
Next, the apoptosis levels in Hep G2 cells were investigated
using [L;Hf"VDipic*®], [LsHf''Dipic*“'] and [L,Ti"Dipic]
aiming to gain more insights into their cytotoxicity behavior
(Fig. 3 and Fig. S71). The results indicate that the three metal
complexes could almost exclusively induce apoptosis in Hep
G2 cells, with a percentage of apoptotic cells in dead cells of
26.9%, 17.1% and 32.3% at 1 x 10> pM, respectively (Fig. S87).
A closer look at all data also shows that [L,Hf"Dipic*"] and
[LsHfVDipic* "] induce more early apoptosis than late apopto-
sis on both HeLa S3 and Hep G2 cells (detailed data are given
in Table S15t), suggesting that they avoid the inflammatory
responses associated with late apoptosis or necrosis. In com-
parison, [L,Ti" Dipic] is prone to inducing late Hep G2 apopto-
sis (early/late apoptosis: 9.6%/22.7% at 1 x 10> pM). This has
already been observed for [LsHf"VDipic*“']*° and
[L.Ti"Dipic] ** on HeLa S3 cells, which at 1 x 10> pM induced
30.5%(Hf)/20.8%(Ti) and 15.5%(Hf)/62.3%(Ti) of early and

Dalton Trans., 2025, 54, 6674-6683 | 6677
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Fig. 3 Quantification of necrotic (Q1), late apoptotic (Q2), early apoptotic (Q3) and viable (Q4) HeLa S3 cells (left) and Hep G2 cells (right) after 24 h
of incubation with control medium, 1 x 1072 uM, 1 M and 1 x 102 uM [L;Hf "VDipic*©].

late apoptosis, respectively. Overall, the ability to induce early
apoptosis seems to be a hallmark of Hf complexes.

Inhibition of cell migration

Tumor migration or invasion is a major issue that needs to be
addressed in cancer therapy, since it is responsible for meta-
stasis, which is the primary cause of cancer-related mortality.
In order to preliminarily examine the metastasis inhibition
ability of the new Hf' complexes, a wound healing assay of
[L,Hf VDipic* "] and the previously reported [LsHf"Dipic**']
on HeLa S3 cells was performed. In brief, cells were incubated
with each complex for 24 h, and the WCR (wound closure rate)
was used for describing the metastasis inhibition activity (see
eqn (S1)t). As depicted in Fig. 4a, the WCR of [L,Hf"VDipic**']
and [LsHf"VDipic*®'] were both concentration dependent,
since at concentrations of 2 pM and 4 pM, the WCR values
were 8.3% and 5.4% for [L;Hf"VDipic*“"], and 9.5% and 7.6%
for [LsHfVDipic*'], respectively (Fig. 4b; the detailed experi-
mental procedure can be found in the ESI}), while for the
control it was 14.6% at 24 h. Therefore, the results show that
both complexes reduce the cellular migration of HeLa S3 cells.

Cellular uptake

Next, we performed a cellular uptake investigation of
[L,Hf"VDipic* "] using HeLa S3 cells, following the procedure
used in our previous report.’® A total of 3 x 10™° mol of
[L,Hf VDipic* "] (2.26 x 10~ mg) was added to HeLa S3 cells,
and samples taken at 10 min, 30 min, 1 h, 2 h, 24 h and 48 h
were subjected to ICP-MS (inductively coupled plasma mass
spectrometry) analysis for cellular Hf content. The percentages
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Fig. 4 (a) Representative images of the wound healing assay after 0 and
24 h of treatment of Hela S3 cells with either [LyHf'VDipic*"1 or
[LsHf"VDipic* . (b) Quantitative data of wound closure percentages.

of cellular Hf in relation to total Hf were 3.55%, 4.86%, 5.97%,
7.09%, 8.22% and 8.59%, at each time point. Taking the cellu-
lar Hf amount at 48 h (46 ng) as the maximum uptake, 41.30%
of the maximum Hf uptake was achieved after 10 min and

This journal is © The Royal Society of Chemistry 2025
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69.60% after 30 min (Fig. 5a). In comparison with
[LsHfVDipic* "], which showed 61.90% (10 min) and 76.20%
(1 h) of the maximum Hf uptake (42 ng, 48 h),* it can be con-
cluded that the initial Hf uptake of [L,Hf"VDipic*"] is slower,
but is similar or higher after one hour (Fig. 5b).

Intracellular ROS assessments

Oxidative stress and accumulation of ROS (reactive oxygen
species) including ‘O, (superoxide anion), HO" (hydroxyl
radical), 'O, (singlet oxygen) and H,0, (hydrogen peroxide) are
closely related to tumor formation and mitosis.>* ROS at
higher levels can lead to cell death, including apoptosis, auto-
phagy, necroptosis or ferroptosis, with multiple cellular targets
being involved.*® In this study, the ROS production induced by
[LHfVDipic*®] and [LsHf'VDipic*“'] in HeLa S3 cells was
examined with the 2',7’-dichlorodihydro-fluorescein diacetate
(H,DCFDA probe)*® (three repeats). H,DCFDA is not fluo-
rescent, but after reaction with ROS, it can be transformed
into DCF (2',7"-dichlorofluorescein), which shows green emis-

70—
[LHfVDipic*
60—
[LsHf"VDipic* )

I b
I, uh = *

50—

40—

30—

(ng/2x10° cells)
H
H

20

Uptakr of Hf by HeLa S3 cells

0 T T T T T |
10 30 60 120 1440 2880

Time [min]

b

t

[LHfVDipic*]

'

LsHfYDipic*®
p

Uptake of Hf by HeLa S3 cells
(ng/2x10° cells)
w
>
1

0 1000

Time [min]

2000 3000

Fig. 5 (a) Cellular uptake of Hf after treating HelLa S3 cells for 10 min,
30 min, 1 h, 2 h, 24 h and 48 h with [LHf'"VDipic*“'] (2 uM) and
[LsHf"VDipic* "] (2 uM). Control group: Hela S3 cells without treatment
with [LyHf"VDipic* '] or [LsHf"VDipic* '], no Hf (0 ng) was detected by
ICP-MS. (b) Fitted cellular uptake rate of Hf after treating HelLa S3 cells
with [LyHf "VDipic*©] (2 uM) and [LsHf'"VDipic* <"1 (2 uM).
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sion and can be detected by fluorescence microscopy. One
representative experiment is depicted in Fig. 6. We found that
both [L;HfVDipic*“'] and [LsHf"VDipic*“'] could induce ROS
generation at the two tested concentrations (1 pM and 2 uM).
Moreover, the fluorescence in the case of [L;Hf"VDipic*“'] was
much stronger in comparison with [LsHf"VDipic*'], indicat-
ing a higher level of ROS production with the former.

In order to find what types of ROS are generated in tumor
cells, and the cellular effects for which they are responsible, an
in vitro ROS investigation was conducted on HeLa S3 cells by
flow cytometry. HeLa S3 cells incubated with
[L,HfVDipic*"] followed by different ROS scavengers, namely
NaN; ('O, scavenger), Tiron (disodium 4,5-dihydroxybenzene-
1,3-disulfonate, "O,~ scavenger), p-mannitol (HO" scavenger)
and Nap (sodium pyruvate, H,O, scavenger). As depicted in
Fig. 7, the fluorescence intensity of DCF was slightly reduced
(<40%) in the NaNj, Tiron and Nap groups when compared to
the control (only with [L;Hf"VDipic*']), indicating that '0,,
‘0O,~ and H,0, are not the main ROS species formed. Obvious
quenching of the DCF fluorescence (<80%) was observed in
the p-mannitol group, suggesting that HO" accounted for the
majority of [L,Hf VDipic*“'J-induced ROS.

Metal ions such as Cu, Fe, Mn and Ru can induce ROS
generation through the Fenton reaction, the Haber-Weiss reac-
tion, and mitochondrial dysfunction.’” However, reports on
how molecular Hf complexes induce ROS generation are scarce
since Hf cannot easily undergo redox cycling, and is Fenton
inactive. Hf loses all the outermost s and d electrons, leaving
ionic sites with almost empty orbitals that are not able to cata-
lyze oxygen-related reactions.*® Hf-based materials such as
nanoparticles of HfO, and Hf-based MOFs are RT (radio
therapy) sensitive, and Hf" can absorb X-ray energy and
convert it to high-energy electrons, which subsequently inter-
act with H,O to generate HO".*>*° It has been shown that mito-
chondrial ETC (electron transport chain) activity can lead to
the production of ROS, including superoxide and hydroxyl rad-
icals. In the process, the mitochondrial ETC transfers electrons
to O,, and O, is reduced to ‘O,~ anions, which are ultimately
converted to hydroxyl radicals (HO").** This mechanism may

were

Control

[LHf" Dipic™]

Fig. 6 Fluorescence microscopic images of intracellular ROS levels in
Hela S3 cells analyzed by the H,DCFDA probe. The green spots are cells
that are stained with DCF.
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Fig. 7 (a) Flow cytometry investigation of intracellular ROS levels ana-

lyzed with the H,DCFDA probe in Hela S3 cells treated with 2.2 pM
[LHf "VDipic* €Y + different ROS scavengers for 24 h. (b) Fluorescence
intensity of DCF in Hela S3 cells treated with NaNs, Tiron, p-mannitol
and Nap.

explain how ROS are generated by [L;Hf"VDipic*“']. Obviously,

mitochondrial-related investigations are required to prove such
a hypothesis.

Mitochondrial membrane potential

Most of the production and conversion of O, and ATP takes
place in the mitochondria, through oxidative phosphorylation,
and the generated ROS can cause MMP (mitochondrial mem-
brane potential) decrease and even mitochondrial dysfunction.
Hence, MMP has been identified as an indicator of mitochon-
drial dysfunction and early cell apoptosis.*> In this study, the
MMP change of HelLa S3 cells treated with the two Hf" com-

[LlHFVDlplc" |
Control 1M

JC-1 monomers JC-1 aggregates

Merge

[L1Hf“’D1plc" |
M
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plexes was investigated with the mitochondrial fluorescent
cyanine tracer, JC-1 (5,5',6,6"-tetrachloro-1,1',3,3"-tetraethyl-
benzimi-dazolylcarbocyanine iodide).** JC-1 demonstrates red
fluorescence when the mitochondrion is healthy and the MMP
is unchanged. However, JC-1 can dissociate from the mito-

[L,Hf"Dipic*] (2 pM)

Fig. 9 TEM images of HelLa S3 cells incubated with [LyHf'VDipic* ]
(2 pM, 48 h). The images in the lower panels are enlarged from the red
boxes in the upper panels. The mitochondria are highlighted by the red
circles.

[LsHfVDipic*] [LsHfVDipic*]

Fig. 8 Staining of mitochondrial membrane potential in HeLa S3 cells after 24 h of treatment with different concentrations (1 uM and 2 uM) of com-

plexes [L;Hf"Dipic* '] and [LsHf " Dipic* ).
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chondrial membrane with the fluorescence changing from red
to green when the MMP decreases. In this study, HeLa S3 cells
were incubated with the Hf" complexes (at 1 pM and 2 pM)
for 24 h and subsequently treated with the JC-1 staining solu-
tion. As depicted in Fig. 8, the MMP decreased in a concen-
tration-dependent manner after treating HeLa S3 cells with
[L,HfVDipic*“"] and [L;Hf"“Dipic*“"]. Stronger green fluo-
rescence could be observed for cells treated with
[L,HfVDipic* "] compared to [LsHf VDipic*“'], indicating that
[L,HfVDipic*“"] could induce more ROS generation in HeLa
S3 cells and most probably is more prone to inducing mito-
chondria dysfunction. This is in agreement with the study
made with the H,DCFDA probe.

Moreover, excessive ROS accumulation in mitochondria
leads to structural changes that compromise their function.*!
As shown in Fig. 9, a transmission electron microscopy (TEM)
analysis revealed that HeLa S3 «cells treated with
[L,HfVDipic*“']  exhibited pronounced mitochondrial
damage, including atrophy and disrupted cristae. Typical
apoptotic-related hyper-chromatin could be observed. In the
control group, mitochondria maintained their normal tubular
architecture—an intact outer membrane, clearly defined
cristae, and no sign of edema or atrophy.

Conclusions

In conclusion, eight novel [ONONJ-type Hf™ bis-chelates con-

taining tripodal-tetradentate L, , and a common 2-picolyla-
mino co-ligand were synthesized in good yields and high
purity. The complexes were purified by flash chromatography
or by extraction with organic solvents. Single-crystal X-ray diffr-
action studies indicate that these [ONON]-type Hf" complexes
have more flexible coordination spheres than the [ONNO]
(Salan)-type Hf"™ complexes. Similarly to the Salan-type Hf"
complexes, the [ONON]-type complexes remained stable in
aqueous media when ¢-butyl groups are located at the ortho-
position of the phenolato moiety. Most [ONON]-type Hf™ com-
plexes showed a selective inhibitory effect against Hep G2
cells. Among them, the four complexes ([L,_sHf"'Dipic*"])
containing the chloro-substituted Dipic co-ligand exhibit the
strongest cytotoxicity. The SAR suggests that both ligands of
the heteroleptic complex are crucial for bioactivity; i.e. the sub-
stitution on the Dipic can be used to adjust the molecular
polarity, leading to enhanced solubility in polar solvents and
higher cytotoxicity, and methyl groups on the phenolate also
increase the activity. In comparison with the Salan-type Hf"
complexes, the cellular uptake of [ONON]-type Hf"™ complexes
is initially slower, but the total Hf uptake is higher. In
addition, the ROS production of [L;Hf"Dpic*“'] is dose
dependent and it outperformed [LsHfVDpic*"] (Salan type).
[L,Hf VDpic* '] selectively produces hydroxyl radicals (HO") as
the major ROS. Furthermore, [L, sHf VDpic*'] can cause mito-
chondrial dysfunction and MMP decrease, which may account
for the ROS generation. Cell apoptosis (HeLa S3 and Hep G2)
studies have provided some insight into the unexplored fea-

This journal is © The Royal Society of Chemistry 2025
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tures of anti-tumor Hf"Y complexes. An interesting finding is
that both families of Hf" complexes ([ONON] and [ONNO])
induce mostly early apoptosis, which is preferred because it
causes less inflammation. Further investigations such as mole-
cular modification, targeted therapy and detailed molecular
mechanisms are currently underway in our laboratory.
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