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Redox modulator iron complexes trigger intrinsic
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Redox modulator iron complexes trigger intrinsic
apoptosis pathway in cancer cells

Sai Kumari Vechalapu,' Rakesh Kumar,' Niranjan Chatterjee,” Sikha Gupta,’ Shweta Khanna,’
Pooja Yedehalli Thimmappa,® Sathyapriya Senthil,’ Raju Eerlapally,” Manjunath B. Joshi,® Santosh K. Misra,”*
Apparao Draksharapu,’* and Dharmaraja Allimuthu’4*

SUMMARY

The emergence of multidrug resistance in cancer cells necessitates the development of new therapeutic
modalities. One way cancer cells orchestrate energy metabolism and redox homeostasis is through over-
loaded iron pools directed by iron regulatory proteins, including transferrin. Here, we demonstrate that
targeting redox homeostasis using nitrogen-based heterocyclic iron chelators and their iron complexes
efficiently prevents the proliferation of liver cancer cells (EC5o: 340 nM for 1ITK4003) and liver cancer
3D spheroids. These iron complexes generate highly reactive Fe(IV)=0 species and accumulate lipid per-
oxides to promote oxidative stress in cells that impair mitochondrial function. Subsequent leakage of
mitochondrial cytochrome c activates the caspase cascade to trigger the intrinsic apoptosis pathway in
cancer cells. This strategy could be applied to leverage the inherent iron overload in cancer cells to selec-
tively promote intrinsic cellular apoptosis for the development of unique iron-complex-based anticancer
therapeutics.

INTRODUCTION

Cancer is the leading source of deaths worldwide, and the emergence of drug resistance to the existing class of anticancer therapeutics warrants
novel therapeuticinterventions. While organic small molecule therapeutics continue to dominate the medicinal chemistry, milestone therapeutic
cisplatin is crowned as the major metal-based therapeutic to rule cancer therapy for the past four decades.’ Apart from cisplatin,' carboplatin and
oxaliplatin are the follow-up platinum drugs widely used for treating cancer. These molecules predominantly function through the plastination of
DNA (deoxyribonucleic acid) by intrastrand cross-linking of deoxyguanosine residues in cells among several other mechanisms.” Metal-based
therapeutics that operate beyond DNA targeting mechanisms in cancer cells could serve as potential alternatives to strengthen the arsenal
of metal-based anticancer drugs.®'# Beyond cisplatin- or platinum-based anticancer drugs, several gold- and ruthenium-based cancer therapeu-
tics are in the clinical trials. Several iron complexes including iron-ferrocene and imine complexes exhibit submicromolar potency and function
through the induction of reactive oxygen species (ROS) in cancer cells for their mechanism of action.'* ' These compounds represent a novel
avenue for therapeutic development in oncology, offering diverse mechanisms for targeting malignant cells.

Metal ion homeostasis is essential for cell signaling, growth, survival, and metabolism."” Particularly, systemic functions and metabolism of
iron are regulated by ferroportin and iron-regulatory proteins.'” Transferrin, iron-responsive element-binding proteins (IRPs), and iron-sulfur
cluster proteins (ISCs) transfer and regulate iron homeostasis in cells, which are critical for oxygen transport, respiration, cell signaling, pro-
liferation, and metabolism.'® However, the accumulation of free iron and disruption of its homeostasis is recorded in several cancers and other
diseases.”’'”?° The ROS-generating capability of free iron pools, leading to DNA damage and mutations, is well characterized as a respon-
sible factor for cancer onset and progression.”’ In parallel, a high level of iron is essential for balancing the fast metabolism and respiration in
cancer cells, for example, bone and liver cancer cells are known to possess high iron content than their respective normal cells.”’** Trapping
intracellular metal ions using organic ligands has proved successful in eliminating the tumor.””~’ Instead of oxidative phosphorylation in mito-
chondria, cancer cells depend on aerobic glycolysis for energy production called “Warburg effect,” an ineffective process to produce ATP.?
Therefore, a disruption of this oxidative metabolism by depleting intracellular iron would make the cancer cells vulnerable to iron chelators.
We hypothesized to additionally challenge the cancer cell survival by turning its intracellular iron into an iron complex capable of generating
deleterious ROS that could promote oxidative cell death. Here, we report the identification of iron complexes and their ligands, nitrogen-
based heterocyclic scaffolds chelating with iron, that oxidatively impair mitochondrial function to trigger intrinsic apoptosis pathway in cancer
cells.

"Department of Chemistry, Indian Institute of Technology Kanpur, Uttar Pradesh 208016, India

2Department of Biological Sciences and Bioengineering, Indian Institute of Technology Kanpur, Uttar Pradesh 208016, India
3Department of Ageing Research, Manipal School of Life Sciences, Manipal Academy of Higher Education, Manipal 576104, India
4Lead contact

*Correspondence: skmisra@iitk.ac.in, appud@iitk.ac.in, atdharma@iitk.ac.in

https://doi.org/10.1016/j.isci.2024.109899

1)
ek o iScience 27, 109899, June 21, 2024 © 2024 Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:skmisra@iitk.ac.in
mailto:appud@iitk.ac.in
mailto:atdharma@iitk.ac.in
https://doi.org/10.1016/j.isci.2024.109899
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109899&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

iScience

A
Therapeutic
Iron chelation 72 h post treatment @ g Lol B2
in cells h * ég gsu/ﬂ Wiy ffect
’7‘ EDsy  TDso
Drug dose
Nitrogen-based Screening in 384 well plates CellTiter-Glo® Luminomegtric
Ligand library Cancer cells assay readout
B C
u20s - U20S & Huh-7 o U20S  m HuH7
|
100 100 100+
2 £ £
] s s
= >
> CisPt (5 uM) = %
3 IITK4002 © o
C: Dox (500 nM) ~, Ec . 13 1M (U208), 2 EC_. 24 1M (U208),
= 0- -~ IITK4001 ~s 0% 1.4 uM (Huh-7) 0- s0° 2.2 UM (Huh-7)
T T T T I I I T T T T
1 16 31 46 61 10-% 107 10% 105 10+ 10-8 10'7 10-6 105 10+
Ligands # [ITK4001], M [IITK4002], M
D E
O Huh-7 o U20S
L1007 &
5
S
>
- 3
N/ S o}
2
1ITK4001 1ITK4002 0- o _\[
o & K& 3 I &
E 0@ O\ Q O /‘/
-0 |ITK4001/IITK4002 -=-1ITK4001/4002 + Fe?* -»-11TK4001/4002 + Co?* —-1ITK4001/4002 + Ni?* -« 1ITK4001/4002 + Zn?*
T tx%: i
2 T 1001 I ) 100- i
= 100 1 2 § 2
£ = =
g 3 g
2 S S
[ = ]
e S S
B3 0 Huh-7 < 0 Huh-7 < 04Y20s
T T 1 ® T T T T M T T T T
107 106 105 10+ 10 107 10 105 10+ 10% 107 10° 10° 10*
G [4001] (M) [4002] (M) [4002] (M)
-~ [ITK4001/4002 = 1ITK4001/4002 + Def -»- 1ITK4001/4002 + Fe?* + Def
':T: 20 uM 2 ym 150~
£ 100 5 U £ 100 e 2
c i) 3
e " g g i3
] 50 3 3
> 0.5 uM 2 - < )
§ ﬁ 0- Huh-7 Cells § Huh7Cells N\
T T T T b —
X 0 T 108 107 106 10 1(;-7 1(;-G 16'5 1(;4

2 iScience 27, 109899, June 21, 2024

T T
DMSO Dox Cis-Pt Fe*

T
Def

[ITK4001] (M)

[IITK4002] (M)



iScience ¢? CellPress
OPEN ACCESS

Figure 1. 1ITK4001 and IITK4002 promote antiproliferative activity against Huh-7 and U20S cells with iron salt

(A) Schematic flow of ligand screening in a cell viability assay using a luminescence-based Celltiter-Glo assay after 72 h of treatment.

(B, C, E, F) Cell viability data: screening of ligand library (#75) at 20 and 5 pM (only screened in U20S cells) (B), dose-dependent analysis of [ITK4001 and
IITK4002(U20S and Huh-7) (C), treatment of metal salts alone (20 uM, Huh-7 and U20S cells (E), and metal salts in combination with 1ITK4001 (Huh-7 cells) or
IITK4002 (Huh-7 and U20S cells) (F).

(D) Structures of lead ligand scaffolds [ITK4001 and ITK4002.

(G and H) Antiproliferative activity of [ITK4001/4002 in combination with deferoxamine (Def) and iron salt in Huh-7 cells. All graphs indicate mean + SD. Data
presented are performed in two independent cell lines and are representative of more than two independent experiments with a minimum of three technical
replicates. Cell viability data are normalized relative to DMSO treatment control as 100%.

RESULTS

1IITK4001 and IITK4002 traps iron and complexes to prevent cancer cell proliferation

We first synthesized ligand scaffolds (di-, tri-, tetra-, and pentadentate) on one condition that they are not planar but possess versatile three-
dimensional orientations to resist DNA intercalation. Our screening of a ligand library (75 scaffolds, 20 and 5 pM) identified two hit mole-
cules—N'-benzyl-N',N"'-(tris-N-methylbenzimidazole)-ethylenediamine, IITK4001 and tris(2-pyridylmethyl)amine, 1ITK4002—as a potent inhibi-
tors of osteosarcoma (U20S) cell proliferation (Figures 1A and 1B). Both IITK4001 and IITK4002 dose-dependently inhibited the proliferation
of hepatocellular carcinoma (Huh-7) and U20S cell growth with a range of 1-2 uM ECsq (Figures 1C and 1D). These are nitrogen-based hetero-
cyclic molecules, capable of acting as chelators for various metal ions”’; therefore, we determined to investigate the role of metal complexation
with 3d metals (iron, cobalt, nickel, and zinc) in the antiproliferative activity of [ITK4001 and 1ITK4002. Hence, we treated the cells with our lead
molecules alone or in combination with indicated metal salts at non-toxic concentrations (20 uM; Figure 1E). Interestingly, iron salts cotreatment
with both IITK4001/1ITK4002 retained or had minimal effect on the antiproliferative potential. However, other metal salts were found to suppress
the activity of ligands [ITK4001/1ITK4002 when combined (Figure 1F). Next, to investigate whether iron depletion using our metal ion chelators in
cells alone is sufficient to prevent cancer cell proliferation, we performed combination experiments with deferoxamine (Def, an iron chelator;
Figures 1G and S13) at the non-toxic concentration (2 uM). We observed no substantial change in the cell survival in combination when compared
to the lone treatment conditions. Yet, the addition of excess iron salt to IITK4001/4002 or in combination with Def did not rescue the cell death
(Figure TH). Therefore, we concluded the causative agent of cell death is unlikely to be iron depletion alone, rather a shift in the free iron pool to
form a complex of [ITK4001/4002 and a possibility of additional roles for these iron complexes in the antiproliferative activity anticipated.

Reversible cross-complexation studies of IITK4002 with Fe?* and other biologically relevant metal ions

The initial examination of [ITK4001 and IITK4002 led to the conclusion of iron complex formation rather than iron depletion as the dominant
mechanism for preventing cancer cell proliferation. However, other metal ions in the biological system could potentially interfere with the activity.
Therefore, we assembled salts of various metal ions around their physiological concentrations including alkali metals, 5 mM solution of sodium,
magnesium, potassium, calcium salts, and d-block transition metals such as manganese (1 uM), iron (20 uM), cobalt (0.5 uM), nickel (0.5 uM), cop-
per (5 uM), and zinc (100 pM) salts (Figure 2).%° Due to the solubility issues with IITK4001 under physiological conditions, we restricted all our cross-
complex formation studies with [ITK4002 (Figure 2). Initially, we monitored the Fe(ll)-IITK4002 formation with 0.2-2.0 equiv. of IITK4002 using UV-
visible spectroscopy by following a distinct absorption at 395 nm (Figures 2A-2C). We find an instant complex formation upon the addition of
Fe?* to IITK4002, and this was found to be saturated with 1:1 stoichiometry, indicating the 1 to 1 complex formation. This complex was found to
be irreversible and stable in the complexation medium for more than an hour (Figures 2A and 2B). To study the interference of assembled bio-
logically relevant metal ions, an excess of these metal salts (5 equiv.) was added to the preformed Fe(ll)-[ITK4002 complex and monitored the
change in absorbance at 395 nm. We noted no effect with any of the alkali metal ions and also with transition metal ions such as Mn?*, Ni?*, and
Co?* salts, indicating Fe(ll)-1ITK4002 complex is irreversible under these conditions (Figures 2D and 2E). However, we find a slow equilibration of
Fe(I)-IITKA4002 with Zn?* over 60 min to a ~50% Fe(Il)-1ITKA4002 (Figure 2F). Conversely, the reverse addition of Fe?* salt to preformed Zn(ll)-
IITK4002 exhibited a rapid displacement of Zn?* within a few seconds (t, = 4 s) to form Fe(ll)-IITK4002 and observed a slow equilibration
over 60 min (Figure 2G), thereby suggesting the complex is competitively reversible. Identical to this, the addition of Cu?* was found to react
instantly with Fe(l)-IITK4002 that in less than 20 s all the Fe(Il)-1ITK4002 converted into Cu(ll)-IITK4002 (t, = 8.3 s; Figures 2H and 2I) and was found
to equilibrate to nearly 50% in 6 min. Likewise, the reverse addition also exhibited a similar trend of instant conversion of Cu(ll)-lITK4002 to Fe(ll)-
[ITK4002 transformation (t, = 3.2's; Figure 2J). Together, the cross-complexation studies with biologically relevant metal ions indicate that Fe(ll)-
IITK4002 remain unaffected with other metal ions tested, and Zn?* and Cu®* could potentially interfere. While the physiological concentration of
copper (0.5 pM) is 4-fold lesser than iron concentration (20 uM), zinc (100 pM) level is found to be 5-fold higher than iron. Despite higher levels of
Zn?" in the biological systems, we have observed addition of Zn?* to ITK4001 showed more of a preventive role than retaining or enhancing the
cell death induced by IITK4002 (Figure 1F). The abovementioned set of experiments have clearly ruled out the majority of the biologically relevant
metal ions except for a competition between Fe?* and Cu?*. Therefore, evaluating the individual effects of Fe>* and Cu®* ions on IITK4002 is
essential to precisely capture the metal ion responsible for the antiproliferative activity of our lead ligand molecules.

Synthesis and physio-chemical evaluation of iron complexes (IITK4003 and IITK4004) and other 3d-metal complexes

Iron and copper are indispensable elements for redox homeostasis in cells due to their versatile redox capacity to switch between multiple
oxidation states.>??"*=%3 Next, we set out to investigate whether the effect of our ligands is due to their complexation with Fe?* or Cu?*. To
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Figure 2. Fe(ll)-1ITK4002 is competitively reversible with Zn?* and Cu?* salts
(A) Scheme for competitive complexation studies for IITK4002 with Fe?* and other metal ions.
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(B-D) UV-visible spectra of [ITK4002 with Fe?* salt ([Fell(H,0)6](ClO4), (0 to 2.0 equiv.; B and C) and other metal salts (1 equiv., D) in 1:1 acetonitrile: water at RT.
(E, F, H, 1) Absorbance was recorded at 395 nm for Fe(l)-IITK4002 after exposing it to indicated metal salts (5 equiv.) at RT. Metal salts: Znll(OTf)2,

Cull(H20)6(ClO4),, Coll(H20)4(ClO4),, Nill(H20)6(ClO4)2, Mnll(H,0)(ClO4),, NaCl, KCI, CaCl,, and MgSOs.

(G and J) Zn(II)-1ITK4002 (g) or Cu(ll)-1ITK4002 (j) complex exposed to Fe?* salt (5 equiv.) at RT and absorbance recorded at 395 nm for the Fe(ll)-complex

formation.

unambiguously characterize this, we synthesized the iron complexes [ITK4003 and [ITK4004 and characterized them by various spectroscopic
techniques and X-ray crystallography studies (Figures 3 and $1-S5; Scheme S1, S2, Table S1).*"* Iron complexes [ITK4003 and IITK4004 were
found to show comparable growth inhibition activity against both Huh-7 and U20S cells as in the ligands treatment alone (Figures 3A and 3B).
Remarkably, IITK4003 exhibited an exceptional antiproliferative activity with an ECsg of 340 nM against Huh-7 cells, a 3-fold better than the
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Figure 3. Iron complexes (lITK4003/4004) exhibit potent antiproliferative activity over other metal complexes in Huh-7 cells
(A-G) Cell viability of Huh-7 and U20S cells assessed when treated with 1ITK4003 (A), IITK4004 (B), and IITK4005-4008 (D-G) using Celltiter-Glo assay and the

structure of metal complexes studied here are given (A-C).
(H) The toxicity of lead complexes, [ITK4003/4004, to HEK293 cells was assessed in a dose-dependent fashion. Graphs A, B, D-H indicate mean + SD. Data
presented are performed in two independent cell lines and are representative of more than two independent experiments with a minimum of three technical

replicates. Cell viability data are normalized relative to DMSO treatment control as 100%.

parent ligand [ITK4001 (Figure 3A). This difference in potency could be partially attributed to the better solubility of the complex over the
ligand in agqueous conditions. Next, we synthesized authentic metal complexes of ITK4002 with other 3d-metal salts, Co?* (IITK4005), Ni%*
(IITK4006), Cu®* (IITK4007), and Zn* (IITK4008) (Figure 3C). The complexation of these 3d-metal ions with ITK4001 failed due to experimental
difficulty in crystallizing and obtaining pure complexes. Then, we evaluated for their ability to prevent the growth of Huh-7 and U20S in a
dose-dependent fashion. In our evaluation for the antiproliferative activity of [ITK4005 and ITK4006, both were found to be non-toxic
even at 100 pM concentrations (Figures 3C-3E), suggesting Co?* and Ni** complexation is unlikely to be responsible for the ligand's anti-
proliferative activity. Interestingly, two of the metal ions found to be competitive in complexing with ITK4002, Cu?* (IITK4007) and Zn?*
(IITK4008), exhibited a weak potency (5.4 uM, 7 uM in Huh-7, and 12.8 uM and >50 puM in U20S for [ITK4007 and ITK4008, respectively) in
preventing the growth of cancer cells evaluated. However, the antiproliferative potencies were significantly lower than the parent ligand alone
or the respective iron complex, [ITK4004 (Figures 3C, 3F, and 3G). Together, the evaluation of metal complexes and the combination of
various metal salts with heterocyclic ligands highlight that their antiproliferative activity arises predominantly due to iron complex formation
in cells. Next, we extended the cell viability assay in the human embryonic kidney (HEK293) to estimate the selectivity index (Sl) of our lead
complexes (IITK4003 and IITK4004). We recorded an ECsq of 3.82 uM for IITK4003 with HEK293 cells, an estimated Sl of 9.0 (ECsg in 0.34 uM),
and an Sl of 3.4 for Huh-7 cells (ECsp: 7.6 uM with HEK293 cells and 2.2 uM with Huh-7 cells, Figure 3H). Overall, IITK4003/4004 showed better
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Figure 4. Iron complex, IITK4004, generates reactive metal-oxo species under simulated physiological conditions

(A and B) Monomerization of [ITK4004 in water assessed using X-band EPR spectrum of [ITK4004 in water/CH3CN at 120 K (insert) and cyclic voltammogram in water.
(C) UV/Vis absorption spectral studies depicting reactive meta-oxo species formation ([(TPA)Fe(lll)-OOH]2+ (620 nm) and its X-band EPR spectrum compared
with simulated EPR spectrum (insert).

(D) The transformation of [(TPA)(III)Fe-OOH]?>* (620 nm) to [(TPA)Fe(lV) = O]?* (720 nm) in a reaction of ITK4004 with H202 (10 equiv.) in water is monitored using
UV/Vis absorption spectral studies.

selectivity in preventing liver cancer cells’ growth (Huh-7) over normal kidney cells. These studies together suggested that the complexation of
iron with 1ITK4001/4002 is a major determinant for the antiproliferative action in Huh-7 and U20S cells.

1IITK4003/4004 generates reactive metal-oxo species under aqueous conditions

In addition to iron depletion, we anticipated a lead redox role for our top hits” mechanism of action in cells. The redox mechanisms of Fe(ll)
complexes would generate ROS in cells to trigger redox imbalance. The delicate balance of redox homeostasis is essential for cancer cell
survival and metastasis, which could be capitalized on for developing selective cancer therapeutics.***® Therefore, we evaluated the redox
reactivity of ITK4004 with peroxides in water (Figures 4A-4D and S7-S11), a study thus far not investigated, majorly owing to the instability of
reactive metal-oxo species in an aqueous milieu. While we expect the dinuclear iron complex IITK4004 to be electron paramagnetic reso-
nance (EPR)-silent (due to antiferromagnetic coupling), we observed a high spin S = 5/2 signal, indicative of monomeric [Fe(lll)-1ITK4002])>*
formation upon dissolution (Figures 4A, 4B, and S11).%7 Our cyclic voltammetry (CV) studies of [ITK4004 and in situ prepared Fe(ll)-
IITK4002 in water exhibited a reversible redox wave at E4/, 0.4 V vs. Ag/AgCl, whereas Eq/, of 1.2 V vs. Ag/AgCl in acetonitrile indicated
more facile oxidation in water (Figures 4A, 4B, and S7). Next, we exposed IITK4004 in water to H,O, and observed a characteristic absorption
for [(IITK4002)Fe(l1)-OOH]** species at 620 nm, and this species was also characterized using EPR spectroscopy (g values: 2.19, 2.14, and 1.97;
Figure 4C).274? Together, these data indicate that ITK4004 produces a monomeric [(IITK4002)Fe(I1)-OOH]** species in water upon the inter-
action with H,O,. Unlike in acetonitrile (Figures S7-511), the [(IITK4002)Fe(l1)-OOH]?* in water converts temporally to [(IITK4002)Fe(IV) = o
with an absorption band at 720 nm (Figures 4C and 4D)."* A similar set of reactivity patterns was observed for IITK4004 with tert-butyl hydro-
peroxide (‘BuOOH) to generate reactive oxidative species [(IITK4002)Fe(IV) = OJ**(Figures S8D and $10).***° Further, we independently
mixed [ITK4002 with Fe?* and Fe3* salts for in situ formation of (IITK4002)Fe(ll) and (IITK4002)Fe(lll) complexes. To our delight, exposing
them to H,O, and BuOOH produced a similar Fe(lll)-OOH and Fe(ll))-OO"Bu, respectively, which decayed to yield the highly reactive
[(ITKA4002)Fe(IV) = O]?* complex (Figures4C, 4D, and S11). A comparable study for IITK4003 capturing metal-oxo species formation (Figure Sé)
has strongly suggested that both complexes possess a strong oxidative capacity with peroxides under physiological conditions.

ROS generation by IITK4001-1ITK4004 accumulates lipid peroxide but no sign of DNA damage

After establishing the formation of reactive iron-oxo intermediates with peroxides under in vitro conditions, we assessed the cellular ROS gen-
eration with our hits. Initially, we performed the Amplex Red assay to quantify extracellular ROS upon treatment of Huh-7 cells with our lead
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Figure 5. Lead molecules accumulate lipid peroxide to induce oxidative stress in cancer cells

(A-F) Extracellular ROS was quantified after the treatment of Huh-7 cells with [ITK4003/4004 in combination with catalase and superoxide dismutase enzymes
using fluorescence-based Amplex red assay (A-C) and DHE oxidation assay (D-F).

(G) Intracellular ROS accumulation was visualized using H,-DCFDA oxidation experiment. Scale bar: 25 pm.
(H, 1) Schematic depicting polyunsaturated fatty acid (PUFA, lipid) peroxidation in cells (H) and its quantification through MDA using TBARS assay ().

(J) Immunofluorescence analysis of cells stained with anti-yH2AX upon treatment with doxorubicin (Dox) and lead molecules (20 pM). Scale bar: 25 pm. Graphs A~

F and | indicate mean + SD. Data presented are representative of more than two independent replicates and a minimum of three technical replicates.

molecules (Figures 5A-5C)."® Indeed, our lead molecules generated ROS extracellularly and addition of catalase enzyme (a quencher of
hydrogen peroxide) or superoxide dismutase enzyme (SOD, converts superoxide radical anion into hydrogen peroxide) had partial or minimal
effect on the 1ITk4003/4004-induced ROS generation (Figures 5A-5C). We also used another fluorescence-based assay, dihydroethidine
(DHE) oxidation assay for ROS measurement. The DHE reacts with superoxide radical anion to generate 2-hydroxy ethidium and hydroxy
radical to generate ethidium as oxidized products.”**® We observed a similar trend in ROS generation as in the Amplex Red assay that
our lead molecules profoundly generated ROS, whereas the ROS quenchers such as catalase or SOD exhibited no suppression of ROS levels
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(Figures 5D-5F). These studies led to the conclusion that in addition to superoxide radical anion or hydrogen peroxide, the highly reactive
metal-oxo species could generate other oxidized biomolecules and promote oxidative stress. Next, we assessed the intracellular ROS gen-
eration with our lead molecules alone or in combination with oxidant (H,O,) and antioxidant (N-acetylcysteine). We used a turn-on fluores-
cence-based H,DCF-DA oxidation assay in Huh-7 and U20S cells to measure the intracellular ROS accumulation. We observed a sharp in-
crease in the fluorescence intensity with 1ITK4003/4004 similar to H,O, treatment, suggesting the accumulation of intracellular ROS.
Conversely, combining our top hits with antioxidant N-acetylcysteine (NAC) has rescued the ROS effect (Figures 5G and S14). Two of the
most sensitive biomolecules to intracellular ROS accumulations are deoxyribonucleic acid (DNA) and lipid molecules. First, we assessed
the lipid peroxidation in cells when exposed to our lead molecules. Peroxidation of polyunsaturated fatty acids (PUFA) is known to convert
them into malondialdehyde (MDA), which could be trapped using condensation chemistry with thiobarbituric acid (TBA) (Figure 5H) in a
TBARS (thiobarbituric acid reactive substance) assay.49 Quantification of MDA-TBA condensed product indicated a 2- to 3-fold enhancement
in the levels of lipid peroxides (Figures 51 and S15). Besides, DNA damage is a routine mechanism predicted when metal-complex-mediated
ROS generation is captured.”® However, our analysis of H2AX protein phosphorylation at gamma position, a biomarker for DNA damage
mechanism (y-H2AX), using immunofluorescence imaging, displayed minimal or no effect compared to doxorubicin (Dox, Figures 5J and
S16), thereby ruling out DNA damage mechanisms responsible for antiproliferative activity. Therefore, we concluded that the cancer cell
death induced by our lead molecules could potentially arise due to lipid peroxide accumulation rather than DNA-damage-mediated
mechanism.

Iron complexes accumulate lipid peroxide and do not induce ferroptosis

Thus far, the results of iron complexes enhancing intracellular ROS accumulation leading to lipid peroxidation have instinctively driven us to
investigate the cell death mechanism of ferroptosis, an iron-dependent oxidative cell death induced through lipid peroxide accumulation.”’
Ferroptosis has been linked with multiple steps in the biosynthesis of glutathione and its redox cycling. For example, erastin is reported to
inhibit cystine uptake to induce ferroptosis by targeting System Xc™, a cystine-glutamate antiporter system. RSL3 is a ferroptosis inducer that
inhibits glutathione peroxidase 4 (GPX4), a lipid peroxidase enzyme that employs glutathione for quenching lipid peroxides and directly in-
hibits ferroptosis (Figure S17A). Conversely, ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1) are specific ferroptosis inhibitors that scavenge lipid
peroxides and restore GSH levels (Figure S17A). We chose to combine these ferroptosis modulators with our lead molecules to witness the
effect. Initial evaluation of canonical GPX4 inhibitor RSL3 robustly inhibited the growth of Huh-7 cells with an ECsq of 26 nM, and its combi-
nation with either Fer-1 or Lip-1 showed a tremendous prevention effect by more than 500-fold, thereby validating the ferroptosis assay
system (Figures S17C and S17D). Whereas, combining our hits (IITK4001-1ITK4004) with either Fer-1 or Lip-1 did not provide any significant
protective effect (Figures S17D, S17F, and S18). Further, in our assessment, neither erastin nor RSL3 potentiated the cancer cell killing (in both
Huh-7 and U20S) by [ITK4001-4004 (Figures S17B, S17C, S17F, and 518), thus dismissing the possibility of a ferroptosis cell killing mechanism
for 1ITK4001-4004. In addition, ROS-mediated cancer cell death is known to trigger necroptosis and rapid cellular damage. However, cancer
cell viability analysis for our hits in combination with necrostatin-1 (necroptosis inhibitor) showed little cell death prevention (Figure S18),
thereby eliminating this possibility as well.

1ITK4003/4004 induces mitochondrial dysfunction

Mitochondria, the powerhouse of cells is a sensitive organelle that responds to a sudden fluctuation of redox status. Upon exposure to toxic
levels of ROS, mitochondrial membrane potential (MMP) is affected, which could be measured using established TMRM (Tetramethylrhod-
amine methyl ester)-mitochondria imaging by the reduction in TMRM fluorescence intensity (Figures 6A, 6B, and S19). We observed a consid-
erable decrease in the labeling of mitochondria by TMRM in both Huh-7 and U20S cells in the conditions treated with [ITK4003/4004 and
hydrogen peroxide alone or in combination (Figures 6A, 6B, and S19). Identical to the H,DCF-DA assay, the cotreatment of [ITK4003 or
IITK4004 with peroxides and NAC inversely correlated with their mechanism as expected (Figures 6A and 6B). In parallel, we used
MitoSOX green to capture the mitochondrial ROS accumulation (Figures 6A and 6C). We used a reported ROS generator and lipid peroxi-
dation inducer, JCHD, as a positive control (Figures 6A and 6C).**” Our molecules on their own diminished the MMP and drove low levels of
mitochondrial ROS accumulation; however, upon exposure to H,O,, a sharp increase in the overall ROS level was detected (Figures 6A and
6C). Overall, these findings suggest that [ITK4003/4004 drives ROS accumulation, which could impair mitochondrial function in cancer cells.
Given that our lead molecules disrupt MMP and induce ROS accumulation in cells, we chose small molecule inhibitors of ETC complexes,
rotenone (complex I),% antimycin A (complex 111),>® and sodium azide (NaN3, complex IV)** to compare and assess the effect of [ITK4003/
4004 on mitochondrial function in cancer cells (Figures 6D, S20A, and S20B). One of the outcomes of mitochondrial functional inhibition is
the depleted ATP levels. Our quantification of ATP levels in Huh-7 cells with lead molecules and canonical ETC inhibitors exhibited a profound
decrease in ATP, assuring a parallel mitochondrial functional inhibition mechanism for IITK4003/4004 (Figures 6D and S20). Having estab-
lished oxidative mitochondrial dysfunction in cells with our lead molecules, we set out to evaluate the effect of ROS modulators on the toxicity
of [ITK4003/4004 to Huh-7 cells. Therefore, we combined buthionine sulfoximine (BSO, a glutathione biosynthesis inhibitor, induces oxidative
stress) and antioxidants (vitamin E [Vit-E] and NAC) with IITK4001-1ITK4004 independently, to capture their effect on the proliferation of cancer
cells (Figures 6E, 6F, and S21). We observed a uniform trend of dose-dependent enhancement of cell death with BSO and a protective effect
by Vit-E/NAC for all the molecules tested (Figures 6E and 6F). This is effectively suggesting oxidative stress induction is a relevant molecular
mechanism of our lead molecules.
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Figure 6. 1ITK4003/1ITK4004-induced ROS accumulation led to mitochondrial dysfunction and correlated with ROS-mediated Huh-7 cell death
(A-C) Effect of indicated compounds and combinations on MMP in Huh-7 cells imaged using a potentiometric fluorophore, TMRM, and ROS accumulation with

MitoSOX Green using fluorescence microscopy (A) and their relative fluorescence intensity quantified data (B, C). Scale bar: 25 pm.

(D) Reduction in the levels of ATP quantified using a luminescence-based Celltiter-Glo assay in Huh-7 cells upon treatment with indicated molecules.
(E and F) Effect of additional non-toxic dose of oxidants (BSO-50 uM) and antioxidant (Vit-E-300 uM, NAC-500 puM) on the cell viability of Huh-7 cells treated with
IITK4003 (E) or IITK4004 (F) at indicated concentrations. Graphs B-F indicate mean + SD. Data presented are representative of more than two independent

replicates and a minimum of three technical replicates. Cell viability data are normalized relative to DMSO treatment control as 100%.
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1ITK4003/4004 trigger caspase cascade to induce apoptosis

Oxidative mitochondrial impairment leads to the release of mitochondrial proteins including cytochrome c into the cytosol, which are known
to activate caspase cascade and trigger apoptosis.”” ™’ Therefore, we used multiple sets of experiments including combination treatment
cell viability studies, immunoblotting, and immunofluorescence imaging to capture the cell death mechanism (Figure 7). First, we investi-
gated the effect of apoptosis, a programmed cell death inhibitor, QVD-OPh (a pan-caspase inhibitor), in combination with our lead mole-
cules in Huh-7 and U205 cells (Figures 7A and $23).°%°? We observed profound rescue of cell death by QVD-OPh when combined with lead
molecules, thereby hinting a likely apoptosis mechanism (Figure 7A).°
apoptosis biomarkers in the cells treated with our molecules. We stained the cells for annexin-V (an apoptosis biomarker) and propidium
iodide (PI, for tracking cell death) after treatment with our molecules (Figures 7B, 7C, 524, and S25). We found a remarkable increase in

Then, we conducted immunofluorescence imaging to visualize the

the staining for annexin-V and Pl in cells treated with our molecules, and a cotreatment with QVD-OPh rescued the Pl staining
(Figures 7B, 7C, S24, and S25). Next, we performed immunoblotting for tracking the activation profiles of caspase-cascade-mediated
apoptosis markers. First, we confirmed the release of mitochondrial cytochrome c (Cyt c) to the cytoplasm after treatment with our lead mol-
ecules and the positive control (Figure 7D). We observed a comparable effect on the release of cytochrome c for both the ligands as well as
the complexes’ treatment (IITK4001-1ITK4004). Then, a time-dependent (4 h and 8 h) analysis of full-length caspase-3 and its activation to
release cleaved caspase-3 indicated a sharp increase in the caspase-3 activation over time, and this was comparable to the positive control,
staurosporine (Figures 7E, 7F, and S26). The subsequent effect of caspase-3 activation to trigger the cleavage of death substrate poly [ADP-
ribose] polymerase 1 (PARP-1) exhibited a strong correlation with our lead-molecule-mediated apoptosis in two independent cell lines
(Figures 7E, 7F, and S26). Interestingly, both the ligands (IITK4001 and IITK4002) were found to exert strong effect on the caspase-3 cleavage
when compared to their respective complexes (Figures 7E and S26), which was comparable to that of positive control staurosporine in Huh-7
cells, and effect was found to be extending to PARP-1 cleavage. Whereas in U20S cell line, we have observed a stronger band for cleaved
caspase-3 and PARP-1 for the complex 4004 over the ligand IITK4002. Despite the relatively slight difference on the extent of caspase-
cascade activation, both ligand and complexes were highly effective in preventing the cancer cell growth and induced apoptosis
(Figures S7 and 522-526). Collectively, the abovementioned set of experiments strongly suggests that our lead molecules induce mitochon-
drial dysfunction and released Cyt ¢ into the cytoplasm to trigger the caspase cascade that promoted the intrinsic apoptotic cell death
mechanism in cancer cells.

Pan-cancer activity and 3D-spheroid growth inhibition by 1ITK4003/4004

Further, to emphasize the generality of [ITK4003/1ITK4004 to act as proliferation inhibitor of various cancer phenotypes, we have screened the
indicated molecules against a panel of 10 more cancer phenotypes in addition to Huh-7 and U20S (Table 1, Figure S27). We observed growth
inhibition of cancer cells within a range of 0.3-3.5 uM ECs against all the cancer lines investigated. We found Huh-7 cells to be highly sensitive
to 1ITK4003 with an ECsg at 340 nM concentration, whereas other cancer phenotypes exhibited comparable sensitivity. Among the hepato-
cellular carcinoma (HCC) cells, the sensitivity of Huh-7 cells was nearly 10-fold higher than HepG2 cells (Table 1, Figure S27). These drastic
differences in selectivity could be attributed to several factors including genetic and metabolic differences and higher lipogenesis in
Huh-7 cells over other hepatoma cells,®'* which is an interesting lead for future explorations. In the case of ITK4004, the molecules exhibited
comparable cell-killing potency (2.2-3.5 pM) with all the cancer cell lines tested (Table 1, Figure S27). Extending the studies to 3D-cell models
such as spheroids will help us capture the ability of our molecules to penetrate the tissue-like structure and inhibit their growth. Therefore, we
have generated 3D-spheroids of HepG2 cells and treated them with mitomycin as a positive control to establish a functional assay system.
Then the treatment of spheroids with [ITK4003 and IITK4004 showed an excellent reduction in the scaffold size of spheroids in a dose-depen-
dent fashion (Figures 8A-8C). These results together highlight that these molecules can prevent multiple cancer phenotypes and they can be
successful in inhibiting tumor growth in vivo as indicated by volume reduction in the prototype, 3D-spheroids.

Nanocarrier potentiating the activity of IITK4003/4004 in liver cancer cells

Our studies for ITK4003 in multiple cancer phenotypes showed a variable ECsg (0.34-3.3 uM, a 10-fold difference), whereas a comparable
ECso was recorded for IITK4004 (2.2-3.9 uM) in all the cell lines investigated (Table 1, Figure 526). At higher concentrations, we found aqueous
solubility issues for 1ITK4003 over [ITK4004; therefore, it was suspected that the differential ECsg in various cell lines could be an outcome of
differential cell permeability. Hence, to evaluate this possibility, we have performed inductively coupled plasma resonance mass spectrometry
(ICP-MS) and energy dispersive X-ray spectroscopy and scanning electron microscopy (EDX-SEM) of HUH-7 cell treated with DMOS or lead
metal complexes (20 uM, Figures S28 and S29). We have observed a distinctincrease in the iron levels in both ICP-MS and EDX-SEM analysis in
the metal-complex-treated conditions. Indeed, under comparable conditions, the iron level was quantified to be slightly higher in the case of
IITK4004 over IITK4003, thereby reflecting on the differential aqueous solubility impacting cell permeability of the complexes. Therefore, to
improve the local concentration of the metal complexes intracellularly, a polymeric nanosized drug carrier was synthesized for the effective
delivery of ITK4003 and IITK4004, which would overcome the problem associated with water solubility and cell permeability. A water-in-oil-in-
water emulsion method (Scheme S3) was employed for the preparation of the nanocarriers (NCs) using an ampbhiphilic, diblock amphiphilic
copolymer carboxylic acid poly (ethylene glycol)-block-poly(lactide-co-glycolide) (PLGA-b-PEG-COOQOH). The molecules of interest, [ITK4003
and 1ITK4004, were added to the polymer solution at the first step of preparation of NCs, which led to an effective entrapment of molecules,
presumably inside the hydrophobic core of the nanocarriers (Scheme S4). Dynamic-light-scattering-based investigation revealed that the
effective hydrodynamic diameter of synthesized NCs was 186 + 2.5 nm. It was noticed that there was no significant change in effective
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Figure 7. 1ITK4003/1ITK4004 triggers the caspase cascade to promote apoptosis in cancer cells

(A) Cell viability studies of Huh-cells upon cotreatment of apoptosis inhibitor QVD-OPh (10 pM, A) with our lead molecules.

(B and C) Induction of apoptosis in Huh-7 (E) and U20S (F) cells by [ITK4001/4003 (20 uM) and staurosporine (250 nM) was captured using a fluorescence imaging
of propidium iodide (Pl)-stained nuclei and immunostaining for an apoptosis marker, Annexin-V.

(D-F) Immunoblotting for indicated apoptosis markers in Huh-7 (D, E) and U20S cells (F) after 4 h and 8 h of treatment with ITK4001-1ITK4004 (30 um) and the
positive control staurosporine (100 nm). Protein concentration in each lane was 20 pg; all molecules were used at 30 uM, except Stau: staurosporine, 100 nM).

Graphs A-D indicate mean + SD. Data presented are performed in two independent cell lines and are representative of more than two independent
experiments with a minimum of three technical replicates. Cell viability data are normalized relative to DMSO treatment control as 100%.

hydrodynamic diameter of NCs on loading of the [ITK4003 and [ITK4004 in nanocarriers, called as NC/IITK4003 and NC/IITK4004, respectively
(Figures 9A and S30). The effective hydrodynamic diameter of NC/IITK4003 and NC/IITK4004 was 184 + 1.5 nm and 183 £ 7.5 nm, respec-
tively. The polydispersity index (PDI) values of NCs, NC/IITK4003 and NC/IITK4004 nanosuspension, were found to be 0.18 + 0.01, 0.14 +
0.01 and 0.23 £ 0.02, respectively (Figure 9B). These low PDI values implied the homogeneous nature of the polymeric nanocarriers, which
was retained even after loading 1ITK4003 and 1ITK4004. This observation was also supported by the intensity vs. size distribution plot as
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Table 1. Cell viability analysis of various cancer cell lines with IITK4003 and IITK4004 (ECs, values with an average SD of +0.1 uM for IITK4003 in Huh-7)

Cancer cell line [ITK4003 (nM) 1ITK4004 (uM)
Huh-7 0.34 2.2
Huh-7° 0.11 1.9
HepG2 4.87 3.07
HepG2° 0.42 2.8
HEK293 3.82 7.6
A549 1.99 2.3
Jurkat-6 1.6 2.2
MCF7 1.41 2.7
MDA-MB-231 2.1 2.4
u20s 2.10 2.3
A375 ND 2.9
HCT116 ND 2.6
PC3 ND 3.5
RPMI 8226 ND 2.3
Us7MG ND 4.0

?ECs of the [ITK4003/11TK4004 encapsulated in nanocarrier; N.d., not determined. Cancer cell lines: A549: lung carcinoma epithelial cells; HepG2 & Huh-7: he-
patocellular carcinoma; Jurkat J6: acute T-cell leukemia; MCF7: breast cancer MDA-MB-231; triple negative breast cancer; U20S, osteosarcoma; A375, mela-
noma; HCT-116, colon cancer; PC3, prostate cancer; RPMI 8226, B lymphocytes; U87MG, glioblastoma.

represented in Figure 8C for NCs and NC/IITK4003, NC/IITK4004, and their imaging (Figure 9D). Further, the loaded amount of ITK4003 and
IITK4004 was quantified by analyzing the absorbance vs. concentration standard plot. It was found that the loaded concentration of 1ITK4003
and IITK4004 in NCs was 34.8 and 194 pM, respectively (Figures 9E and 9F). This quantification deciphered that the entrapment of two water
insoluble molecules, IITK4003 and 1ITK4004, inside polymeric NCs brought these molecules into agqueous suspension in significantly higher
concentration and eventually be available to the biological system for uptake possibly through endocytosis.***° These lead-molecule-encap-
sulated nanocarriers were evaluated in both Huh-7 and HepG2 cells for their antiproliferative activity. NC/IITK4003 exhibited nearly a 4-fold
(0.43-0.11 uM) in Huh-7 and 12-fold (4.87-0.42 uM) enhancement in ECsy HepG2 cells (Figures 9G-9K). Under comparable conditions, we
found no significant difference in the ECsg for [ITK4004 between the pristine treatment or nano-encapsulated form NC/IITK4004. Collectively,
our effort to enhance the effective delivery of IITK4003 through nanoencapsulation resulted in the identification of exceptionally potent
growth inhibition of Huh-7 cells at 110 nM ECso.

DISCUSSION

Drug resistance in cancer is a serious global threat, and identification of novel therapeutic interventions is a high priority. Emerging technol-
ogies including PROTACs (small-molecules-based proteolysis activating chimeras for target protein degradation), CRISPR-Cas systems (for
genetic manipulations), and antibody-drug conjugates offer promises. In parallel, classical drug discovery approaches using small molecules
to target specific disease-relevant proteins and/or cellular functional machinery have also continued to evolve. Cisplatin set the foundation for
metal-based therapeutics, and it was approved nearly five decades ago by US-FDA (1978) for cancer treatment. Since then, only fewer metal
complexes entered clinical trials, and overall metal-complex-based cancer therapeutics development remains underdeveloped. Recently,
modulation of intracellular metal ion levels to alter redox homeostasis is emerging as a potential therapeutic modality to prevent cancer pro-
gression.”>?° Targeting this redox sensitivity, several ruthenium-based compounds with systematically varied ligands core have been devel-
oped as potential anticancer therapies.'®"'%*’~"> Moreover, iron complexes of ferrocene, salen, and N-heterocyclic ligands are developed as
potential anticancer agents, exerting their effects by triggering reactive oxygen species (ROS) production within cancerous cells at micro-
molar concentrations.”*'® We identified ITK4001 and IITK4002 as a potential candidate for promoting apoptosis in cancer cells at 110 nM
potency. We provided a comprehensive understanding of 1ITK4001/4002 as trapping intracellular iron by complexation and ROS-mediated
mitochondrial function impairment to promote apoptosis in cells (Figure 10). Interestingly, there is no literature evidence of the characteriza-
tion of reactive iron oxo species generated by [ITK4004 in water, possibly owing to the challenge associated with their poor stability in
aqueous milieu. However, high-valent reactive metal oxo species in organic solvents and their utility in catalysis such as oxygen atom transfer
reactions are known.”” One of the key aspects is we have successfully characterized the short-lived high-valent Fe(IV)=0 intermediates in wa-
ter to set the literature precedence. Notably, [ITK4003/4004-mediated ROS generation and accumulation of lipid peroxide did not trigger
ferroptosis. Perhaps, the concentration of lipid peroxide accumulation induced by our molecules is not sufficient to trigger ferroptosis, which
is also reflected in the absence of necroptotic cell death (typically activated with excess ROS).”’/ Mitochondrial components such as cyto-
chrome creleased into cytoplasm leading to the activation of caspase cascade to trigger apoptosis augurs well with our mechanism since our
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Figure 8. Our lead molecules IITK4003/I1ITK4004 reduced the 3D-spheroid volume and dose-dependently inhibited their growth

(A) Schematic and images of HepG2 cells spheroids generated out of 3D-culture and their treatment with indicated molecules after 72 h. Scale bar: 200 pm.
(B and C) 3D-culture cell viability was assessed during their treatment with 1ITK4003/1ITK4004 for 24, 48, and 72 h using MTT assay. Graphs B and C indicate
mean + SD. Data presented in (A-C) are representative of two or more independent experiments with a minimum of three technical replicates. Cell viability

data are normalized relative to DMSO treatment control as 100%.

lead molecules were found to promote mitochondrial dysfunction. Though we obtained an excellent ECsq for ITK4003 in Huh-7 cells and were
good at reducing the size of HepG2-spheroids, we observed solubility issues at higher concentrations. Initially, we suspected the solubility
and cell permeability could potentially dictate the ECsg of IITK4003 in various cell lines. A head-to-head comparison of [ITK4003 and its nano-
encapsulated version NC/IITK4003 in both Huh-7 and HepG2 exhibited a remarkable improvement in the overall potency indeed confirming
the effective delivery of 1ITK4003 could be a serious contributor to improve the efficiency of the molecules. In summary, our study suggests
that an angle of metal trapping and subsequent chemical reactivity and improvisation of local drug concentration could be used for hetero-
cyclic molecules’ biological activity and to study their mechanism of action.

Limitation of the study

We report that nitrogen-based heterocyclic scaffolds form complexes with iron to induce antiproliferative activity in cancer cells. The proposal
was established by synthesizing authentic iron complexes and evaluating them for their antiproliferative activity and their mechanism of action
studies. However, proving the complexation with intracellular iron was not possible due to minute change in the intracellular iron concentra-
tion with IITK4002 addition (our ligands are active in low micromolar concentrations and cellular iron levels ~20 pM). This could be addressed
by synthesizing structurally close turn-on fluorescent probes for intracellular iron, which is a scope for future research. Further, though the
biological activity of ITK4001 was mimicked in the respective iron complex, [ITK4003's outstanding response in cells could not be studied
as the solubility issues associated with [ITK4001 under physiological conditions have hampered our plans of establishing iron complexation
mechanism inside cell. Additional modifications in the structure to enhance the solubility of ITK4001 to improve the potency and to decipher
the mechanism of action is another direction to pursue. Future experiments could include ICP-MS analysis of HEK293 cells treated with lead
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Figure 9. Nanocarrier-mediated drug delivery potentiated the antiproliferative activity of IITK4003 in liver cancer cell lines

(A) The hydrodynamic diameter of NCs, NC/IITK4003, and NC/IITK4004.
(B) Polydispersity index of NCs, NC/IITK4003, and NC/IITK4004.
(C) Representative intensity vs. diameter size distribution plot for NCs.
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(D) Representative TEM image of NCs, NC/IITK4003 and NC/IITK4004. Anhydrous size of NCs, NC/IITK4003 and NC/IITK4004 samples, as obtained from

respective multiple TEM images.

(E and F) Representative absorbance vs. concentration standard plot for quantification of (E) ITK4003 loading and (F) IITK4004 loading.

(G—K) Cell viability studies of Huh-7 and U20S cells upon treatment with 1ITK4003/4004, their nano-encapsulated forms and controls (G), 1ITK4003 and NC/
IITK4003 (H, 1), IITK4004 and NC/IITK4004 (J, K) in Huh-7 (data colored in gray) and U20S (data colored in orange) cells. Graphs A, B, D, and G—K indicate
mean + SD. Data presented in G—K are representative of two or more independent experiments with a minimum of three technical replicates in each cell

line. Cell viability data are normalized relative to DMSO treatment control as 100%.

compounds and nanocarriers loaded with iron complexes to gather more insights on the accumulation of iron on selective toxicity to cancer

cells over the normal cells.
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o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
O Cell lines
o METHOD DETAILS
O General information
O Synthesis and characterization
O HPLC for purity analysis

14 iScience 27, 109899, June 21, 2024



iScience

¢? CellPress

OPEN ACCESS

-+ Huh-7 -= U20S

% Cell Viability

0 0.34 uM; 1.8 M

10 107 106 105 10+
[IITK4003],

(cIo,),
Antiproliferative o/
JO R
-

& 1ITK4003 NC/IITK4003

-
o
1)
=
i
—~

Nanocarrier
drug delivery

—

= —

activity

% Cell viability

HepG2

10 107 10° 10
Concentration (M)

1. Amplex red assay
2. Dihydroethidium assay
3. H,-DCFDA oxidation assay

4. TBARS
assay-MDA
quantification

PUFA

s

6. TMRM assay
7. MitoSox green imaging
8. ATP quantification

H2AX

3

$

Lipid (§ & J/ //;
ROS \ £ DNA-Nucleosome
' l 5. Immunofluorescence
Cotreatment Imaging for yH2AX
with ferroptosi
modufatg:’s o - Cytochrome c yH2AX
Ferroptosis l 5
8. Immunoblotting Caspase-3 /
experiments l
_  PARP-1 DNA Damage
e lﬂ D 9. AnnexinV
immunofluorescence imaging
ApoPtOSIS 10. Propodium iodide

bfg o?/{f/) fluorescence imaging

Og“ 0
(J\/ \‘ )”‘

Intrinsic Apoptosis Pathway

Figure 10. Summary figure capturing the molecular mechanism of iron complexes (IITK4003) in activating intrinsic apoptosis pathway

The set of experiments conducted to establish the respective molecular mechanism of our lead molecule are summarized on the arrow. ROS generated by our
metal complexes in cancer cells (Amplex Red assay, DHE assay, and H2-DCFDA assay) did not induce DNA damage and was captured by monitoring the
phosphorylation H2AX (immunofluorescence imaging). While the lipid peroxide accumulation was detected (TBARS assay-MDA quantification) in cancer cells
upon treatment with our complexes, combination cell viability experiments with ferroptosis modulators indicated no ferroptosis mechanism. ROS-induced
mitochondrial dysfunction (TMRM assay, MitoSox green imaging, ATP quantification) led to the activation of intrinsic apoptosis cascade—cytochrome ¢

release—activations of caspase-3—PARP-1 cleavage—resulting in apoptotic cell death.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Catalse Sigma Aldrich Cat#C40
Superoxide dismutase Sigma Aldrich Cat#S5395
Dihydroethidium Sigma Aldrich Cat#309800
Propidium iodide Sigma Aldrich Cat#537059

Thiobarbituric acid

Glr innovations

Cat#504-17-6

Experimental models: Cell lines

HEK293 Cells

A549 lung cancer cells
H9C2, Heart cells

A375, Melanoma cell
U87MG, Glioblastoma
HCT116, Colon cancer cells
PC-3, Prostate cancer cells

MDA-MB-231, Triple-negative breast

cancer cells

MCF7, breast cancer cells
RPMI8226, myeloma cells
U20S, Osteosarcoma cells

Huh7 cell

Cells Repository, National Center for
Cell Sciences (NCCS)-Pune, India

Gift from Prof Nitin Mohan IIT Kanpur
Gift from Prof Nitin Mohan IIT Kanpur

Cat# HEK293

Cat # A549

Cat #H9c2(2-1)

Cat # A375

Cat #U87MG

Cat # HCT116

Cat # PC-3

Cat # MDA-MB-231

Cat # MCF7
Cat # RPMI8226

Software and algorithms

Gel Imaging

High-performance liquid chromatography
(HPLC)

Fluorimetric, luminometric and
spectrophotometric measurements

Graphpad Prsim 9.4.0

ChemiDoc™ Touch Imaging System

Agilent

Promegapc-GloMax®

Graphpad Prsim

Bio-Rad
Agilent Tech

Promega

https://www.graphpad.com/

ChemDraw Professional 21.0 PerkinElmer https://www.perkinelmer.com/category/
chemdraw

Others

PVDF membrane https://www.thermofisher.com/ Cat # 88520

RESOURCE AVAILABILITY

Lead contact

For example, “Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Dharmaraja Al-

limuthu (atdharma@iitk.ac.in).”

Materials availability

All materials generated in this study are available from the lead contact without restriction.

Data and code availability

e All datasets reported in this work are available from the lead contact upon request.
e This paper does not report original code.

e Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
e All data generated or analyzed during this study are included in the manuscript and supporting files.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cell lines
Cell lines used were cultured in either DMEM or RPMI media were supplemented with 10% FBS (Fetal Bovine Serum- Gibco) and 1% PenStrep
(Pencillin Streptomycin- Gibco) at 37°C and 5% CO, atmosphere.

RPMI Media: A549: Lung carcinoma epithelial cells; PC3: Prostate cancer; RPMI 8226: B lymphocytes; Jurkat J6: Acute T cell Leukemia;
MCF7: Breast cancer MDA-MB-231; Triple negative breast cancer.

DEME Media: HepG2 & Huh-7: Hepatocellular carcinoma; U20S: Osteosarcoma; A375: Melanoma; HCT-116: Colon cancer; U87MG:
Glioblastoma.

METHOD DETAILS
General information

All chemicals and reagents were obtained from commercial sources and were used as received. HPLC grade solvents, H,O and CH3CN from
Merck were used in spectroscopic studies. Elemental analyses (C, H, N) were obtained using PerkinElmer CHNS/O 2400 series Il Analyser. IR
spectrum was recorded using Zn-Se pellets with a ECO-ATR spectrometer (Bruker Alpha Il). Agilent 8453 diode-array spectrophotometer was
used to record UV/Vis absorption spectra and conduct kinetic experiments spectrophotometrically in 1 cm quartz cells (A = 190-1100 nm
range). The "H and "*C NMR spectra were obtained using JEOL JNM LA 400 (400 MHz) NMR spectrometer and JEOL JNM LA 500 (500
MHz) and tetramethylsilane (TMS) used as the internal standard to record NMR. Elemental Analysis was recorded using Elementar Unicube
v1.1.6 instrument. Bruker EMX 1444 spectrometer with the temperature controller was employed to record the X-band EPR data at 120 K.
Simulation of EPR Spectrum was carried out by Bruker WINEPR SimFonia software. The spectrometer was calibrated using
3-bwasdiphenylene-2-phenylallyl (BDPA) as X-Band EPR standard.

Cyclic Voltammetry experiments were carried out at room temperature using the CH instrument'’s Electrochemical Analyzer M-600B series.
A three-electrode system was used where glassy carbon was used as a working electrode, Pt wire as an auxiliary electrode, and the agqueous
Ag/AgCl the reference electrode. The solutions used were T mM of complex and 120 mM of supporting electrolyte tetra-n-butylammonium
perchlorate in acetonitrile and potassium nitrate in water, respectively.

Compounds [ITK4002,”® 1ITK4005,”” 1ITK4006*%° and IITK4007%° were synthesized as per literature reports and the characterization data
were in agreement with the reported ones.

X-ray crystallography

Single crystal of suitable dimensions was used for data collection. Diffraction intensities were collected on a Brucker APEX-II CCD diffractom-
eter, with graphite-monochromated Mo Ka. (0.71073 A) radiation at 100(2) K. Data were corrected for Lorentz and polarization effects; empir-
ical absorption corrections (SADABS v 2.10) were applied. Using Olex2,?" the structures were solved by ShelXT® structure solution program
using Intrinsic Phasing and refined with the ShelXL® refinement package using Least Squares minimization. The position of the hydrogen
atoms was calculated by assuming ideal geometries but not refined. All non-hydrogen atoms were refined with anisotropic thermal param-
eters by full-matrix least-squares procedures on F2. CCDC 2284859, 2206145, and 2206291 contain the supplementary crystallographic data
for IITK4003, 1ITK4004, and IITK4008, respectively. This data can be obtained free of charge from the Cambridge Crystallographic Data Center
via www.ccde.cam.ac.uk.

Synthesis and characterization

Synthesis of 2-(chloromethyl)-1-methyl-1H-benzo[d]imidazole

N-methylbenzene-1,2-diamine (3 g, 15.4 mmol) was dissolved in 32 mL of 6 N HClI followed by the addition of 2-chloroacetic acid (2.168 g,
23.07 mmol) in a round-bottom flask. The reaction vessel was placed 80°C for 8 h and cooled down to room temperature. Then, the reaction
mixture was placed on an ice bath under continuous stirring and an aqueous ammonia solution was added dropwise to neutralize the excess
acid. A brown precipitate appeared after neutralisation that was filtered over G2 frit and washed with cold water. The solid was kept for drying
overnight in a vacuum desiccator. The crude was purified by column chromatography over neutral alumina, using chloroform as eluting sol-
vent. The crude product obtained after column purification was redissolved in CHCI3 and excess hexane poured to bring the compounds to
its saturation solubility. The slow evaporation of the solution gave white crystalline product in 2 days. Yield: 1.47 g, 52%. TH NMR (400 MHz,
CDCI3): 8 (ppm) 7.76-7.75(d, TH, J = 7.44 Hz), 7.35-7.27 (m, 3H), 4.83 (s, 2H), 3.84 (s, 3H). 13C NMR (CDCI3, 100 MHz): 3 (ppm) 149.10, 142.05,
136.23, 123.75, 122.80, 120.23, 109.61, 36.90, 30.34.

Synthesis of N'-benzyl-N", N?, Nz—tris((1—methy|—1 H-benzo[d]imidazol-2-yl)methyl)ethane-1,2-diamine (IITK4001)

To a solution of 2-(chloromethyl)-1-methyl-1H-benzo[dlimidazole (1.5 g, 8.33 mmol) in 15 mL of water, N1-benzylethane-1,2-diamine (424.3 L,
2.7 mmol) and aqueous NaOH solution (0.33 g, 8.33 mmol) were slowly added sequentially, over a period of an hour. The resulting mixture was
stirred at room temperature for 7 days and complete consumption of the starting material was observed using thin-layer chromatography
(TLC) analysis. Then, the reaction mixture was extracted with methylene chloride (3 x 25 mL) and the combined organic phases were
dried over Na2SO4.The solvent was evaporated under reduced pressure to obtain pure product as a while solid. Yield: 1 g (70%).
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Characterization: TH NMR (400 MHz, CDCI3) 3 (ppm) 7.70-7.66 (m, 3H), 7.24-7.22 (m, 6H), 7.16 (d, 2H, J = 4 Hz), 7.16-7.14 (m, 2H), 7.13 (d, 4H,
J=1.44Hz),3.90 (s, 4H), 3.79 (s, 2H), 3.58 (s, 2H), 3.44 (s, 3H), 3.36 (s, 6H), 2.89 (t, 2H, J = 6.28 Hz), 2.73 (t, 2H, J = 6.32 Hz). 13C NMR (100 MHz,
CDCI3) 8 (ppm) 151.64, 151.17,135.93, 129.39, 128.35, 127.47,122.97,122.34, 118.56, 119.25, 109.42, 109.33, 59.61, 52.62, 51.76, 51.49, 51.35,
30.00, 29.68.

Synthesis of [Fe"(IITK4001)(OCH3)J(CIO,), (IITK4003)

In a round-bottom flask [Fell(H20)6](CIO4)2 (62.28 mg, 0.171 mmol) was dissolved in the minimum amount of acetonitrile. To this equimolar
amount of BnTBEN (100 mg, 0.171 mmol) solution in CH30OH was added dropwise. The reaction mixture was stirred for 3 h at room temper-
ature and thenexcess diethyl ether poured in the reaction mixture to get red precipitate. The solid was washed thrice with diethyl ether and
dried under reduced pressure to obtain the pure product as a red-coloured precipitate. Yield: 110 mg (71%). Single crystals suitable for X-ray
analysis were obtained by the slow vapor diffusion of diethyl ether into the 1:1 acetonitrile: CH3OH solution of [ITK4003 at room temperature.
UV Vis: 245 nm (€ = 42480 M-1 cm-1), 272 nm (€ = 52800 M-1 cm-1), 280 nm (€ = 50400 M-1 cm-1) and a broad band at 376 nm (€ = 8400 M-
1 cm-1). Anal. Calc. for C3HarClLFeNgOs: C 51.17, H 4.76, N 12.90. Found: C 51.59, H 4.78, N 13.37.

Synthesis of [Fe"',(IITK4002) (u-O)(H20),I(CIO,)4 (ITK4004)

An instant red colored solution was obtained by combining 2 mL acetonitrile solution of [Fell(H20)6])(CIO4)2 (199 mg, 0.55 mmol) to 2 mL
acetonitrile solution of ITK4002 (159.5 mg, 0.55 mmol) at room temperature. The reaction mixture was stirred for 3 h and then half of the vol-
ume of solvent was removed under reduced pressure. To this reaction mixture, = excess diethyl ether was added and obtained a red-coloured
precipitate. Then, this solid of ITK4004 was washed with diethyl ether (3 X 25 mL) and dried under reduced pressure before crystallization to
obtain pure product. Crystallization was accomplished through diethyl ether vapor diffusion into an acetonitrile solution of 1ITK4004. Red-col-
oured shiny needle-like crystals suitable for X-ray analyses were obtained in 2 days at 25°C. Yield: 150 mg (24%). Elemental Analysis: Calcu-
lated for [Fe""5(IITK4002),(11-O)(H20),](ClO4)a: C 37.85%, H 3.53%, N 9.78%. Found, C 37.11%, H 3.36%, N 9.52%.

Synthesis of [Zn"(IITK4002)(H,0))(CF5SO3) (IITK4008)

To a solution of [ITK4002 (50.5 mg, 174 pmol) in CH3CN (2 mL), [Znll(H20)6](CF3S0O3)2 (63.2 mg, 174 umol) solution in CH3CN (4 mL) was
added at room temperature. After stirring the reaction mixture for 3 h, the solvent was removed under reduced pressure to obtain
IITK4008 as a white solid. Then, the recrystallization of IITK4008 carried out through diethyl ether vapor diffusion into acetonitrile solution
at room temperature to obtain white crystals of [Zn"(IITK4002)(H,O)|(CF3SO3), complex suitable for X-ray analyses. Yield: 72 mg (62%).

HPLC for purity analysis

High-performance liquid chromatography (HPLC) was performed on an Agilent 1260 infinity machine model with a ZORBAX SB-C-18 (150 x
4.6 mm, 5 pm)/Poroshell-120 EC-C18 (150 x 2 mm, 2.7 um) reverse phase columns and diode array detector (detection wavelength 496, 258
and 315 nm). The stock solutions of all the compounds (10 mM) were prepared in acetonitrile (HPLC Grade obtained from FINAR) and analysis
were performed at 0.8 mM final concentration in MeCN. A gradient elution protocol was used with a mixture of MeCN and water containing
0.1% trifluoroacetic acid with the following ratio: 0-4 min: 30% acetonitrile in water; 4 to 6 min: 60% acetonitrile in water; 6 to 8 min: 100%
acetonitrile; and 8 to 10 min: 30% MeCN in water.

Cell viability assessment: General protocol

Cells were cultured in a T75 filter flasks (ThermoFisher) until they attained 70-80% confluency and trypsinized with 4 mL of 0.25% Trypsin-
EDTA(Gibco). Then, the cells were counted, seeded in a 384 well plate(500 cells/well in 75 pL of media) and allowed to attach for 24 h under
standard conditions (37°C, 5% CO,). After 24 h, the cells were treated with our test compounds in triplicate, DMSO (0.1%, SRL) served as nega-
tive control, and the positive controls used were doxorubicin (0.5 pM, sigma) and cisplatin (5 uM, Alfa-Aesar). After 72 h of treatment, the
media was discarded and replaced with assay reagent (CellTiter-Glo (CTG) or resazurin) to quantify the viable cell counts using either
CTG assay (CTG, Promega) or resazurin assay. CTG assay: Briefly, CTG (30 pL of 1x (CTG from Promega was 3-fold diluted with 1X PBS))
was added to the wells and the plate was placed dark at room temperature for 5 min. The, the plate was spun down for a minute at 1000
RPM before recording luminescence readings using a multimode plate reader. Resazurin assay: Resazurin solution (75 uL of 2 pg/mL in phos-
phate buffered saline, PBS)) was added to the wells and incubated under standard conditions for 6 h before measuring fluorescence emission
(Rex 520 NM; Aem 580 nm) using a multimode plate reader (BioTek-CYTATION 5- imaging reader). The percentage cell viability was calculated
with respect to DMSO. Graphs were plotted using the Graphpad Prism 9.0 software.

Concentrations of compounds used in the cell viability assays

For the 2-dose screening, 20 uM and 5 uM of the ligands were taken and CTG assay was used., For a dose-dependent evaluation, we used an
eight-point-three-fold-dilution series with concentrations ranging from 100 uM to 0.04 uM using CTG (all cancer cell lines) and resazurin
(U20S cells) assays. For combination assay: Metal salts-20 uM (Fe(ClOy,),, Zn(OTH)2, CoCly, Ni(ClOy),), deferoxamine-2 uM, H,O,-150 puM,
"BUOOH-30 uM, N-acetylcysteine-0.5 mM, a-tocopherol —100 pM, Butathionine sulfoximine-25 pM, QVD-OPh-10 uM, RSL3-0.5 uM, ferros-
tatin-1-10 uM, necrostatin-1-10 uM were used.
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Mitochondrial ROS and membrane potential assessment

In a 96-well plate, 25000 cells in 200 uL DMEM media per well were seeded and incubated for 24 h under standard conditions. Then, the cells
were treated with DMSO (0.02%), or compounds (IITK4003- 20 uM, 1ITK4004-20 puM, H,O5 - 150 uM, JCHD- 150 puM, ITK4003 (20 uM) + H,O5
(150 uM), 11ITK4004 (20 uM)+ H,O5 (150 uM) for 90 min. After the treatment, the media was removed and the cells were washed with PBS (ax,
100 pL) and placed with 50 pl of media containing Tetramethyl rhodamine, methyl ester percholate (TMRM, 30 nM), Hoechst 33342 (1 pg/mL)
and MitoSOX green (1 uM) for 30 min treatment at 37°C. Post incubation, the cells were washed with PBS (1x, 100 pL) for twice and the images
were captured using fluorescent microscope (Bio-Rad ZOE fluorescent cell imager) in the green channel (Ao, 480 nm; Aem 517 nm) for MitoSOX
green, red channel (Aox 556 NM; Ao 615 nm) for TMRM, blue channel (Aox 355 nm; Ao 433 nm) for Hoechst. Images colocalizations were per-
formed using ImageJ software.

ROS quantification by using DCFDA

Protocols for seeding cells and compounds treatment were followed as mentioned in the above experiment for mitochondrial ROS assess-
ment. The compounds used in this experiment for the treatment were DMSO (0.02%), tert-BuOOH (60 pM in U20S and 100 puM in Huh-7),
H,O, (150 uM, NAC (0.5 mM), IITK compounds at 20 uM (IITK4001, 1ITK4002, 1ITK4003 and [ITK4004) and their combination with ROS mod-
ulators at the inducated concentrations. After the treatment, 2’,7'-Dichlorofluorescein 3',6'-diacetate (2 uM H,-DCFDA) and incubated for
5 min at 37°C. Then, the media was removed, cells were washed with PBS (100 uL each) for twice before capturing image using a fluorescent
microscope (Bio-Rad ZOE fluorescent cell imager) in the green channel (A, 480 nm; Aem 517 nm).

Cellular ATP quantification

A calibration curve for ATP standard (Sigma) was generated for 8-copncentrations of ATP at a 4-fold dilution starting from 100 uM (to
0.006 uM) in triplicate. To the ATP solution (50 L) in a white bottom 96 well plate, CTG reagent (25 plL of 3x) was added, and the luminescence
was recorded instantly, and this was used for quantifying cellular ATP levels. Next, cells (20,000 per well in 200 uL. DMEM) were seeded in white
flat bottom 96 well plates and incubated under standard conditions for 24 h before treating with our compounds (IITK4001 & IITK4003 at 10,
30, 50 uM and 1ITK4003 & 11YK4004 at 1, 10, 30 uM) and controls (Antimycin A (0.2 uM), rotenone (0.3 uM), NaN3 (1 mM). After incubation, the
media was replaced with 75 pL of 1X CTG reagent, incubated at room temperature for 10 min before recording luminescence readings.

Amplex red assay

A calibration curve for H,O, standard was generated for 8-copncentrations of ATP at a 3-fold dilution starting from 5 uM (to 2 nM) in triplicate
in a 96-well plate. To the H202 standard plate, Amplex Red mix (Amplex red, 50 pL, 50 uM and HorseRadish Peroxidase enzyme, HRP, 0.1 U/
mL in 0.5X PBS) was added and the fluorescence emission was recorded at Aoy, 530 nmM; Aem 590 nm. Then, Huh-7 cells were seeded in a clear
bottom 96 well plate (20000 cells in 50 pL 0.5x PBS per well) and treated immediately with our compounds (IITK4003 and 11ITK4004 (20, 10, and
5 uM) alone or in combination with H,O5 (5 uM). All the conditions are further treated with catalase (100 U/mL) and superoxide dismutase (4 U/
mL) independently. Post treatment, cells were incubated for 1 h under standard conditions (5% CO,, 37°C) and Amplex Red reagent mix was
added before recording fluorescence emission (Aex 530 nm; A¢m 590 nm).

Dihydroethidine (DHE) oxidation assay

For the DHE assay, Huh-7 cells were plated in a96-well plate (10000 cells per well in 50 pL. 1X PBS) and treated immediately with IITK4003 and
IITK4004 (20, 10 and 5 uM), H,O5 (5 uM) alone in combination.*>*” All the conditions are further treated with catalase (100 U/mL) and super-
oxide dismutase (4 U/mL) independently and incubated for 1 h. Post treatment,the DHE dye (50 uM final concentration) was added to all the
wells and incubated again for 1 h, then the fluorescence emission was recorded at Aox 510 nm; Aermn 610 Nm.

Propidium iodide staining and annexin-V immunostaining
In a 96-well plate, cells were seeded at a density of 25000 cells per well in 200 L. DMEM medium and incubated under standard conditions for
24 h. Post incubation, the cells were treated for 12 h with DMSO (0.02%) or our compounds (IITK4001- = 1ITK4004 (20 uM)) alone or in com-
bination with staurosporine (250 nM), QVD-OPh (10 uM), necrostatin-1 (10 uM). Propidium iodide staining: After incubation, propidium iodide
(5 pg/mL in DMEM) was added to the cells and incubated for 20 min before capturing images using a fluorescent microscope in the red chan-
nel (Aex 556 NM; Aerm 615 Nm).

Annexin-V immunostaining: Post incubation, cells were washed with PBS (100 plL) and added with Annexin-V (2 pL of Alexa flour 488 —
ThermoFisher in 100 pL of annexin binding buffer: 10 mM HEPES, 150 mM NaCl, 2.5 mM CaCl,). Then, the plate was incubated for 6 h under
standard conditions before imaging using a fluorescent microscope in the green channel (Ao, 480 nm; Aer, 417 nm).

Western blotting

In a 6-well plate, 100,000 cells/well were seeded and incubated under standard conditions for 24 h. Then, the cells were treated for 4 and 8 h
with our compounds (IITK4001-1ITK4004, 30 uM) and 6 h with staurosporine (100 nM) at 37°C. Post treatment, the cells were washed with ice-
cold PBS (2 mL) and scraped after the addtion of protease phosphatase inhibitor cocktail (1x, 60 uL ThermoFisher). Then, the cells were lysed
using probe sonicator and centrifuged at 20,000 g for 45 min at 4°C to clarify the cell debris and collected the supernatant protein solution.
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This was subjected to Bradford assay for protein quantification and for the quantity normalization. From each condition, 20 pg of protein was
resolved on a 4-12% polyacrylamide gel for 90 min at 130 V and the proteins were transferred to a PVYDF membrane (Bio-rad) for 12 h at 40V,
4°C by in a transfer buffer (Tris base-glycine in 20% methanol water). The membrane was washed for 10 min with distilled water and trimmed
according to the molecular weight of desired protein. Then, the membranes were blocked for 1 h with 5% skimmed milk in 1X TBST and
washed thrice with 1X TBST (10 min each). Next, the membranes were incubated with primary antibodies in 1% skimmed milk with 1X
TBST, i.e., B-tubulin (Anti-Rabbit-1:500 dilution-Abgenex), caspase-3 (Anti-Rabbit-1:1000 dilution), cleaved caspase-3 (Anti-Rabbit-1:1000
dilution) and cleaved PARP-1 (Anti-Rabbit-1:1000 dilution) antibodies for overnight at 4°C [caspase and PARP antibodies were gifted by
Dr. Jayandhran and Dr. Bushra Ateeq of IIT Kanpur]. After incubation with primary antibody, the membranes were washed thrice with 1X
TBST (10 min each). Then, the membranes were incubated with anti-rabbit secondary antibody (1:5000 dilution) in 1% skimmed milk for
1 h at room temperature and washed thrice with X TBST (10 min each). Finally, the blots were developed using luminol (250 mM) and p-cou-
maric acid (90 mM) in 50% H,O,. The blots were visualized by using chemidoc instrument’s chemiluminescence filter.

TBARS assay

Malondialdehyde (MDA) tetrabutylammonium salt (sigma) calibration curve was generated for a four-concentration of 2-fold dilution series
starting from 2.5 uM (to 0.312) in 2.5% TCA in water in triplicate. To these, 0.67% TBA (100 plL) was added and heated at 95°C for 30 min and
allowed to cool down to room temperature before recording fluorescence emission at Ag, 530 nm; Aem 550 nm. For lipid peroxidation assay in
Huh-7 cells, 0.35 million cells per well were seeded in a clear bottom 12 well plate and incubated for 24 h before the treatment with indicated
conditions (DMSO, [ITK4001-1ITK4004 (20 uM) and Diethyl maleate (4 mM) for 6 h at 37°C. Then, the cells were washed with ice-cold PBS and
scrapped by adding 2.5% trichloroacetic acid (200 ul) in water and centrifuged for 15 min at 13,000g. Next, the supernatant was collected and
15% TCA in water (200 uL) and 0.67% thiobarbituric acid (TBA, 500 uL in water) were added, mixed (vortexed) and heated at 95°C for 30 min
before allowing to cool down to room temperature. Then, n-butanol (500 ul) was added to all the samples and allowed the separation of the
aqueous and organic phases, and the organic layer was collected (200 pL/well in a 96-well plate) for recording the fluorescence emission at Aex
530 nm; Aem 550 nm.

Py-H2AX immunostaining

For Py-H2AX immunostaining experiment in Huh-7 cells, 25000 cells per well were seeded in clear bottom 12 well plate and incubated at 37°C
for 24 h. Then, the cells were treated with with DMSO or our compounds (IITK4001-1ITK4004 (20 pM) and doxorubicin (1 uM) for 2 h and washed
with ice-cold PBS (200 pL) before fixing with 4% formaldehyde (100 plL in water) for 15 min at room temperature. Then, ice-cold 100% methanol
(100 plL) was added to the cells and incubated at —20°C for 10 min and again washed with ice-cold PBS (200 pL each) thrice. Next, Py-H2AX was
diluted in 1:50 ratio using antibody dilution buffer (1% BSA in 1X PBS) and 50 uL/well was added to the cells and incubated for 1 h in dark at
room temperature. In the last 10 min, the cells were stained with Hoechst stain (1 pg/mL). Post staining, cells were washed thrice with ice-cold
PBS (200 pul) before capturing the image in the red channel at A, 556 nm; Aer 550 nm 615 nm.

3D culture using sodium alginate bead

For 3D culture, HepG2 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Himedia) supplemented with 10% Fetal bovine
serum (FBS, Gibco). All cultures were maintained at 37°C with 5% CO,. Then, freshly harvested from 2D cells were encapsulated in ALG beads
by the method described in previous studies.®*® In brief, the cells (4x10° cells/mL alginate) were suspended in filtered sterilized 1.5% (w/v)
sodium alginate solution. Then alginate solution with cells was extruded into CaCl; solution (102 mM) using a 21-gauge syringe pump. After
gelation for 30 Min, alginate gel beads were washed thrice with DMEM and placed in 6 well plates with DMEM supplemented with 10% FBS at
37°C in a humidified atmosphere of under 5% CO, atmosphere in the air for 5 days. The medium was replaced every other day until the cell
spheroids are formed.

In vitro cell viability assay of 3D cultures

The cytotoxicity effect of ITK4004 and 1ITK4003 on HepG2 was screened by the MTT colorimetric method.®*%° Briefly, 3 beads/well were
seeded in 96-well plates at 37°C. Then, cell scaffolds were treated with different concentrations of 1ITK4004 and 1ITK4003 (100 mM-1 nM)
were added in the triplicate wells and incubated for 24 and 48 h time points. Mitomycin (10 mg/mL) was used as a positive control. After
the specific times of exposure to extracts, the 3D cell spheroids were harvested from alginate beads by simply treated with Citrate buffer
55 mM/EDTA 50 mM, pH 7.4, and then resuspended in a culture medium. Then plates were centrifuged at 2000 rpm for 10 min and discarded
supernatant. Then cells were incubated with a final concentration of 5 mg/mL MTT solution. After 4 h incubation, the culture medium was
replaced with 100 pL of DMSO to dissolve the formazan crystals. The absorbance was read at 570/640 nm using a Tecon plate reader. The
percentage of cell viability was determined, and graphs were plotted with GraphPad Prism 8.0.2.

EDX-SEM analysis

For EDS-SEM, Huh-7 cells, 3 million per T75 flask was plated and incubated standard conditions for 48 h. Then, the cells were treated with
DMSO or IITK4003 and 1ITK4004 (20 uM of) independently for 2 h. After the treatment, cells were washed with PBS (10 mL) and scrapped
in 1 mL of autoclaved water. The scraped cells were collected in a 2 mL tube and dried under vacuum (0.014 mbar) at —53°C for 6 h in a
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lyophilizer LABCONCO). From the dried sample, 0.5 mg were spread evenly on the carbon tape which was stuck over an aluminum base for
gold coating under vacuum using JEOL-3000FC Auto fine coater (100 V, 40 mA, 3.5 pa) for 60 s. The gold coated samples were analyzed for
the identification and quantification of iron by using Electron Probe Micro Analyser (JXA-8230, JOEL). The conditions of instrument followed
to acquire the data were as follows, volts: 20 kV; process time: 60 s; dead time: 1%; count rate: 901 CPS. The data which were acquired in %
mass form were plotted by using Graphpad Prism 9.0 software.

ICP-MS analysis

The dried sample prepared for EDX-SEM were also subjected to ICP-MS analysis. Here, lyophilised samples (3 mg) were digested with 1 mL of
1% HNO;3 (FINAR) and filtered through 0.2 um syringe filter. The filtered samples were analyzed for the identification of iron levels using induc-
tively coupled plasma mass spectrometry (ICP-MS, ThermoFisher scientific, iCAP, Qc). A standard curve was generated by using the internal
standards of multi-elemental solution that majorly contain iron (0 ppb-2000 ppb). The amount of iron in the samples were estimated in ppb
using the standard curve generated. The graphs were plotted by using Graphpad Prism 9.0 software. The data provided are representative of
three or four independent analysis.

Synthesis of polymeric nanocarriers

Polymeric nanocarriers were prepared using a water-in-oil-in-water double emulsion method described elsewhere, previously.** 4% A 10 mg
amount of carboxylic acid poly (ethylene glycol)-block-poly(lactide-co-glycolide) (PLGA-b-PEG-COOH) (Sigma-Aldrich) polymer was dis-
solved in dichloromethane and mixed with acetonitrile solution of drugs [ITK4003 or [ITK4004 (1.6 mg). Thereafter, this mixture was further
mixed with 100 pL of water and emulsified in an ice bath with a probe sonication for 45 s at 40% power rate. Then, 4 mL of 1.25% (w/v) sodium
cholate solution dissolved in water, the biphasic mixture, was further emulsified for 3 min under similar conditions. Organic solvents were
evaporated in a rotary evaporator under reduced pressure. The final volume of the nanocarrier suspension was made up to 5 mL by adding
Milli-Q water. At this point the concentration of added [ITK4003 was 350.6 uM and ITK4004 was 267.55uM. Free drug molecules were sepa-
rated by dialysis using a dialysis tube with molecular weight cut off 2000 Da (Sigma-Aldrich) with continuous stirring for 4 h at 650 RPM.

Characterization of polymeric nanocarriers

The hydrodynamic diameter of the nanocarriers (with or without loaded drugs) were measured at 10% (v/v) dilution in water using a
NanoBrook 90 Plus particle analyzer (Brookhaven Instrument).

Quantification of drug loading

The amount of loaded drug in the polymeric nanocarriers was quantified by measuring the absorbance of the drug at 380 nm for [ITK4003 and
360 nm for IITK4004. Briefly, a 20 pL aliquot of drug loaded polymeric nanocarriers was diluted in 180 uL of acetonitrile and placed in an ul-
trasonic bath for 30 min for disassembling the nanocarriers and simultaneously releasing the drug in the organic solvent. The concentration of
the released drug was interpolated through regression analysis from standard curve of absorbance vs. known concentrations of the drug.

Abbreviations

MMP: Mitochondrial membrane potential; NAC: N-acetylcysteine; Vit-E: Vitmain-E; BSO: Buthionine sulfoximine; H,O,: Hydrogen peroxide;
‘BuOOH: tert-Butyl hydroperoxide; RPM: Rotations per minute; ROS: Reactive Oxygen Species; DCFDA: 2',7'-Dichlorofluorescein
3',6'-diacetate; TMRM: Tetramethyl rhodamine, methyl ester percholate; ATP: Adenosine triphosphate; SOD: Superoxide Dismutase; HRP:
HorseRadish Peroxidase; DHE: Dihydroethidine; TBA: Thiobarbituric acid; MDA: Malondialdehyde; BSA: Bovine Serum Albumin; ALG beads:
Alginate beads; EDTA: Ethylene diamine tetra acetic acid.; DMEM: Dulbecco’s Modified Eagle Medium; FBS: Fetal Bovine Serum; PenStrep:
Pencillin Streptomycin; DMSO: Dimethyl sulfoxide; CTG: CellTiter-Glo; and PBS: Phosphate Buffer Saline.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were expressed as mean =+ s.d. and p values were calculated using an unpaired two-tailed Student's t test for pairwise comparison of
variables with a 95% confidence interval and n — 2 degrees of freedom, where n is the total number of samples, in all Figures. Each of the
biological studies were performed in two independent cell lines (Huh-7 and U20S) and are representative of two or more independent ex-
periments with a minimum of triple technical replicates, unless stated otherwise.
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