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Exploring an azo-uracil based nickel(i) complex for
anticancer and phosphatase like activities
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and Debasis Das (2 *®

An azo-uracil based Ni** complex (N1) has been synthesized and structurally characterized by
spectroscopic techniques, namely FTIR, NMR, ESI-MS and, authenticated by single-crystal X-ray
diffraction analyses as a triclinic mononuclear system (CCDC 2003428). The N1 exhibits concentration-
dependent cytotoxicity against murine colon carcinoma cell lines (CT26, MC-38) and human colorectal
cancer cells (HCT-15) while displaying minimal toxicity toward normal fibroblast NIH-3T3 cells indicating
good selectivity. Flow cytometric and fluorescence analyses reveal significant induction of apoptosis in
CT26 cells, at sub-micromolar concentration of N1, as evidenced by Annexin V-FITC/PI staining and
a dose-dependent increase in early and late apoptotic populations. Mechanistic investigations indicate
that N1 induces ROS-mediated, caspase-dependent apoptosis, supported by enhanced intracellular ROS
generation and attenuation of cytotoxicity upon ROS scavenging and caspase inhibition. The N1 also
interacts efficiently with ct-DNA, exhibiting a binding constant, 2.168 x 10° M~1 In addition, the N1
demonstrates phosphatase-like catalytic activity, by promoting the hydrolysis of p-nitrophenyl phosphate
(p-NPP) under pseudo-first-order conditions with an apparent binding constant (Kapp), 1.18 x 10° ML
Density functional theoretical (DFT) studies at the TD-SCF/B3LYP/3-21G level support the proposed N1-
p-NPP interaction and provide insights into the optimized geometries and associated electronic
(HOMO-LUMO) properties. This work bridges catalytic chemistry and cancer biology, positioning the
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Introduction

Development of anticancer drugs'” that selectively act on
particular cancer cells is challenging and hence being exhaus-
tively studied. Many anticancer drugs impart toxicity towards
normal human cells, resulting in various side effects.

The safety and utility of metal-based drugs depend upon
ligand design that governs interactions with biomolecular
targets, controls the release of metal ions, and offers steric
protection to the metal core. Although Ni*" is essential at trace
level, unbound Ni** have harmful effects on biological systems.
However, rational ligand coordination stabilizes the metal
center under physiological settings, enhances biocompatibility,
controls lipophilicity, and target selectivity, restricts cancer cell
proliferation,** lowers the availability of free Ni**, regulates the
interaction with biomolecules and, drastically modifies its
toxicity.”®
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azo-uracil derived Ni(i) complex as an emerging multifunctional therapeutic candidate.

Recent computational and experimental research indicate
that suitably designed Ni** complexes may impart desired bio-
logical activity” while displaying acceptable toxicity profile.
Biological investigations, in association with theoretical
ADMET calculations reveal that Ni** complexes may exhibit
better pharmacokinetic behavior over corresponding uncoor-
dinated species.’*™*

Thus, there exists ample space to contribute towards the
application of new Ni** complexes as potential antibacterial/
anticancer agents'>™” with regulated toxicity.'* The application
of nickel complexes as metallo-drugs and therapeutic agents
remains relatively underexplored.’**® Relatively inexpensive
nature of nickel complexes provides additional dimension and
inspiration in this context.

On the other hand, phosphate metabolism>** plays an
important role in humans. Appropriate phosphate level is
essential in human as phosphorus plays vital role towards
formation of bones and teeth. Moreover, hydrolysis of ATP
provides energy for cellular processes. Hydrolysis of
phosphodiesters®®*” is catalyzed by phosphatase enzymes.
Understanding the mechanism of such bond-cleavage reac-
tions, both enzymatic and non-enzymatic have long been an
interesting research area.
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Interestingly, hydrolysis of phosphodiesters is also a key focus
in various industrial processes. In humans, energy transfer and
phosphorylation® are closely related to information storage and
signal conduction. Due to extreme low reactivity, studies on
phosphate monoester dianions are challenging. Hence, aryl
phosphate monoester dianion with excellent leaving group,
specially, p-nitrophenyl phosphate (p-NPP)** have been widely
used to investigate the reaction mechanism.

Complexes containing bio-relevant ligands such as uracil
derivatives have demonstrated enhanced pharmacological
profiles as they interact with nucleic acids and enzymes,
involved in nucleotide metabolism.*

The background to choose the uracil derivative as a ligand
for preparation of new Ni** complex has a reasoning. Uracil,
a natural pyrimidine base, forms the structural core of several
chemotherapeutic agents® and participates in essential bio-
logical processes such as DNA/RNA synthesis, base-pair fidelity,
and cellular energy metabolism. Chemical modification of
uracil through azo-linkage and its coordination to Ni** may
significantly alter its electronic and steric environment, leading
to improved membrane permeability, DNA-binding ability** and
enzyme-like catalytic potential. As nitrogen and oxygen donors
readily coordinate to Ni**, the azo-uracil derivative® readily
forms the new Ni** complex (N1) as planned. Moreover, as per
our speculation that the new Ni** complex (N1) may interact
with phosphate and nucleobase-rich regions** of bio-macro-
molecules, and thereby disrupt key proliferative®® and meta-
bolic pathways of cancer cells.

To evaluate this hypothesis, the anticancer potential of the N1
is tested against murine and human colon carcinoma cell lines
(CT-26, MC-38, and HCT-15), along with normal fibroblast NIH-
3T3 cells to assess cytocompatibility.** The mechanistic basis of
cytotoxicity is further examined using Annexin V-FITC and pro-
pidium iodide (PI) staining, followed by fluorescence microscopy
and flow cytometry®” to quantitatively assess apoptosis.

In addition to its anti-proliferative properties,* this study
also explores the enzyme-mimetic behavior of the N1, specifi-
cally towards phosphate metabolism. The ability of N1 to cata-
lyze hydrolysis of p-nitrophenyl phosphate (p-NPP) has been
investigated to assess its phosphatase-like activity.>*** Thus,
investigation of dual functionality, viz. anticancer and enzyme-
mimetic properties of N1 may unveil some valuable insights
about its therapeutic*' and enzymatic potential.**

Experimental
Materials

All chemicals and reagents were of analytical grade and used
without further purification unless otherwise stated. Nickel(u)
nitrate hexahydrate (Ni(NOs),-6H,0), 1,3-dimethyl-6-amino-
uracil, p-aminobenzoic acid, p-nitrophenyl phosphate (p-NPP),
N-acetyl cysteine (NAC), Z-VAD-FMK, and PhosSTOP™ phos-
phatase inhibitor cocktail were purchased from Sigma-Aldrich
(USA). Organic solvents including methanol and acetonitrile
were of spectroscopic grade.

Cell culture reagents, including Dulbecco's Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), penicillin-
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streptomycin, and trypsin-EDTA, were obtained from Gibco
(Thermo Fisher Scientific, USA). The murine colon carcinoma
cell lines CT26, human colorectal cancer cell line HCT-15, and
normal murine fibroblast cell line NIH-3T3 were procured from
ATCC (USA).

For biological assays, Annexin V-FITC/propidium iodide (PI)
apoptosis detection kit, CellROX™ Green reagent, MitoSOX™
Red mitochondrial superoxide indicator, JC-1 mitochondrial
membrane potential probe, and LDH cytotoxicity assay kit were
obtained from Invitrogen (USA) and used according to the
manufacturer's instructions.

Synthesis of azauracil derivative (Scheme 1a)*

1,3-Dimethyl-6-aminouracil (224.6 mg, 1.458 mmol) and p-
amino benzoic acid (200 mg, 1.458 mmol) are used to prepare
the azo dye (L1) following conventional diazotization procedure
(Scheme 1a).

Preparation of Ni(u) complex (Scheme 1b)

The solutions of Ni(NOj3),-6H,0 (40 mg, 0.138 mmol) and L1
(83.6 mg, 0.276 mmol) in acetonitrile-methanol mixture (1:1,
v/v) was stirred for 2 h. Slow evaporation of the solvent resulted
red colour X-ray diffraction quality single crystals of N1 in 72%
yield. The N1 was also characterized by mass (Fig. S1, SI), FTIR
(Fig. S2, SI) and NMR (Fig. S3, SI) spectra.

Characterization of L1 and N1
Anal. calcd. for N1, Cy6 Hy4 Ny NiOg, 14 (H,0) (%): C, 49.17; H,

4.70 and N, 19.77; found: C, 49.19; H, 4.8 and N, 19.87. The
absorption spectra of L1 and N1 has main characteristics peaks
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Scheme 1 (a) Preparation of L1. (b) Synthesis of N1.
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Fig. 1 Absorption spectra of L1 and N1.

at 517 nm and 600 nm respectively (Fig. 1). Since, L1 is previ-
ously reported,*® some of its spectra are presented as supporting
information that may be useful to note the changes after
complexation with Ni**, Hence, "H NMR of L1 is excluded here.
The FTIR spectra of N1 has characteristics »(Ni-N), 544 cm™*;
¥(N=N), 1395; »(sp® C-H), 2975, »(~-C=0) 1708, 1654, »(-C-N),
1370, ¥(-C=C), 1510, v(-C-N) 1299 (Fig. S2, SI).

QTOF-MS ES(+) (Fig. S1, SI): [N1 + Li + 3H]" 718.79. 'H NMR
of N1 (400 MHz, DMSOdg, 6, ppm) (Fig. $3, SI): 7.00-8.00 (d, 2H,
aromatic H), 7.71-7.69 (d, 2H, aromatic H), 3.42-3.24 (m, 6H,
N-CHj3). "*C NMR spectra of L1 and N1 are presented in Fig. S4
and S5 (SI) respectively.

Cell lines and culture conditions

Murine colon carcinoma cell lines CT26 and MC-38, human
colorectal carcinoma cell line HCT-15, and normal murine
fibroblast cell line NIH-3T3 were procured from the ATCC, USA.
All cell lines were cultured in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin, and maintained in
a humidified incubator at 37 °C with 5% CO, atmosphere. Cells
were sub-cultured every 2-3 days using 0.25% trypsin-EDTA and
used during the logarithmic growth phase for experiments.**

Cytotoxicity assay (MTT assay)

The cytotoxic effect of the Ni** complex (N1) was evaluated by
standard MTT assay. Briefly, cells were seeded at a density of 10
x 10% cells per well in 96-well plates and allowed to adhere for
24 h. Cells were then treated with increasing concentrations of
N1 (ranging from 0.01 pg mL™" to 1 pg mL™") for 48 h. After
incubation, 20 uL of MTT reagent (5 mg mL ') was added to
each well and further incubated for 4 h. The resulting formazan
crystals were dissolved in 150 uL DMSO, and absorbance was
measured at 570 nm using a microplate reader (Bio-Tek, USA).
Cell viability was expressed as a percentage relative to untreated
control, and the IC;, values for each cell line (CT26, MC-38,
HCT-15, and NIH-3T3) were calculated by nonlinear regression
using GraphPad Prism 10 software.*

Apoptosis detection by Annexin V-FITC and propidium iodide
(PI) staining

To determine the apoptotic potential of the N1, CT26 cells were
seeded in six-well plates (2 x 10> cells per well) and treated with
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0.04 g mL ™" and 0.08 ug mL™" of N1 for 12 h. Doxorubicin
(0.25 uM) was used as a positive control. Following treatment,
cells were harvested, washed twice with cold PBS, and resus-
pended in 1x Annexin V binding buffer. Subsequently, 5 uL
Annexin V-FITC and 10 pL PI (50 ug mL ') were added, followed
by 15 min incubation at room temperature at dark. Samples
were analyzed using a BD Céaccuri flow cytometer, and data
were processed using Flow]Jo v10.8 software. The distribution of
viable, early apoptotic, late apoptotic, and necrotic cell pop-
ulations was quantified. Representative images were captured
by fluorescence microscopy (Leica DMi8, 200x) to visualize
Annexin-FITC and PI-positive cell.***

Intracellular ROS measurement

CT26 cells were seeded in 24-well plates (2 x 10° cells per well)
and treated with N1 (0.04 and 0.08 pg mL™ ") for 12 h. Cells were
then incubated with CellROX™ Green (5 pM) for total ROS and
MitoSOX™ Red (5 pM) for mitochondrial superoxide at 37 °C
for 30 min in the dark. After washing with PBS, fluorescence was
analysed by flow cytometry (BD Accuri C6), and data were pro-
cessed using FlowJo software.

Mitochondrial membrane potential (A% m)

Changes in mitochondrial membrane potential were assessed
using JC-1 dye. Following treatment with N1 for 12 h, cells were
incubated with JC-1 (5 pg mL ") at 37 °C for 20 min, washed
with PBS, and analysed by flow cytometry. The ratio of red
(aggregates) to green (monomers) fluorescence was used to
determine A¥m.

LDH release assay and ROS scavenging

Cellular cytotoxicity was evaluated using an LDH release assay
in CT26 and HCT-15 cells. Cells were pre-treated with N-acetyl
cysteine (NAC, 5 mM, 1 h) followed by N1 treatment for 12 h.
LDH activity in the culture supernatant was measured accord-
ing to the manufacturer's protocol, and cytotoxicity was
expressed relative to untreated controls.

Phosphatase inhibition assay

To assess the role of phosphatase-related signaling, cells are
pre-treated with PhosSTOP™ phosphatase inhibitor cocktail (1
x 1 h) prior to N1 exposure. Cytotoxicity is subsequently eval-
uated using LDH assay as described above.

Caspase inhibition assay

For apoptosis validation, CT26 cells were pre-treated with the
pan-caspase inhibitor Z-VAD-FMK (20 uM, 1 h) followed by N1
treatment for 12 h. Apoptosis was quantified by Annexin V-
FITC/PI staining and analysed by flow cytometry.

Statistical analysis

All experiments have been performed in triplicate and data
expressed as mean =+ standard deviation (SD). Statistical
comparisons are carried out using one-way ANOVA followed by

RSC Adv, 2026, 16, 17895-17904 | 17897
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Tukey's multiple comparison test in GraphPad Prism 9. A p-
value < 0.05 is considered statistically significant.

Results and discussion
Synthesis and structure

Conventional diazotization process was followed for prepara-
tion of uracil based azo dye, namely 1,3-dimethyl-5-arylazo-6-
amino uracil. For this, the diazotized amine was subjected to
coupling with aqueous solution of 1,3-dimethyl-5-amino uracil
followed by neutralization with NaHCO; solution to obtain the
red solid azo dye. To understand the structure of dye, the
spectroscopic data like UV-vis, fluorescence, FTIR, ESI-MS and
"H NMR spectra were recorded. In addition, the structure of L1
and N1 were authenticated by single crystal X-ray diffraction
analysis which indicate existence of three tautomeric forms of
the L1, namely azo-enamine-keto (HLazo), hydrazone-amine-
keto (HLnydrazo) and azo-imine-enol (HLa,o-enol)-

Single crystal X-ray diffraction analysis of N1

The stereo-chemical structure of N1 is confirmed by single
crystal X-ray diffraction analysis. The molecular stereochemical
view is shown in Fig. 2 while its packing pattern is shown in
Fig. S6 (SI). The crystallographic data and refinement parame-
ters are presented in Table S1 (SI). Selected bond lengths and
angles are listed in Table S2 (SI). N1 is triclinic having space
group P1 (CCDC no. 2003428): a, 7.89(2) A; b, 8.49(2) A; c,
15.86(4) A; a (°), 80.77(4); B8 (°), 79.09(5); v(°), 89.38(4); volume
(A%), 103 0(4); Z = 1. The bond lengths Ni2-N5, 1.828(12) A and
Ni2-N4, 1.855(14) A indicate single bond character of Ni-N
whereas N3-N4, 1.329(16) A indicate double bond character of
two N-N bonds azo group. The bond lengths N3-C5, 1.314(18) A
and C12-N4, 1.484(17) A indicate single bond character of C-N,
adjacent to Ni-N bond. The bond angles C5 N3 N4 120.0 (14)°
and C12 N4 Ni2 122.4 (9)° indicate sp> nature of the N3 and N4
centres.

"H NMR spectral studies

The "H NMR spectra reflects the mode of binding of L1 with
Ni**. Upon addition of Ni(NO;),-6H,0 (1.0 equiv.) to 2.0 equiv.
of L1, the -NH protons of the imine moiety (c, 11.280 ppm) and
benzoic acid (d, 12.02 ppm) moiety have been observed. The

Fig. 2 Single crystal X-ray structure of N1.
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Fig. 3 DFT optimized geometries and HOMO-LUMOs of L1 and N1.

phenyl ring protons (d, 7.731 ppm), close to the coordination
sphere shifted downfield to 7.742 ppm (b). On the other hand,
the amine proton (3.0657 ppm) disappears with the appearance
of imine proton (c, 11.280 ppm) (Fig. S3, SI). ">C NMR spectra of
L1 and N1 (Fig. S4 and S5, SI) support their formation and the
peak positions are as usual as expected and no anomalous
peaks have been observed.

Density functional theoretical (DFT) studies

DFT studies have been performed using the TDSCF/DFT/B3LYP/
3-21G level of theory. For L1, the HOMO-LUMO energy gap is
0.08063 eV (Table S3, SI and Fig. 3). The S0/S3 transition (HOMO
to LUMO, HOMO-1 to LUMO, HOMO-2 to LUMO, HOMO to
LUMO+1, HOMO to LUMO+9) at 690.46 nm has maximum value
of %, 0.0198, that indicates higher possibility of intra-molecular
charge transfer (ICT) in the visible region over other transitions.
The LUMO of N1 is more stable than the LUMO of L1 but the
HOMO of N1 is less destabilized than the HOMO of L1, which
indicates that N1 is more stable than L1. The S0/S1 transition at
552.66 nm of L1 justifies its yellow colour. Other possible
transitions associated with N1 and L1 are furnished in the
Tables S4-5S6 (SI).

Absorption spectroscopic studies on the interaction between
N1 and ct-DNA

The binding interaction of the N1 with DNA is monitored by UV-
vis spectroscopy. The concentration of the N1 is kept unaltered
(6 uM in DMSO) while that of DNA is varied from 1-20 uM. The
ionic strength of the media is maintained using NaCl (60 mM)
while the pH is maintained at 7.2 using HEPES buffer (10 mM).
It is observed that the absorbance at 425 nm increases with
increasing concentration of ct-DNA. After mixing ct-DNA with
N1, the temperature is maintained in between 0-5 °C for 15
minutes, followed by the absorbance is measured. The binding
parameters have been evaluated considering the following
equilibrium: N1 + DNA = N1-DNA where Kg = [N1-DNAJ/[N1]
[DNA] where [N1], [DNA] and [N1-DNA] are equilibrium
concentrations of N1, DNA and N1-DNA adduct respectively,
using the equation, 1/A = 1/AAyax + Ka/AAmax (Cp — Cp) where
AA and AAp .« are changes in absorbance with increasing DNA

© 2026 The Author(s). Published by the Royal Society of Chemistry
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concentration and maximum change of absorbance respec-
tively. The Cp and C; are concentrations of DNA and N1
respectively.

The plot of (Cp — Cp) " vs. (A4)™*
determine Kq, the inverse of the apparent binding constant
(Kapp) and AApax. The (AA/AAna) "' vs. (Cp) " plot gives the
linear fit analysis that generates, K,p, as 2.168 x 10° M '
(Fig. 4).

Although, it is inconclusive whether the interaction follows
purely electrostatic interaction/groove binding or traditional
intercalation. However, literature indicates that increase in
absorbance (hyperchromism) upon gradual addition of ct-DNA
to the N1, probably due to electrostatic interaction/groove
binding rather than traditional intercalation (Fig. 5). The
hyperchromism and binding constant*® hints to groove
binding*® with partial intercalation.®® The fluorescence
competitive experiment also supports the binding interaction
as detailed below.

is linear and allows to

Competitive binding fluorescence measurements

The interaction between N1 and ct-DNA is monitored using
competitive binding fluorescence measurements.”* Ethidium
bromide (EB) bound ct-DNA system is treated with the solution
of N1 in DMSO to assess the binding interaction. The pH of the
media is maintained at 7.2 using 10 mM HEPES buffer, con-
taining 60 mM NacCl at room temperature.

Abs.
w
<
N
Addition of CT-DNA

T T T T
350 400 450 500 550 600 650

Wavelength (nm)

Fig. 5 Changes in absorption spectra upon interaction of N1 with ct-
DNA.
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Fig. 6 Competitive binding fluorescence measurement: interaction
between ethidium bromide (EB)-bound ct-DNA containing 60 mM
NaCl in HEPES buffer (10 mM) at pH 7.2 and N1 in DMSO at room
temperature. [DNA + EB (8:1)] (1-18 uM), [N1] = 6 uM.

The concentration of the ct-DNA-EB (8 : 1) is varied between
1 to 18 uM, while that of N1 is kept unaltered at 6 uM. Before
measuring fluorescence (Aex, 500 NM, Aery, 540 nm), the mixture
is incubated for 15 minutes at room temperature to allow the
reaction to reach equilibrium. Upon addition of N1, the fluo-
rescence intensity of the system drops due to reduced concen-
tration of the DNA-EB (8:1) system, indicating interaction of
N1 with EB-DNA system, resulting its disruption to cause
fluorescence quenching (Fig. 6).

From literature, it seems that the nature of interaction of N1
with ct-DNA is predominantly groove binding with a discernible
contribution of partial intercalation. The DNA binding effi-
ciency of N1 is compared with few pioneering Ni** complexes in
Table 1.

Studies on p-nitrophenyl phosphatase (PNPP) activity

The rate of phosphoester bond hydrolysis is generally slow,*
however it enhances in presence of suitable catalyst.>*** Herein,
different concentrations of p-NPP is reacted with catalytic quantity
of the N1 (0.001 mmol) in MeOH-H,O0 (1 : 4, v/v), maintaining the
pH at 7.4 using PBS buffer at room temperature. The generation of
yellow p-nitrophenol as the hydrolysis product is reflected in
increase of absorbance at 428 nm (Fig. 7). The rate constant, 9.11
x 10~* s" is determined following initial rate method by reacting
N1 (0.001 mmol) with PNPP of different concentrations and,
maintaining pseudo-first-order condition (Fig. S7, SI). The value of
binding constant is 0.1182 x 10° M~ (Fig. 8).

The hydrolysis reaction is further supported by the ESI-MS
spectrum, where the peak at m/z, 139.0932 (caled. m/z 139.11;
Fig. S8, SI) indicates the formation of p-nitrophenol.

To explore the mode of interaction between N1 and p-NPP
and to unlock the associated energy parameters that facilitate
the interaction, density functional theoretical (DFT) studies
have been performed. The optimized structures at the initial
(step I) and final (step F) stages, along with the associated
orbital (HOMO and LUMO) energies for the interaction between
the N1 and p-NPP are presented in Fig. 9. Relevant interaction
parameters are presented in detail in Table S7 (SI).

RSC Adv, 2026, 16, 17895-17904 | 17899
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Table 1 DNA binding efficiency of N1 vs. pioneering Ni?* complexes

Ni(1) complex Donors DNA binding constant (Kp, M) Binding mode Ref.
Schiff base N, O 1.5 x 10° Groove 52
[Ni(5-Cl-sal-phe)(phen)(H,0)] N, O 1.6 x 10* Groove 53
[Ni(5-Cl-sal-phe)(bpy)(H,0)] N, O 2.30 x 10* Groove 53
Ni(u) bis(thiosemicarbazone) N, S 3.50 x 10° Intercalation 54
Azo-uracil N, O 2.168 x 10° Possibly groove binding with partial intercalation Present

Cytotoxic activity of the N1

The N1 is first screened for anti-proliferative potential against
two murine and one human colon carcinoma cell lines, viz.
CT26, MC-38 and HCT-15 by MTT assay. Fig. 10A reveals that N1
exhibits dose-dependent inhibition of cancer cell proliferation,
indicating a strong cytostatic effect across all tested lines. The
inhibitory response is most prominent in CT26 cells, followed
by MC-38 and HCT-15, suggesting differential cellular suscep-
tibility, possibly linked to intrinsic variations in their metabolic
and redox environments.

Importantly, when tested on normal murine fibroblast cells
(NIH-3T3), the N1 shows negligible cytotoxicity even at higher
concentrations (Fig. 10B), confirming its selectivity toward
malignant cells and reasonable biocompatibility. The calcu-
lated half-maximal inhibitory concentrations (ICs,) are ~0.13
ug mL~" (CT26), 0.2 pg mL~" (MC-38) and 0.12 ug mL ™" (HCT-

Absorbance

T T T
400 425 450 475 500
Wavelength (cm™)

Fig.7 Changes in the absorbance during interaction of the N1 with p-
NPP.
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Fig. 8 Plot to evaluate binding constant of the N1 with p-NPP.
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15) (Fig. 10C-E). The results highlight that the N1 has potential
anti-cancer activity at sub-microgram concentration, competi-
tive to several reported Ni*" based cytotoxic agents, while it is
safe towards non-tumorigenic fibroblasts.

The studies on anti-cancer activities of the N1 against two

murine colon cancer cell lines (CT26 and MC-38) and one
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Fig. 9 Optimized structures and HOMO-LUMO energies of the initial
(Step 1) and final (Step F) stages of interaction between N1 and p-NPP.
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Fig. 10 Cytotoxic and anti-cancer activity of the N1. (A) dose-
dependent inhibition of cell proliferation in murine colon carcinoma
cell lines (CT26 and MC-38) and human colorectal cancer cell line
(HCT-15) upon treatment with increasing concentrations of N1,
determined by MTT assay; (B) cell viability of normal murine fibroblast
cells (NIH-3T3) following treatment with N1 at indicated concentra-
tions, demonstrating minimal cytotoxicity; (C—E) dose-response
curves showing percentage growth inhibition and corresponding ICsq
values for CT26 (C), MC-38 (D), and HCT-15 (E) cells. ICsq values are
calculated by nonlinear regression analysis using GraphPad Prism.
Data are expressed as mean + SD (n = 3).
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human colon cancer cell line (HCT-15) reveals a concentration-
dependent inhibition of cell growth (A). In contrast, the N1
shows minimal cytotoxicity toward normal murine fibroblast
cells (NIH-3T3), indicating reasonable biocompatibility (B). The
half-maximal inhibitory concentration (ICs,) values for CT26
(C), MC-38 (D) and HCT-15 (E) cells, mentioned in the figure are
satisfactory.

N1 induced caspase-dependent apoptosis in colon cancer cells

To elucidate the underlying mechanism of the observed cyto-
toxicity, apoptotic analysis has been performed on CT26 cells
using dual Annexin V-FITC/PI staining. As shown in Fig. 114,
a distinct increase in green (Annexin-FITC) and red (PI) fluo-
rescence has been observed upon treatment with the N1, indi-
cating externalization of phosphatidylserine and loss of
membrane integrity characteristics of apoptotic cells.

Flow cytometric quantification (Fig. 11B-E) further
confirmed a dose-dependent elevation of both early and late

Annexin-FITC

C DOX F

Q1 Q2 -Qt Q2
10°76,69 9 209

0.08 ug

0.04 ug

DOX

Control

> Pl

s @

o
Control Dox 0.04 0.08

0
10 10 10 10

Annexin-FITC

Fig. 11 N1 induced apoptosis in colon cancer cells: (A) representative
bright-field and fluorescence micrographs of CT26 cells treated with
N1 (0.04 and 0.08 pg mL™?) for 12 h and stained with Annexin V-FITC
(green) and propidium iodide (Pl, red); merged images indicate
apoptotic cell populations; (B—E) flow cytometric dot plots of Annexin
V-FITC/PI staining showing viable (Q4, Annexin V7/PI7), early
apoptotic (Q3, Annexin V*/PI7), late apoptotic (Q2, Annexin V*/PI*),
and necrotic (Q1, Annexin V~/PI*) cell populations in untreated control
(B), doxorubicin-treated positive control (0.25 uM) (C), and N1-treated
cells at 0.04 ug mL™* (D) and 0.08 pg mL™ (E); (F) overlay histogram
showing fluorescence intensity shifts in the FITC channel for control,
doxorubicin, and N1-treated cells; (G) quantitative analysis of
percentage dead/apoptotic cells under different treatment conditions
(mean + SD, n = 3; ***p < 0.001 vs. control).
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apoptotic populations upon exposure to 0.04 ug mL ™' and 0.08
pg mL™" of N1 for 12 h, compared to untreated controls. The
apoptotic response is comparable to that induced by doxoru-
bicin (0.25 uM), used as a positive control. The histogram of
FITC fluorescence (Fig. 11F) demonstrated a rightward shift,
corroborating enhanced Annexin binding, while the bar
diagram (Fig. 11G) quantifies significant apoptosis induction (p
<0.01).

To validate, whether the growth inhibition induced by the N1
is due to apoptosis, CT26 cells are treated with 0.04 pg mL ™"
and 0.08 pg mL ™" of the N1 for 12 h and subjected to Annexin V-
FITC and propidium iodide (PI) stain. Representative fluores-
cence micrographs (Leica DMi8, 200x) show Annexin V-FITC-
and PI-positive apoptotic cells (A). Flow-cytometric dot plots
illustrate apoptotic populations in untreated control cells (B),
doxorubicin-treated cells (0.25 uM, positive control) (C) and
cells treated with the indicated concentrations of the N1 (D-E).
Histogram shows fluorescence shifts in the FITC channel (F)
and corresponding bar diagram (G) quantitatively represents
the percentage of apoptotic cells.

To verify whether the observed cytotoxicity arises from the
coordinated complex rather than the metal ion alone, control
experiments were performed using free Ni*" under identical
conditions. As shown in Fig. S9A, free Ni** exhibits significantly
lower cytotoxicity compared to N1 at corresponding 0.04 pg
mL~" concentrations. Consistently, Annexin V-FITC/PI analysis
(Fig. S9B) reveals minimal induction of apoptosis in cells
treated with free Ni®>*, whereas N1 induces a pronounced
increase in apoptotic cell populations. These findings confirm
that the enhanced cytotoxic and pro-apoptotic effects are
predominantly associated with the ligand-coordinated Ni**
complex, highlighting the critical role of the azo-uracil frame-
work in modulating biological activity.

To further validate the involvement of caspase signalling,
cells were pre-treated with the pan-caspase inhibitor Z-VAD-
FMK, which resulted in a marked reduction in Annexin V-
positive cells, confirming that N1 induces caspase-dependent
apoptosis (Fig. 12A and B). Collectively, these findings suggest
that the N1 suppresses tumour cell growth primarily through
the induction of programmed cell death rather than nonspecific
necrosis. The structural design of the N1, a Ni*" complex of an
uracil based azo derivative facilitates the interactions with ct-
DNA and intracellular phosphate moieties, thereby triggering
intrinsic apoptotic pathways.

ROS-mediated cytotoxicity and mitochondrial involvement

Given the known redox activity of azo-metal complexes, intra-
cellular ROS generation was evaluated using flow cytometry.
Treatment with N1 led to a pronounced increase in total intra-
cellular ROS (CellROX Green) whereas mitochondrial super-
oxide levels (MitoSOX Red) showed a comparatively modest
increase (Fig. 12C), indicating that ROS generation is predom-
inantly non-mitochondrial in origin. To assess mitochondrial
involvement, JC-1 staining was performed. N1 treatment resul-
ted in a moderate decrease in mitochondrial membrane

RSC Adv, 2026, 16, 17895-17904 | 17901
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Fig. 12 Mechanistic insights into N1-induced apoptosis: caspase
dependence, ROS generation, and mitochondrial perturbation: (A)
representative flow cytometric dot plots of Annexin V-FITC/PI staining
in CT26 cells treated with N1 (0.04 and 0.08 pg mL™?) for 12 h, showing
viable (Annexin V7/PI7), early apoptotic (Annexin V*/PI7), late
apoptotic (Annexin V*/PI*), and necrotic (Annexin V~/PI*) populations;
(B) effect of pan-caspase inhibitor Z-VAD-FMK (20 uM, 1 h pre-
treatment) on N1-induced apoptosis, showing reduced Annexin V-
positive cell populations; (C) flow cytometric histograms of intracel-
lular ROS levels measured using CellROX Green (total ROS) and
MitoSOX Red (mitochondrial superoxide) in untreated, doxorubicin-
treated (0.25 pM), and Nil-treated cells (0.04 and 0.08 pg mL™Y),
indicating predominant induction of total ROS; (D) assessment of
mitochondrial membrane potential (A¥m) using JC-1 staining,
showing changes in red (JC-1 aggregates) and green (JC-1 mono-
mers) fluorescence in control, N1-treated, and doxorubicin-treated
cells, indicative of moderate mitochondrial depolarization. All experi-
ments were performed in CT26 cells and analysed by flow cytometry.
Data shown are representative of three independent experiments.

potential (A¥'m), suggesting partial mitochondrial perturba-
tion but not extensive mitochondrial damage (Fig. 12D).

The functional role of ROS in cytotoxicity is further
confirmed using N-acetyl cysteine (NAC), a ROS scavenger. NAC
pre-treatment significantly reduces LDH release in both CT26
and HCT-15 cells, demonstrating that ROS generation is a key
driver of N1-induced cytotoxicity (Fig. 13).

Contribution of phosphatase-related processes

Considering the phosphatase-like activity of N1, its potential
involvement in cytotoxicity is preliminarily examined using
a phosphatase inhibitor (PhosSTOP). Inhibition of phosphatase
activity results in a partial reduction in cytotoxicity in both CT26
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Fig. 13 Effect of ROS scavenging and phosphatase inhibition on N1-
induced cytotoxicity: (A) percentage cytotoxicity in CT26 cells treated
with N1 (0.04 and 0.08 ug mL™) in the presence or absence of N-
acetyl cysteine (NAC, 5 mM) and PhosSTOP phosphatase inhibitor (1x);
(B) corresponding cytotoxicity in HCT-15 cells under similar treatment
conditions. NAC pre-treatment significantly reduces NZ1-induced
cytotoxicity, indicating the involvement of ROS, while PhosSTOP
treatment partially attenuates cytotoxicity, suggesting a possible
contribution of phosphate-related processes. Data are expressed as
mean + SD (n = 3; ***p < 0.001, ****p < 0.0001 vs. N1-treated group).

and HCT-15 cells (Fig. 11). While this observation suggests
a possible contribution of phosphate-related cellular processes,
the current data are not sufficient to establish a direct causal
relationship. Accordingly, this aspect has been interpreted
cautiously.

Biological implications and mechanistic insight

Collectively, the results demonstrate that N1 exerts selective
anticancer activity primarily through ROS-mediated, caspase-
dependent apoptosis. While mitochondrial depolarization is
observed, it appears to play a secondary role. The biological
observations may well be explained from the structural features
of the uracil-azo-Ni** coordination framework that provides
redox-active azo centre, capable of generating localized oxida-
tive stress within tumour cells.

Concurrently, the phosphatase like activity of the N1,
demonstrated by its catalytic hydrolysis of p-nitrophenyl phos-
phate (p-NPP), may interfere with cellular phosphate signalling
and nucleic acid metabolism, further enhancing its anti-
proliferative efficacy. The phosphatase-like activity of N1 may
contribute to the overall biological response, but its direct
involvement in cytotoxicity remains to be fully established.

Thus, the multifunctional nature of the azo-uracil-based Ni**
complex, combining redox activity with enzyme-mimetic
behaviour, provides a promising framework for the develop-
ment of next-generation metal-based anticancer agents.
However, further detailed biochemical studies will be required
to fully delineate the interplay between catalytic activity and
cellular toxicity.

Conclusion

In summary, a smart uracil-derived azo based Ni** complex
(N1), structurally characterized by spectroscopic techniques and
authenticated by single-crystal X-ray diffraction analysis shows
phosphatase-like catalytic behaviour, efficiently hydrolysing p-
nitrophenyl phosphate (p-NPP) under mild conditions. DFT
studies validate the experimental findings, optimizes the
geometries of the reactants and products along with associated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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HOMO-LUMO energy gap, supporting the driving force behind
the catalytic behaviour. DFT studies also allows to unveil the
underlying mechanism of phosphatase-like catalytic activity.

Biologically, N1 demonstrates potent and selective cytotox-
icity against murine and human colon carcinoma cell lines
(CT26, MC-38 and HCT-15), while exhibiting minimal toxicity
toward normal fibroblast cells (NIH-3T3). Mechanistic investi-
gations reveal that the cytotoxic effect is primarily mediated
through ROS-dependent, caspase-mediated apoptosis, as evi-
denced by intracellular ROS generation, attenuation of cyto-
toxicity upon ROS scavenging, and reduction of apoptosis in the
presence of a pan-caspase inhibitor. Moderate mitochondrial
membrane depolarization suggests partial involvement of
mitochondrial pathways.

Although the phosphatase-like activity of N1 may contribute
to its biological effects, the current data indicate that this
relationship remains indirect and further
investigation.

Overall, the present study highlights the potential of azo-
uracil-based Ni** complex as a multifunctional system
combining catalytic activity with selective anticancer properties.
These findings provide a foundation for the rational design of
metal-based therapeutic agents, while emphasizing the need for
further studies to fully elucidate structure-activity relationships
and underlying biochemical mechanisms.
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