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A family of biologically active novel zinc(i) compounds, namely [Zn(ahpa)(C)(H,O)] (1), [Zn(ahpa)(NO3)(H,O)]
(2) and [Zn(ahpa)(H,0),l(ClO,) (3), of an anthracene-appended multifunctional organic scaffold, Hahpa
(Hahpa = 3-((anthracene-10-ylmethyl)(2-hydroxyethyllamino)propanoic acid), were synthesized and
characterized. Synthesis of 1-3 was accomplished by reacting Hahpa with zinc(i) precursors such as ZnCl,,
Zn(NOs3),-6H,O and Zn(ClOy4),-6H,0, respectively, in the presence of NaOH at room temperature.
Compounds 1-3 were characterized by elemental analysis, FTIR, electronic absorption and emission
spectroscopy, molar conductivity analysis, and TGA studies. Elemental analysis, molar conductivity analysis,
and UV-vis and fluorescence titration results unambiguously confirm the integrity of the compound
frameworks. Moreover, the structures of 1-3 were ascertained by density functional theory (DFT) computa-
tion using the B3LYP/6-311G level of theory, indicating a distorted square pyramidal geometry around the
zinc centers. Furthermore, the anticancer properties of 1-3 were assessed in human cervical cancer (Hela)
cell lines, revealing a significantly high cytotoxicity with ICso values ranging from 1.09 to 2.11 uM. They
showed high selectivity between the normal and cancer cells despite this potency. The anticancer activity of
1-3 was possibly due to an increase in cellular reactive oxygen species (ROS), destruction of cell membrane
integrity, and DNA damage occurring via nuclear condensation. Electronic absorption spectroscopy, ethi-
dium bromide (EB) displacement assay and circular dichroism (CD) spectroscopy confirmed the binding affi-
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nity and binding mode of 1-3 with DNA in a dose-dependent manner. All three compounds were also able
to modulate the expression of p53 tumour suppressor protein and exhibited antitumorigenic activity,
whereas their activity remained unaltered in the normal cell. When a comparative assessment of anticancer
properties of 1-3 was made, 1 showed a higher cytotoxicity towards the cancer cells in comparison to
2and 3.

DOI: 10.1039/d4ma01278j
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Introduction

The design and synthesis of therapeutically active new
multifunctional organic scaffolds and their metal compounds
for cancer treatment are important areas of interdisciplinary
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1 Electronic supplementary information (ESI) available: FTIR, 'H & *C NMR, and
ESI-MS of Hahpa; FTIR spectra of 1-3; UV-vis absorption and fluorescence
emission titration spectra, and viscosity measurement concerning the DNA
binding studies of 1-3; Scatchard plots for 1-3; figures associated with %
cytotoxicity of 1-3 in the normal L6 skeletal muscle cell line and % cytotoxicity
of the precursor zinc salts in the HeLa cell line; and fluorescence intensity
histogram profiles showing the expression of p53 protein and nuclear condensa-
tion in 1-3 treated HeLa cells. See DOI: https://doi.org/10.1039/d4ma01278j
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research.” Over the past few decades, significant achieve-
ments have been made in this area, including the development
of organic, inorganic and composite material-based nanodrugs
for preclinical and clinical cancer treatment.’"® However, the
early-stage diagnosis and effective treatment of cancer are still
challenging, specifically due to the multidrug resistance and
inadequate availability of cancer-targeting therapeutic drugs.”®
In this context, the nanosized antitumor agents have been
widely studied owing to their good lesion specificity and
improved bioavailability and biodistribution; however they
suffer from poor efficacy and serious side effects.”’® Hence,
there is a demanding need to develop new anticancer drugs to
overcome such drawbacks. It is worth mentioning that the
success of cisplatin and its derivatives such as oxaliplatin and
carboplatin as anticancer drugs has paved the way for discovery
of newer and more effective metal-based anticancer drugs.''
The multifunctional organic scaffold-based metal compounds
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have prominent roles in cancer chemotherapy since several
metal ions are crucial for numerous biological processes.'?
In particular, several ruthenium-based luminescent com-
pounds are identified as potential theragnostic probes due
to their easy synthesis, structural modification and functional
tunability.’>'* However, their poor selectivity and dose-
dependent toxicity limit their long-term usage for cancer
treatment.'> Recently, some other ruthenium-based com-
pounds such as NAMI-A, KP1019 and (N)KP1339 have been
discovered as potential anticancer agents because of their
improved cancer selectivity.'®"”

Zinc is the second most abundant transition metal in our
body and considered as an indispensable element for human
physiology. It is very crucial for cell survival, proliferation,
and differentiation.'® Zn(u) ions play an important role as a
cofactor of several intracellular enzymes.'®?° Thus, zinc is
required for critical functions in humans such as immunity
and reproduction.””?* It is also established that cancer is
strongly related to zinc deficiency. For example, zinc enhances
the immune response and function of white blood cells in
cancer patients.>® Zinc ions can mitigate the cardiotoxicity and
hepatotoxicity of anticancer drugs due to its potential to enable
Lewis acid activation, nucleophile formation, and fast ligand
exchange.>” However, a very few zinc-based chemotherapeutic
drugs are reported to serve as alternatives to platinum-based
anticancer drugs.”>?® 1t is also believed that the binding of
Zn(u) with appropriately designed multifunctional organic scaf-
folds improves bioavailability and biodistribution and reduces
the overall cost of drug formulation while availing the bene-
ficial outcome against cancer. Moreover, the cellular uptake of
Zn(u) compounds is supposed to be driven by specific binding
to transferrin and human serum albumin so that they can
cause less toxicity to healthy cells, while the uptake of other
transition metal compounds involves passive diffusion.>”?®
Unfortunately, significantly fewer research investigations into
anticancer Zn(i1) compounds have been conducted. The present
study originates from our ongoing research endeavour that is
undertaken to systematically study 3d transition metal-based
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compounds of carboxylate-incorporated multifunctional
organic assemblies.”*® In our current research, we have
successfully introduced an anthracene backbone as a signalling
agent within a multifunctional organic scaffold, thus resulting
in the formation of Hahpa (Hahpa = 3-((anthracene-10-
ylmethyl)(2-hydroxyethyl)amino)propanoic acid), with a desired
degree of flexibility of the donor atoms for metal binding
(Scheme 1). Thorough literature search reveals that the cur-
rently available and clinically active anticancer drugs such as
doxorubicin, mitoxantrone, and camptothecin contain the
anthracene backbone as a significant part of their molecular
structures.’”° These drugs are believed to function via the
inhibition of DNA topoisomerases, particularly topoisomerase
II. Therefore, motivated by the challenges and our continuing
research interest in designing and synthesizing some smart
organic scaffolds for exploration of promising biological prop-
erties, the main focus of our interest was to develop a family of
Zn(u) compounds incorporating the anthracene backbone. In the
present article, the design and synthesis, structural and physico-
chemical characterization, and evaluation of three novel Zn(u)
compounds [Zn(ahpa)(Cl)(H,0)] (1), [Zn(ahpa)(NOs)(H,0)] (2) and
[Zn(ahpa)(H,0),](ClO,) (3) as promising chemotherapeutic agents
against cervical cancer have been explored through well-
established scientific evidence.

Results and discussion

Design, synthesis and general characterization of a
multifunctional organic scaffold (Hahpa) and its Zn(u)
compounds (1-3)

The synthesis of an anthracene-appended new multifunctional
organic scaffold, Hahpa, is illustrated in Scheme 1. This
organic scaffold has one alcohol, one carboxylate and one
tertiary amine-based O,N donor atom as the metal binding
sites and one pendant anthracene backbone as the signalling
component. Hahpa has been characterized by standard analy-
tical and spectroscopic techniques such as elemental analysis,

OH
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Scheme 1 Synthetic pathway of the multifunctional organic scaffold, Hahpa.
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Scheme 2 Synthetic pathway of compounds 1-3.

FTIR (Fig. S1, ESIT), "H and ">C NMR (Fig. S2 and S3, ESIt) and
ESI-MS (Fig. S4, ESIf). Compounds 1-3 were synthesized in
excellent yield (70-80%) by adding a mixture of Hahpa and
NaOH to the respective Zn(u) salts separately, in methanol
solution. A general synthetic protocol of compounds 1-3 is
depicted in Scheme 2. Briefly, the room temperature reactions
of one equiv. of Hahpa with one equiv. of ZnCl,, Zn(NO3),-6H,0
and Zn(ClO,),-6H,0, separately, in the presence of NaOH
in methanol produced compounds [Zn(ahpa)(Cl)(H,O)] (1),
[Zn(ahpa)(NO3)(H,0)] (2) and [Zn(ahpa)(H,0),](ClO,) (3),
respectively. Characterization of these compounds was per-
formed by elemental analysis, molar conductance analysis,
FTIR, UV-vis and fluorescence spectroscopy, TGA analysis,
including molecular structure optimization using density func-
tional theory (DFT) calculations. The DFT calculations provided
the metric parameters and geometrical arrangements around
the zinc centers in 1-3. The molar conductance (Ay,) values
of 1, 2 and 3 measured in DMF solution are 17, 10 and
80 Q cm” mol ?, respectively.

As indicated by these values, compounds 1 and 2 are non-
electrolytic formulations, while compound 3 is of 1:1
electrolyte-type.’® The FTIR spectra (Fig. S5-S7, ESIY) of
1-3 showed characteristic asymmetric (v,s) and symmetric (vs)
stretching bands of the carboxylates: 1570 () and 1403 cm™*
(vs) for 1, 1583 (v4s) and 1384 cm ™" (1) for 2, and 1594 (v,) and
1407 cm ' (i) for 3. The relatively higher value of 4 (4 =
2(CO0™) — 14(COO 7)) at ~167, 199 and 187 cm ™ * for 1, 2 and
3, respectively strongly suggests the monodentate terminal
binding of the carboxylate functionalities. The bands
observed between 3424 and 3453 cm ' correspond to the

1480 | Mater. Adv., 2025, 6,1478-1496

v(O-H) vibrations of the coordinated H,O molecules in 1-3.
In addition, the terminal coordination of the NO;~ group in
compound 2 is suggested by the occurrence of sharp bands at
1789 and 1325 cm ™~ '.*? Verification of an uncoordinated ClO,~
ion outside the coordination sphere in compound 3 is indi-
cated by a sharp unsplit band at 1090 cm™'.*?

Photophysical properties: UV-vis absorption and fluorescence
titration studies

In order to understand the binding events of the newly
designed multifunctional organic scaffold Hahpa with Zn(u),
the changes in its photophysical properties induced by addition
of different Zn(u) salts were studied in solution by employing
UV-vis absorption and fluorescence emission titrations. The
binding of different Zn(u) salts with Hahpa brought about
significant changes in both the absorption and emission
features of the attached anthracene backbone. These studies
also indicated the composition and stability of compounds 1-3
formed upon binding of Hahpa with Zn(u).

Fig. 1 illustrates the UV-vis titration spectra of Hahpa with
different Zn(u) salts in methanol solution. The electronic
absorption spectrum of Hahpa exhibits intense absorption
bands at 385, 365, 347 and 331 nm due to n-m* transitions of
the anthracene backbone.** Upon gradual addition of ZnCl,,
Zn(NO3),-6H,0 and Zn(ClO,),-6H,0 separately to a methanol
solution of Hahpa, the absorption bands at 385, 365, 347 and
331 nm increased progressively, with a significant red shift of
the absorption maxima by 2-4 nm in the case of all three Zn(u)
salts, indicating that the (Zn*")/(ahpa)” compounds were
formed in solution. The increase in the absorption bands

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01278j

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

Open Access Article. Published on 21 January 2025. Downloaded on 2/9/2026 8:39:45 AM.

(cc)

View Article Online

Paper Materials Advances
25- 0.25
A)
| 0.20 -] [
D
<
=
]
=
=
2
=
<
1 2 3 4 5
[Zn*|/[ahpa]
0.0 T T T T 1
320 340 360 380 400 420
Wavelength (nm)
2.54 0.20
B)
-5
[
=
]
=
o
(=]
w2
=
<
2 3 5
[Zn™")/[ahpa]
0.0 T T T T 1
320 340 360 380 400 420
Wavelength (nm)
2.5 0.24 -
© )
2.0
=53
2 1.51
=
=
S
2 1.0
< 1.0+
<
0.54 2 3 4 5
e [Zn™*)/[ahpa]
0.0 T T T T 1
320 340 360 380 400 420
Wavelength (nm)

Fig. 1 UV-vis titration spectra of the multifunctional organic scaffold (ahpa)~ (1.013 x 10~* M) acquired on adding (A) ZnCl,, (B) Zn(NOs),-6H,0, and
(C) Zn(ClO4)»-6H,0 in MeOH solution at room temperature; the concentrations of Zn(i) salts were varied from 0 to 4.526 x 10™* M. (inset) The
corresponding titration curves of (A) ZnCl,, (B) Zn(NOs),:6H,0, and (C) Zn(ClO4),-6H,O according to the absorption intensity, indicating 1:1

stoichiometry for (Zn?*)/(ahpa)™ (1).

continued up to a molar ratio of 1:1 for (Zn**)/(ahpa)”. Fig. 1
insets show the titration profiles for ZnCl,, Zn(NOj;),-6H,0 and
Zn(Cl0,),-6H,0 confirming the formation of the 1:1 (Zn*")/
(ahpa)” bound assemblies in solution. The spectral changes
observed upon binding of Zn(u) with the (ahpa)™ scaffold
are very similar to the results reported by our research group

© 2025 The Author(s). Published by the Royal Society of Chemistry

for the interaction of Zn(u) with anthracene-incorporated p-
bis(tridentate) organic assembly.*® Addition of increasing con-
centrations of Zn(u) ions to the (ahpa)~ scaffold induced the
red-shift of the absorption bands, which clearly explained the
high stability of the as-synthesized Zn(u) compounds (1-3).
Accordingly, the binding constant (Kj,) values were calculated
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Fig. 2 Fluorescence titration spectra of the multifunctional organic scaffold (ahpa)~ (1.013 x 10~* M) acquired on adding (A) ZnCl,, (B) Zn(NOs),-6H,0,
and (C) Zn(ClO4),-6H,0 in MeOH solution at room temperature; the concentrations of Zn(i) salts were varied from 0 to 5.480 x 10™* M. (inset) The
corresponding titration curves of (A) ZnCl,, (B) Zn(NOs3),-6H,0, and (C) Zn(ClO4),-6H,O according to the emission intensity, indicating 1: 1 stoichiometry

for (Zn%*)/(ahpa)™ (1).
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using the UV-vis titration data by applying the method of
Rose and Drago.*” The calculated K, values of the organic
scaffold-bound Zn(n1) compounds are (2.31 4+ 0.14) x 10* M,
(2.10 £ 0.17) x 10* M " and (3.66 £ 0.10) x 10* M * for 1, 2 and
3, respectively.

In order to further demonstrate the ability of Hahpa to bind
with Zn(n), the fluorescence titration experiments of Hahpa
with different zinc salts were performed in methanol solution.
The emission spectrum of Hahpa, which was excited at 365 nm,
showed strong emission bands at 436, 412 and 394 nm at room
temperature in methanol solution. These emission bands are
typical for the attached anthracene backbone.?® The fluores-
cence titration spectra acquired from the titration of Hahpa
with increasing concentrations of ZnCl,, Zn(NOj3),-6H,O and
Zn(ClO,),-6H,0 are displayed in Fig. 2. As seen, the gradual
addition of the respective Zn(u) salt to the methanol solution of
Hahpa causes significant enhancement of its fluorescence
intensities, with a considerable red shift of the emission
maxima by 2-3 nm. The observed fluorescence intensity was
virtually proportional to the concentration of the Zn(u) salt. The
saturation behavior of the emission intensity after addition of 1
equiv. of Zn(n) indicates that the 1:1 (Zn*")/(ahpa)” bound
assemblies (1-3) are formed in solution (Fig. 2 insets). The
chelation promoted fluorescence-on can be justified by
considering that the Zn(u) ions with completely filled d-
orbitals are known to increase the fluorescence intensity
via either the photo-induced electron transfer or energy transfer
mechanism.*® The binding constant (Kp) values of (Zn>")/
(ahpa)™ assemblies calculated from the fluorescence titration
data are found to be (5.27 & 0.20) x 10> M, (4.86 + 0.28) x
10°* M ' and (6.38 + 0.16) x 10°> M " for 1, 2 and 3, respectively.
The fluorescence titration outcomes suggest that the multi-
functional organic scaffold Hahpa forms 1:1 compounds with
Zn(u) ions in solution.

Thermal studies

The thermogravimetric analysis (TGA) of compounds 1-3 was
performed to understand their thermal behavior. The TGA
curves of 1-3 are displayed in Fig. 3. The first decomposition
step of 1 shows a mass loss between 43 and 74 °C due to the
removal of a coordinated water molecule. The mass loss
detected in this step is 3.84% (calecd 4.08%). The second
decomposition step observed between 308 and 400 °C is due
to the release of one CO, and half Cl, gases corresponding to a
mass loss of 18.01% (calcd 18.05%). The decomposition of the
overall metal-organic framework takes place between 480 and
850 °C. For thermal decomposition of 2, the first step proceeds
between 55 and 97 °C with a mass loss of 4.51% (calcd 3.86%),
attributed to the loss of a coordinated water molecule. The
second decomposition step that occurred between 270 and
351 °C is attributed to the release of one CO, and one NO gas
molecules, which corresponds to a mass loss of 15.75% (calcd
15.85%). The third decomposition step that occurred between
477 and 853 °C is associated with the disintegration of the
overall metal-organic framework. Similarly, compound 3
shows a three-step thermal decomposition reaction. The first

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TGA curves of [Zn(ahpa)(Cl)(H2O)] (1), [Zn(ahpa)(NO=)(H,O)] (2) and

[Zn(ahpa)(H>0),](ClO4,) (3) under an inert atmosphere of nitrogen gas at a

heating rate of ~12 °C min™™.

decomposition step happens between 35 and 195 °C with a
mass loss of 7.89% (caled 8.52%), corresponding to the removal
of two coordinated water molecules. The second decomposition
step observed between 264 and 398 °C with a mass loss of
17.66% (caled 17.97%) is attributed to the removal of one CO,
and one O, gas molecules. The third and final step takes place
between 460 and 878 °C showing the decomposition of the
overall metal-organic framework. ZnO is formed as the most
possible residual end product for all three complexes.’”” A
careful literature study reveals that analogous thermal features
are observed for carboxylate, chloride, nitrate and perchlorate-
based metal compounds that release CO,, Cl,, NO and O,
gases, respectively.*5>!

Structural optimization by density functional theory (DFT)
calculations

The structures of all three Zn(i) compounds were optimized by
density functional theory (DFT) calculations in order to obtain
insight into their molecular arrangements, along with the
metric parameters and geometry around the metal centers.
Tables 1-3 summarize the selected bond distances and angles
of 1-3. Views of their optimized structures are depicted in
Fig. 4. The structures of 1-3 are in good agreement with the

Table 1 Selected bond distances (A) and angles (deg) for [Zn(ahpa)(Cl)(H,O0)]
(1) acquired from the DFT-B3LYP/6-311G level of theory

Bond distances [A] Bond angles [deg]

Zn(45)-0(1) 1.9304 0(1)-Zn(45)-0(2) 149.77
Zn(45)-0(2) 1.9288 0(1)-Zn(45)-0(4) 95.88
Zn(45)-0(4) 1.9088 0(1)-Zn(45)-N(7) 83.51
Zn(45)-N(7) 1.9564 0(1)-Zn(45)-Cl(49) 104.95
Zn(45)-C1(49) 2.2398 0(2)-Zn(45)-0(4) 78.59
0(2)-Zn(45)-N(7) 89.30
0(2)-Zn(45)-Cl(49) 105.22
0(4)-Zn(45)-N(7) 154.85
0(4)-Zn(45)-Cl(49) 104.03
N(7)-Zn(45)-Cl(49) 100.37
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Table 2 Selected bond distances (A) and angles (deg) of [Zn(ahpa)-
(NO3)(H,0)] (2) acquired at the DFT-B3LYP/6-311G level of theory

Bond distances [A] Bond angles [deg]

Zn(52)-0(1) 1.9348 0(1)-Zn(52)-0(2) 150.75
Zn(52)-0(2) 1.9251 0(1)-Zn(52)-0(4) 95.91
Zn(52)-0(4) 1.9105 0O(1)-Zn(52)-0(46) 104.16
Zn(52)-0(46) 1.9091 0O(1)-Zn(52)-N(7) 83.16
Zn(52)-N(7) 1.9580 0(2)-Zn(52)-0(4) 78.68
0(2)-Zn(52)-0(46) 104.99
0(2)-Zn(52)-N(7) 89.31
0(4)-Zn(52)-N(7) 153.69
0(4)-Zn(52)-0(46) 105.43
N(7)-Zn(52)-0(46) 100.24

Table 3 Selected bond distances (A) and angles (deg) of [Zn(ahpa)-
(H20),1(ClO4) (3) acquired at the DFT-B3LYP/6-311G level of theory

Bond distances [A] Bond angles [deg]

Zn(45)-0(1) 1.9449 0(1)-Zn(45)-0(2) 163.39
7n(45)-0(2) 1.9184 0(1)-Zn(45)-0(4) 107.04
Zn(45)-0(4) 1.9099 0(1)-Zn(45)-0(49) 65.78
7n(45)-0(49) 1.9101 0(1)-Zn(45)-N(7) 79.50
Zn(45)-N(7) 2.0180 0(2)-Zn(45)-0(4) 79.59
0(2)-Zn(45)-0(49) 105.57
0(2)-Zn(45)-N(7) 90.48
0(4)-Zn(45)-N(7) 164.24
0(4)-Zn(45)-0(49) 63.90
N(7)-Zn(45)-0(49) 107.88

spectroscopic and analytical data. As shown in Fig. 4, the zinc
centers lie in a distorted square pyramidal geometry, as indi-
cated by the values of the Addison parameter, 7 (Zn45, 0.085 in
1; Zn52, 0.049 in 2; and Zn45, 0.014 in 3).>*> On the other hand,
the square pyramidal geometry around Zn45 in 1 is defined by
one nitrogen and two oxygen donor groups (N7, O1 and 02) of
the (ahpa)™ scaffold, one oxygen donor from a monodentate
water molecule (O4) and an auxiliary chloride ligand (C149); the
square pyramidal geometry around Zn52 in 2 is defined by one
nitrogen and two oxygen donor groups (N7, O1 and O2) of the
(ahpa)~ scaffold, and two oxygen donor groups from a mono-
dentate water molecule (0O4) and an auxiliary nitrate ligand
(046). In contrast, the square pyramidal geometry around Zn45
in 3 is defined by one nitrogen and two oxygen donor groups
(N7, O1 and 02) of the (ahpa)~ scaffold, and two oxygen donor
groups from two monodentate water molecules (O4 and 049).
The zinc center deviates from the respective square plane by
0.455, 0.458 and 0.234 A in 1, 2 and 3, respectively. The Zn-N
and Zn-O bond distances range from 1.9088 to 2.0180 A
(Tables 1-3), which are comparable to the analogous five-
coordinate zinc(i) complexes.>®>* The five- and six-membered
chelate rings are markedly non-planar with the bite angles of
0(1)-Zn(45)-N(7) = 83.51 and O(2)-Zn(45)-N(7) = 89.30° in 1;
0O(1)-Zn(52)-N(7) = 83.16 and O(2)-Zn(52)-N(7) = 89.31° in 2;
0(1)-Zn(45)-N(7) = 79.50 and O(2)-Zn(45)-N(7) = 90.48° in 3.
The zinc centers in 1-3 are linked to the planar anthracene
backbone by the -CH,-N< linker, showing a virtually
perpendicular orientation to each other. Careful structural
analysis also disclosed that the distances between the Zn(m)
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ions and the centroid of anthracene rings are 3.903, 3.936 and
3.959 A in 1, 2 and 3, respectively, suggesting a weak intra-
molecular cation- - -n interaction.>

Anticancer properties: quantification of % cytotoxicity

In order to examine the anticancer properties of the Zn(u)
compounds, the in vitro cytotoxicity of 1-3 was determined first
by a trypan blue dye exclusion method using the human
cervical cancer (HeLa) cells as they are the most commonly
used model human cancer cell lines for the investigation of
chemotherapy. The proliferation of HeLa cells treated with 1-3
appeared to be reduced significantly after 24 h of treatment
(Fig. 5). The % cytotoxicity was markedly higher in all three
compound-treated groups when compared to the control
(***p < 0.001 vs. control). The IC5, values were calculated
and found to be 1.09 uM for 1, 1.54 uM for 2, and 2.11 pM
for 3. Furthermore, these compounds when checked in the
normal L6 skeletal muscle cell line did not show any significant
change in % cell viability as compared to untreated normal
cells (Fig. S8, ESIt). A comparison of these results indicated
that 1 is much more effective in reducing cell proliferation,
thus resulting in diminished cancer cell growth compared to 2
and 3. Moreover, the treatment of HeLa cells with precursor
zinc salts used in the present study resulted in a very insignif-
icant change in % cytotoxicity (Fig. S9, ESIT).

Studies of cell morphology and cell membrane integrity

The surface morphology of HeLa cells was analyzed by phase
contrast and scanning electron microscopy studies. Both the
phase contrast and scanning electron microscopic images (Fig.
6 and 7) showed that compounds 1-3 treated groups contained
a significant amount of dead HeLa cells, which is in good
agreement with the results obtained from the assessment of %
cytotoxicity. Critical analysis of these microscopic images
revealed the following observations for treatments using com-
pounds 1-3: (i) the compound 1-treated group showed the
highest number of apoptotic cells (Fig. 6C and 7C), (ii) the
compound 2-treated group showed the cells that acquired an
ovoid morphology due to the loss of cellular matrix adherence
and an increased number of membrane perforations (Fig. 6D
and 7D), (iii) the compound 3-treated group also showed
numerous apoptotic cells; however, in some cases, the cells
were completely devoured and cellular remnants were left (Fig.
6E and 7E). When analyzed concertedly, the formation of
beaded apoptopodia and other apoptotic bodies, membrane
blebbing, membrane disruption and a large number of plasma
membrane perforations were observed, indicating the detri-
mental effects of the Zn() compounds that imposed cellular
death in the cancer cells.

Monitoring the production of intracellular reactive oxygen
species (ROS)

Reactive oxygen species (ROS) play a significant role in control-
ling the cell proliferation and apoptosis, and hence the mecha-
nistic action of cell death. Extreme and uncontrolled
production of ROS leads to oxidative stress, thus accelerating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Geometric and electronic structures of (A) [Zn(ahpa)(C)(H,0)] (1); (B) [Zn(ahpa)(NO3)(H,O)] (2); and (C) [Zn(ahpa)(H,0),](ClO,) (3) calculated at
the DFT-B3LYP/6-311G level of theory. Color code: Zn, pink; N, blue; O, red; C, black; H, light blue.
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Fig. 5 Graph showing the % cytotoxicity for each experimental group. **p
< 0.01 vs. control; ***p < 0.001 vs. control.

the damage of intracellular components. In fact, due to the
abnormal cellular functions, the cancer cells remain under
amplified oxidative stress. The H,DCFDA (H,DCFDA = 2';7’-
dichlorodihydrofluorescein diacetate) assay revealed that the
HeLa cells treated with compounds 1-3 showed significant ROS

© 2025 The Author(s). Published by the Royal Society of Chemistry

production after 24 h (Fig. 8). At a glance, the produced ROS
break down the two acetate linkages of non-fluorescent
H,DCFDA to yield green fluorescence-based DCF.’® On the
other hand, 1 showed an ~25% increase in ROS production
compared to the control, which was the highest among the
three compounds, followed by 2 and 3 with ~15% and ~3%
increase in ROS production, respectively (Fig. 8). The intensity
profiles of ROS mediated by all three Zn(u1) compounds suggest
their roles in ROS generation, which is followed by cellular
apoptosis.

DNA binding studies and UV-vis spectroscopy

Electronic absorption spectroscopy was employed for investi-
gating the binding interactions of compounds 1-3 with DNA.
The interactions between compounds 1-3 and CT-DNA were
followed by spectral changes arising in the range of 320-
400 nm. Fig. S10-S12 of the ESIf depict the UV-vis spectra
obtained upon titration of a fixed concentration of 1-3 with
increasing concentrations of CT-DNA. The spectra showed the
occurrence of ligand-based m-n* transition bands showing a
significant hypochromism with a blue shift of 2-3 nm. It is
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Fig. 6 Phase contrast light microscopic images showing cellular mor-
phology in different experimental groups. (A) control, (B) DMSO, (C) 1,
(D) 2, and (E) 3.

Fig. 7 Scanning electron microscopic (SEM) images showing cellular
morphology in different experimental groups. (A) control, (B) DMSO, (C)
1, (D) 2, and (E) 3.

pertinent to mention that the extent of hypochromism is
directly proportional to the strength of DNA interaction. A
strong stacking interaction between the aromatic chromophore
of 1-3 and the adjacent base pairs of CT-DNA resulted in the
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Fig. 8 Spectrofluorometric studies of ROS production in different experi-

mental groups using the H,DCFDA dye (Jexi = 485 NM; Jemi = 527 nm) and
compared against the control.

reduction of transition probability and hence hypochromism.>”
Significant hypochromism and blue shift in the UV-vis titration
spectra of 1-3 indicated their interactions with CT-DNA via
partial intercalation.>® The following equation (eqn (1)) was
used to determine the DNA binding constant (K},) values:

[DNAJ/(ea — &) = [DNAY/(ep — &) + 1/Kp (e — &) (1)

where [DNA] = concentration of CT-DNA, ¢, = ratio of the
absorbance/[compound], & = extinction coefficient of the free
metal compound, and &, = extinction coefficient of the metal
compound present in the completely bound form. The K
values were calculated to be (5.07 & 0.23) x 10" M, (2.62 +
0.19) x 10* M ' and (1.83 + 0.15) x 10* M * for 1, 2 and 3,
respectively (Fig. S10-S12 insets, ESIT). A comparative analysis
of these binding constant values of the studied Zn(u) com-
pounds revealed the order of their binding affinity towards
DNAas1 > 2 > 3.

DNA binding studies and fluorescence spectroscopy

The binding interactions of compounds 1-3 with DNA were
further studied by carrying out ethidium bromide (EB) displa-
cement assay. The emission intensity of free EB is relatively low,
but the intensity is significantly enhanced by stacking inter-
action between the adjacent DNA base pairs. So, the competi-
tive DNA binding experiments of 1-3 were performed by
monitoring the changes in the emission intensity of EB bound
to CT-DNA as a function of the complex concentration to obtain
insight into the binding interactions of the Zn(u) compounds
with DNA via intercalation.®® Fig. $13-S15 of the ESI display
the emission spectra of EB bound to CT-DNA acquired upon
titration of a fixed concentration of EB/DNA adduct with
increasing concentrations of 1-3 separately. The emission
intensity of the EB/DNA adduct reduced substantially because
of the competition by the corresponding Zn(u) compound
in the EB intercalated sites. In the emission titration spectra

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S13-S15, ESI}), the observed hypochromic shift at ~598 nm
indicated that EB was partially replaced by the EB/DNA adduct by
the Zn(u) compounds via the intercalative interactions. Further-
more, the emission spectra of the Zn(u) compound-DNA adduct
also revealed that the emission intensities were reduced by 77%,
75% and 73% for 1, 2 and 3, respectively. The DNA binding
constant (K,) values were evaluated using the Scatchard equation
(eqn (2))°>*" as described below:

log[(Zo — /1] = log[Ky] + nlog[Q] (2)

where n = the number of binding sites, I, = fluorescence
intensity in the absence of the quencher, and I = fluorescence
intensity in the presence of the quencher. Therefore, the
Ky, values obtained from the plots of log[(I, — I)/I] vs. log[Q]
(Fig. S16-518, ESIT) were found to be (8.58 + 0.22) x 10° M7,
(5.14 +0.21) x 10° M " and (3.87 £ 0.19) x 10* M for 1,2 and
3, respectively. These binding constant values suggest the order
of the binding strength of the Zn(u) compounds as 1 > 2 > 3,
which agrees well with the observation made in the UV-vis
spectral studies.

DNA binding studies and viscosity measurement

In order to explore the mode of binding interactions of 1-3 with
DNA, viscosity measurement was performed using the solu-
tions of CT-DNA incubated with the Zn(i) compounds indivi-
dually. It is well known that intercalative DNA binding would
cause an elongation of DNA by increasing the separation of
DNA base pairs, leading to an enhancement of viscosity. On the
other hand, DNA may bend or twist due to partial or non-
classical intercalation of the compound, which would reduce its
effective length and viscosity simultaneously. Thus, the relative
specific viscosity (1/1,) of DNA reveals an increase in contour
length associated with the separation of DNA base pairs caused
by intercalation. Fig. S19 of the ESIt shows the increase in the
relative specific viscosity of DNA when 1-3 are added into CT-
DNA solution separately. Hence, these results clearly suggest
that 1-3 bind to DNA via intercalation, which is in accordance
with the absorption and fluorescence spectral studies. The
ability of the compounds to increase the viscosity of DNA
follows the order 1 > 2 > 3.

DNA binding studies and circular dichroism (CD) spectroscopy

Binding of a small molecule with the right-handed B-form of
DNA leads to the change in molar ellipticity, when analysed by
circular dichroism (CD) spectroscopy. In the CD spectrum of
CT-DNA, the positive band at 275 nm corresponds to base
stacking, and the negative band at 245 nm corresponds to
helicity, which are the typical characteristics of the right-
handed B-form of DNA.®> Thus, the mode of DNA binding with
compounds 1-3 was ascertained by comparing the changes in
the positive and negative bands upon addition of the respective
Zn(u) compound at different concentrations (Fig. 9). The
decrease in the amplitude of the positive CD bands in the
range of 275-290 nm accompanied by a minor red-shift corre-
sponded to the change in base stacking interactions of DNA in
a concentration-dependent manner for 1-3.°> On the other

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

61 @A)
S
= 4
=
&
o0
]
=
e ) TH DRSNEN. ) SRS RTINS
b
=)
—
——CT-DNA
E. -2 ——2uL
-3 4L
——8pL
4
T T T 1
220 240 260 280 300
Wavelength (nm)
61 (B)
3
E 4
=
&
o0
]
=
| 18 TSN, SNSRI, | (S
b
=)
X 5 ——CT-DNA
6 —2pL
- 4pL
—8puL
-4
T T T 1
220 240 260 280 300
Wavelength (nm)
61 (O
)
E
3
o0
2]
=
Ll 0_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
I
=
X 2 —— CT-DNA
o —2pL
2‘ 4 pL
—8puL
44
T 1 T 1
220 240 260 280 300
Wavelength (nm)

Fig. 9 Circular dichroism (CD) spectra of (A) 1, (B) 2, and (C) 3 with CT-
DNA showing changes in molar ellipticity in a dose-dependent manner.

hand, the negative CD bands in the range of 235-250 nm
showed a decrease of molar ellipticity in a concentration-
dependent manner, with a minor blue-shift, indicating the
destabilisation of the right-handed DNA structure.®* However,
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a comparison of the CD spectral results specified that com-
pound 1 exhibited the highest change in molar ellipticity
in both the positive and negative bands, while compound 2
exhibited the lowest change in molar ellipticity. Additionally,
for compound 3, the negative band showed a significant
change in molar ellipticity, which might indicate the
dehydration of the B form of DNA and a transition from B to
A form.

Studies of p53 protein expression and nuclear condensation

It has been established that p53 is a tumor suppressor gene
whose mutation occurs in >50% of tumor cells.®® Thus, the
potential of this tumor protein (p53) has become a prominent
research topic in cancer treatment.®® The immunofluorescence
study revealed that all three Zn(i) compounds were found to be
capable of inducing the expression of p53 protein in the treated

View Article Online
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HeLa cells (Fig. 10). The activated p53 protein promotes the cell
cycle arrest, thus allowing apoptosis to stop the propagation of
cancer cells. As observed from the fluorescence intensity histo-
gram (Fig. 11), compound 1 showed the highest expression of
p53 protein, followed by compounds 2 and 3.

Furthermore, the HeLa cells of experimental and control
sets were stained with DAPI (DAPI = 4'6-diamidino-2-
phenylindole) and monitored under a confocal microscope.
The microscopic images (Fig. 10) showed that the nuclear
morphology became substantially condensed for all three
Zn(un) compound-treated cells as indicated by the red arrows,
in comparison to the untreated control sets. Generally, apop-
tosis is strongly believed to be associated with the modification
of the structure, function and stability of DNA.” The results
obtained in the present study supported this observation
because one of the advanced steps in apoptosis is DNA damage

Bright Field p53

—
o

C2

C3

DAPI p53 + DAPI merged

Fig. 10

Immunofluorescence study of p53 protein expression and nuclear condensation using DAPI staining in 1 (C1), 2 (C2), and 3 (C3) treated Hela

cells in comparison to the control group. The red arrows indicate the condensed nuclei.
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Fig. 11 Histogram profiles of the fluorescence intensities of the p53 protein expression level and DAPI stained nucleus in Hela cells in different

experimental groups.

that results from the nuclear condensation during the apopto-
tic cell death.®®

Comparative study of anticancer properties of the Zn(u)
compounds (1-3)

The relevance of Zn(n) compounds in biological systems is
definitely related to their unique chemical features such as
(a) Zn(u) is redox inactive, (b) it is a strong Lewis acid, (c) it has a
d' electronic configuration, and hence diamagnetic, (d) it can
adopt a varied coordination geometry, and (e) it is prone to a
fast exchange of ancillary ligands. The electron affinity of zinc
resembles that of nickel or copper, but the lack of redox activity
of Zn(u) eliminates any possibility of free radical reactions and
makes it vital for the body’s antioxidant protection system. On
the other hand, literature review also reveals that incorporation
of an anthracene backbone within a multifunctional organic
scaffold leads to enhanced anticancer activities of their metal
compounds due to the increased lipophilic and intercalating
properties, which in succession result in their higher cellular
uptake.®® It is well established that increased lipophilicity and
intercalating properties of several chelating compounds stimu-
late the antiproliferative activity.”> Our results demonstrated
that all three Zn(u) compounds exhibited significant anticancer
properties when examined in human cervical cancer (HeLa) cell
lines. However, among them, 1 showed the highest tumor cell
proliferation inhibitory action and consequently anticancer
activity. Particularly, while comparing with 2 and 3, compound
1 was found to exhibit (i) the topmost ROS generation, (ii)
highest DNA binding affinity, and (iii) maximum p53 protein
expression and nuclear condensation, followed by cellular
apoptosis. It is noteworthy to mention that the stimulation of
apoptosis in malignant cells is the most preferred mechanism
for the treatment of different types of cancers.”! The results
achieved in the present investigation may be attributed to the
increased lipophilicity of Zn(i1) compounds 1-3, thereby enhan-
cing their ability to cross the cell membrane. However, it is

© 2025 The Author(s). Published by the Royal Society of Chemistry

believed that the chloride-bound metal compounds show
superior anticancer properties in comparison to nitro- and
aqua-bound metal compounds.”> Thus, 1 contains a Zn(m)-
bound chloride ligand that leaves the coordination sphere
easily as a result of the intracellular activation process. Com-
paring the experimentally obtained ICs, values (ICso = 1.09-2.11
uM) with those reported for some analogous Zn(un) compounds,
it can be emphasized that there are many reports on the
Zn(m) compounds showing lower activity with ICs, values
of >2.50 uM”®7> or higher activity with ICs, values of
<2.50 pM.”®”” Nevertheless, from these results, very little can
be said about the molecular mechanism by which Zn(u) com-
pounds 1-3 elicited their anticancer activity on human cervical
cancer (HeLa) cells. Based on these in vitro studies, detailed
experiments on animals might provide insight into the biolo-
gical activity of these compounds in tumor-bearing hosts and
will help to build clinically relevant information for developing
potential anticancer drugs.

Conclusion

In conclusion, the successful design and synthesis, physico-
chemical and spectroscopic characterization, and assessment
of anticancer potential of a novel class of three Zn(u) com-
pounds (1-3) of an anthracene-appended multifunctional
organic scaffold bearing amine, alcohol and carboxylate func-
tionalities have been described. Different analytical and spec-
troscopic techniques have been employed to establish the
compositions of the compounds in solid and solution states.
UV-vis absorption and fluorescence emission titration spectra
confirm the 1:1 binding model between the (ahpa)~ scaffold
and Zn(u) ion in solution. The structures of 1-3 were optimized
and ascertained by density functional theory (DFT) computa-
tion. On the other hand, 1-3 showed an excellent anticancer
efficacy with significant inhibition of % cell viability by indu-
cing apoptotic cell death in HeLa cells; they remained
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inefficient in inducing cytotoxicity and apoptosis when admi-
nistered to normal cells. Furthermore, 1 displayed the highest
ROS generation and DNA binding ability and maximum p53
protein expression and nuclear condensation, thus showing a
much better anticancer activity in comparison to 2 and 3.
Therefore, from our present exploration, it can be suggested
that these novel Zn(u) compounds can be utilized for target-
specific chemo-therapeutic drug design for interrupting the
molecular mechanism involved in the advancement and pro-
pagation of the frightful ailment cancer.

Experimental section

Synthesis of 3-((anthracene-10-ylmethyl)(2-
hydroxyethyl)amino)propanoic acid (Hahpa)

A solution of 9-anthracenecarboxaldehyde (2.000 g, 9.69 mmol)
in methanol (25 mL) was added dropwise to a solution of B-
alanine (0.863 g, 9.69 mmol) and NaOH (0.388 g, 9.69 mmol) in
methanol (15 mL) under stirring conditions. After complete
addition, the reaction mixture was refluxed for 6 h. Thus, a
deep yellow solution of Schiff base was obtained and subse-
quently it was cooled in an ice-bath. Afterwards, NaBH, (0.551 g,
14.56 mmol) was added in excess to the cold solution under
stirring conditions, resulting in a slight diminishing of the
yellow color of the solution. Then, 2 mL of conc. HCI (12 M) was
added dropwise to remove excess NaBH,. The solution was then
acidified to a pH of ~ 5 by adding extra conc. HCI (12 M). Next,
the solution was filtered and the clear filtrate was rotary
evaporated to isolate the precursor ligand 3-[(anthracene-9-
ylmethyl)-amino]-propionic acid (Hapa) as a yellow crystalline
solid. The product was washed with MeOH/H,0 (1:4; v/v) and
dried in a vacuum desiccator containing anhydrous CaCl,.
Yield: 2.165 g (80%). Anal. calc. for C;3H,7,NO,: C, 77.40%; H,
6.13%; N, 5.01%. Found: C, 77.27%; H, 5.99%; N, 5.09%. FTIR
(KBr, ecm '): v = 3386(b), 1624(s), 1449(s), 1385(s), 1344(s),
1288(s), 1262(s), 1218(s), 1160(s), 1053(s), 886(s), 844(s),
784(s), 772(s), 737(s), 702(s), 598(s). ‘H NMR (400 MHz,
DMSO-dg, room temperature, 6): 8.80 (s, 1H), 8.52 (d, 2H),
8.20 (d, 2H), 7.71 (t, 2H), 7.62 (t, 2H), 5.27 (s, 2H), 3.65 (s,
2H), 2.86 (t, 1H), 2.76 (t, 1H).

A solution of 2-iodoethanol (1.847 g, 10.74 mmol) in water
(15 mL) was added dropwise to a solution of 3-[(anthracene-9-
ylmethyl)-amino]-propionic acid (Hapa) (3.000 g, 10.74 mmol)
and NaOH (0.430 g, 10.74 mmol) in water (40 mL) under
stirring conditions. After complete addition, the reaction mix-
ture was refluxed for 6 h. While refluxing, more NaOH (0.143 g,
3.57 mmol) was added to retain the pH of ~11-12. The
resulting solution was cooled and acidified with conc. HCI
(12 M) up to pH ~5. Subsequently, a light yellow solid product
was precipitated. The product was collected by filtration and
washed with water and then dried in a vacuum desiccator
containing anhydrous CaCl,. The final product was confirmed
by elemental analysis, FTIR, 'H and *C NMR spectroscopy, and
mass spectrometry. Yield: 2.613 g (75%). Anal. calc. for
C,oH,NOs: C, 74.28%; H, 6.55%; N, 4.33%. Found: C,

1490 | Mater. Adv, 2025, 6, 1478-1496

View Article Online

Paper

74.35%; H, 6.67%; N, 4.22%. FTIR (KBr, cm '): v = 3427(b),
2925(s), 1709(s), 1621(s), 1588(s), 1449(s), 1387(s), 1259(s),
1181(s), 1051(s), 891(s), 844(s), 785(s), 735(s), 632(s), 600(s),
536(s). "H NMR (400 MHz, D,O, room temperature, §): 8.39
(s, 1H), 8.25 (d, 1H), 8.18 (d, 1H), 7.95-7.98 (m, 2H), 7.41-7.53
(m, 4H), 4.42 (s, 2H), 3.32 (t, 2H), 2.97 (t, 2H), 2.85 (t, 2H), 2.57
(t, 2H). C NMR (100 MHz, DMSO-dg, room temperature, 6):
174.22, 131.40, 131.35, 129.56, 127.44, 126.34, 125.95, 125.50,
124.67, 59.45, 55.13, 50.90, 50.16, 32.16. ESI-MS data: m/z
362.1169 {[Hahpa + K]}, caled for {{Hahpa + K]'} = 362.1159;
m/z 453.1700 {[Hahpa + 5H,0 + K]'}, caled for {{Hahpa + 5H,0 +
K]} = 453.1720.

Synthesis of Zn(u) compounds (1-3)

Zinc compounds (1-3) were prepared by employing the syn-
thetic protocol as described below. For 1, ZnCl, (0.105 g,
0.77 mmol) in 10 mL of MeOH was added dropwise to a mixture
of Hahpa (0.250 g, 0.77 mmol) and NaOH (0.030 g, 0.77 mmol)
in 10 mL of MeOH with magnetic stirring for a period of
10 min. For 2, Zn(NO3),-6H,0 (0.229 g, 0.77 mmol) in 10 mL
of MeOH was added dropwise to a mixture of Hahpa (0.250 g,
0.77 mmol) and NaOH (0.030 g, 0.77 mmol) in 10 mL of MeOH
with magnetic stirring for a period of 10 min. Similarly, for 3,
Zn(Cl0O,),-6H,0 (0.287 g, 0.77 mmol) in 10 mL of MeOH was
added dropwise to a mixture of Hahpa (0.250 g, 0.77 mmol) and
NaOH (0.030 g, 0.77 mmol) in 10 mL of MeOH with magnetic
stirring for a period of 10 min. The reaction mixture was stirred
vigorously for all three reaction sets at ambient temperature for
1 h, resulting in a light yellow solution. The crystalline light
yellow compounds were separated gradually upon stirring for
1 h. The compounds were isolated by filtration, washed with
water to obtain pure compounds of 1-3, and dried in a vacuum
desiccator containing anhydrous CacCl,.

[Zn(ahpa)(CI)(H,O)] (1). Yield: 0.272 g (80%). Anal. calcd for
CyoH,:NO,ClZn: C, 54.57%; H, 4.81%; N, 3.18%; Zn, 14.85;
found: C, 54.61; H, 4.67; N, 3.02; Zn, 14.99. FTIR (KBr, cm 1):
v = 3424(b), 1570(s), 1403(s), 1282(s), 1053(s), 887(s), 734(s),
654(s). Molar conductance, Ay: (DMF) = 17 Q' em® mol ™.

[Zn(ahpa)(NO3)(H,0)] (2). Yield: 0.270 g (75%). Anal. calced
for C,oH,1N,0,Zn: C, 51.46; H, 4.53; N, 6.00; Zn, 14.01; found:
C, 51.59; H, 4.59; N, 6.09; Zn, 13.78. FTIR (KBr, cm '): v =
3453(b), 1789(s), 1583(s), 1384(s), 1325(s), 1053(s), 895(s),
836(s), 738(s), 635(s). Molar conductance, Ay: (DMF) = 10 Q'
em?® mol .

[Zn(ahpa)(H,0),](C10,) (3). Yield: 0.229 g (70%). Anal. calcd
for CpoH,3NOsZn: C, 56.82; H, 5.48; N, 3.31; Zn, 15.47; found: C,
56.71; H, 5.51; N, 3.42; Zn, 15.56. FTIR (KBr, cm '): v = 3434(b),
1594(s), 1407(s), 1347(s), 1261(s), 1199(s), 1090(s), 963(s),
891(s), 846(s), 737(s), 664(s), 627(s). Molar conductance,
Ay (DMF) = 80 Q" em? mol .

Reagents and solvents

All analytical grade chemicals, reagents and solvents were
purchased from commercial sources and used without
further purification. 9-Anthracenecarboxaldehyde, f-alanine,
2-iodoethanol and sodium borohydride were purchased from
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Sigma-Aldrich, Germany. ZnCl,, Zn(NOj3),-6H,0, and NaOH
were purchased from Merck, India. It is important to mention
that Zn(ClO,),-6H,0 is potentially explosive, and it should be
handled in small quantity with great care. Calf thymus DNA
(CT-DNA) was procured from SRL, India. The human cervical
cancer (HeLa) cell line was acquired from National Centre for
Cell Science (NCCS), Pune, India. The Tris-HCI buffer (pH ~
7.5) was prepared by using triply distilled and de-ionized water.
All the antibiotics, antimycotics and DMEM were obtained from
Himedia Laboratories Pvt. Ltd (Mumbai, India), and the foetal
bovine serum (FBS) was obtained from Gibco BRL (Grand
Island, NY, USA), respectively. The primary antibodies and
FITC conjugated secondary antibodies were procured from
Santa Cruz Biotechnology (USA) and Sigma-Aldrich (USA),
respectively.

General instrumentation methods

The percentage of zinc contents in 1-3 was determined by
carrying out a complexometric titration method using
Na,H,EDTA in aqueous solution, after digesting their crystal-
line powder samples in a conc. HCI/HNO; mixture. The per-
centages of C, H and N were determined using a PerkinElmer
2400 CHNS/O Series II elemental analyzer. FTIR spectra were
recorded on a PerkinElmer L120-000A spectrometer (450-
4000 cm ). The nuclear magnetic resonance spectra were
obtained on a Bruker AC 400 MHz NMR spectrometer. UV-vis
spectra were performed by employing a Shimadzu UV 1800
(200-900 nm) spectrophotometer. Fluorescence spectra were
acquired using a Hitachi F-7000 spectrofluorometer at room
temperature. Molar conductivity in solution was measured with
a Mettler Toledo Five Easy Plus FEP 30 digital conductivity
meter. The TGA studies were performed using NETZSCH STA
449F3 thermal apparatus.

UV-vis absorption spectroscopy

All UV-vis absorption experiments were carried out using a
Shimadzu UV 1800 spectrophotometer with a 1 cm quartz cell
at room temperature over a wavelength range of 200 to 900 nm.
The UV-vis experiments of the multifunctional organic scaffold
Hahpa with different Zn(u) salts were performed separately in
methanol solution by titrating a specified concentration of
Hahpa (1.013 x 10 * M) with varying concentrations of
the respective Zn(u) salts, such as ZnCl,, Zn(NOs),-6H,0
and Zn(Cl0,),-6H,0, ranging from 0 to 4.526 x 10 * M.
The changes in absorption intensities of the multifunctional
organic scaffold (ahpa)™ were documented for the evaluation of
stoichiometry and binding constant values of the compounds.

Fluorescence emission spectroscopy

All fluorescence emission experiments were carried out using a
Hitachi F-7000 spectrofluorometer with a rectangular quartz
cuvette of path length 1 cm at room temperature. The titration
experiments of the multifunctional organic scaffold Hahpa
with different Zn(u) salts were performed separately in metha-
nol solution by titrating a specified concentration of Hahpa
(1.013 x 10~* M) with varying concentrations of the respective
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Zn(u) salts, such as ZnCl,, Zn(NO3),-6H,0 and Zn(ClO,),-6H,0,
ranging from 0 to 5.480 x 10~ * M. The solution was excited at
365 nm for each set of titrations. The changes in emission
intensities of the multifunctional organic scaffold (ahpa)™ were
documented for the evaluation of stoichiometry and binding
constant values of the compounds.

Theoretical calculations

Density functional theory (DFT) calculations’® regarding the
optimization of the structures of all three Zn(u) compounds
were performed by employing the B3LYP method”® and 6-311G
basis set.®*!

Maintenance of the cell culture and treatment

The cervical cancer cells, HeLa, were cultured and maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% FBS
and 1% antibiotic solution with antimitotic supplements and
kept in the incubator with 5% CO, at 37 °C as per the standard
procedure.®> Prior to the in vitro treatment, all three com-
pounds were separately dissolved and diluted in PBS buffer
(1:9; v/v) to make the working solution. The cells were admi-
nistered with 1 pL per 1 mL of the working solution in fresh cell
culture media and incubated for 30 min, after which they were
fixed and analyzed for appropriate data. Independent experi-
ments with precursor zinc salts used in the present study were
carried out by employing the same method as specified above.
The L6 cells (normal cell line), which were used only to check
the % of cell viability, were also maintained applying the above-
mentioned protocol.

Measurement of % cytotoxicity

The % cytotoxicity in the cervical cancer HeLa cell line and
normal L6 skeletal muscle cell line was evaluated by employing
the trypan blue dye exclusion method by microscopic quanti-
fication of the number of dead cells relative to the total number
of cells for each experimental set as per common practice,
using the following formula.®?

Number of dead cells

Total number of cells x 100

%Cytotoxicity =

Morphological study of HeLa cells by phase contrast
microscopy and scanning electron microscopy

The surface morphology of HeLa cells was studied by phase
contrast microscopy and scanning electron microscopy. The
cells were seeded on the glass coverslips and were allowed to
grow and attain a desirable confluency (70-75%). Following the
treatment, the cells were washed with PBS buffer and fixed with
2.5% glutaraldehyde for 2 h.** The phase contrast features of
the Carl Zeiss Axio Vert-Al inverted fluorescent microscope
were used to capture the images. To dehydrate the cells for
the SEM study, the samples were passed through different
grades of alcohols and finally placed in a vacuum desiccator
overnight. After this, the samples were mounted on aluminium
stubs using the double-sided tape and vacuum sputter coated
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with gold and palladium. The images were captured using a
high-resolution scanning electron microscope (Carl Zeiss EVO
LS10) that was set at 20 kV and 10.5 mm working distance.

Quantification of cellular reactive oxygen species (ROS)

The cellular reactive oxygen species (ROS) was quantified
by H,DCFDA following the common practice.*> An equal
number of cells in each group were incubated with 2/,7'-
dichlorodihydrofluorescein diacetate (H,DCFDA) in the dark,
and the fluorescence intensity following the conversion of
H,DCFDA to DCF (2/,7'-dichlorodihydrofluorescein) was mea-
sured using a fluorescence spectrophotometer (Hitachi F-7100).

DNA binding studies: UV-vis absorption spectroscopy

DNA binding studies of 1-3 were carried out by titrating a
specified concentration of each compound (1.010 x 10™* M)
with rising concentrations of CT-DNA (0-8.712 x 10> M). The
experimental solutions were made in 30 mM Tris-HCI buffer
(pH ~ 7.5) with 5% DMSO. Using electronic absorption
spectroscopy, the DNA concentration in solution was deter-
mined with a molar extinction coefficient of 13600 M~ ' cm ™" at
260 nm.*® The CT-DNA was examined for its purity by monitor-
ing the ratio of the absorbance at 260 nm to that at 280 nm
having the value of 1.8-1.9. By adding an equal amount of DNA
to both compound and reference solutions, the absorbance of
the DNA itself was subtracted.

DNA binding studies: ethidium bromide displacement assay

The DNA binding affinity of 1-3 was further examined by the
ethidium bromide (EB) displacement assay. For this, the CT-
DNA was incubated first with ethidium bromide ([EB]/[DNA] =
0.1) at 37 °C in the dark for 1/2 h. Then, the solution of the
EB/DNA mixture was titrated with rising concentrations of each
compound from 0 to 5.762 x 10> M after exciting at 510 nm.
The emission bands were found at ~598 nm for 1-3,
respectively.

DNA binding studies: viscosity measurement

The viscosity experiments were carried out using an Ostwald
viscometer at room temperature. The viscosity of CT-DNA
solution (25 x 107> M) was measured in the absence and
presence of increasing amounts of the compounds separately
in 30 mM Tris-HCI buffer (pH ~ 7.5) at 25 °C. Flow-time was
measured thrice with a digital stopwatch. Viscosity values were
presented as (17/1,)" versus [compound]/[DNA],*® where 7 is the
viscosity of DNA in the presence of the zinc(i) compound and 7
is the viscosity of DNA in the absence of the zinc(i1) compound.
Calculation of the relative viscosities was achieved using the
relation n = (t — t,)/tp (¢t = flow-time of DNA solution in the
presence or absence of the compound and ¢, = flow-time of
Tris—HCI buffer solution).

DNA binding studies: circular dichroism (CD) spectroscopic
study

The CT-DNA was dissolved in tris-buffer saline at a concen-
tration of 1.0 mg mL '. Different concentrations of each
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compound were added to the different experimental sets, and
the changes in molar ellipticity as a result of the binding
interactions were measured by scanning in the wavelength
window of 200-400 nm using a Jasco-720 circular dichroism
(CD) spectrometer. The path length was 1 cm, the experiments
were conducted under a steady nitrogen flush, and the system
was maintained at 25 °C.*»?

Immunofluorescence study of p53 protein expression in HeLa
cells

The expression of the tumour suppressor protein p53 in HeLa
cells upon induction of the model Zn(u) compounds (1-3) in
different experimental sets was assessed and quantified by the
immunofluorescence study. Cells were incubated with the anti-
p53 antibody (Santa Cruz Biotechnology, Inc., USA), followed by
incubation with the FITC-conjugated secondary antibody
(Thermo Fisher Scientific, USA), and then counter-stained with
DAPI (Sigma Aldrich, USA) for visualizing the nucleus.
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