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Mercury Can Bond to a-Carbon of Curcumin Increasing Stability in
Aqueous Medium and Demonstrated Selective Cytotoxicity against
Acute Leukemia
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ABSTRACT: Natural products ranging from phytochemicals to metals are well-known for their therapeutic benefits on different
cancer types, including acute leukemia. However, bioavailability significantly limited the applications of various polyphenolic
molecules, such as curcumin, while toxicity challenged the medicinal applications of heavy metals, such as mercury (Hg). Specifically,
in case of curcumin derivatives, simultaneous solubility, stability, and bioactivity in the aqueous medium remain unachieved, leading
to poor clinical translation. We demonstrate for the first time that the above-mentioned challenges could be resolved by covalently
bonding mercury to the a-carbon of curcumin. The resultant organomercury compound ((1E,6E)-1,7-bis(4-hydroxy-3-
methoxyphenyl)-3,5-dioxohepta-1,6-dien-4-yl)mercury or a-Mercurin is soluble in alkaline conditions and remains stable for at
least 24 h. Cell viability assays demonstrated selective cytotoxicity of @-Mercurin against acute leukemia cells, compared to healthy
human peripheral blood mononuclear cells, in vitro. Experimental ICs, on MOLT-4 and HL-60 cells remained in the lower
micromolar range, and potential mode of action includes apoptosis. Ex vivo analysis also demonstrated that @-Mercurin can
eliminate immature blasts from acute lymphoblastic leukemia patients’ blood samples and also enhance expression of immune
markers, with no notable toxicity on red blood cells as well as lymphocytes. Finally, intravenous administration of @-Mercurin
showed no subacute toxicity, in vivo.
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Bl INTRODUCTION

Polyphenols and other natural products, including heavy
metals and metalloids established their importance in the
field of cancer therapy for long.'™* Yet, clinical use of many
potent candidates, like curcumin is still remaining as a

formulation®>*® and metal complexation®”** for solubilizing
curcumin in aqueous environment, without significantly
distorting its structure as well as biological activity. Nano-
formulations suffered from poor biodistribution,* while metal
complexes for their inability to achieve simultaneous solubility,

challenge due to poor bioavailability,”® while application of
mercury suffers from its toxicity.7’8 Curcumin is popularly
known for its immunomodulating property’”'" as well as
antiproliferative activity against different cancer types,'”~"*
including hematological malignancies.">™'” However, its poor
absorption from the intestine upon oral administration,"*"”
and unsuitability for intravenous delivery due to hydrophobic
nature, significantly limited its biomedical applications.
Furthermore, rapid decomposition of curcumin at alkaline
conditions (pH > 7.2) in the aqueous medium also limited its
prospect.”’ In order to achieve an improved pharmacological
profile, several research groups tried different strategies to form
chemical analogs.”’~** Numerous researchers tried nano-
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stability, and bioactivity in the cellular environment. In all
cases, chelate-type metal complexes were formed utilizing the
p-diketo moiety”* > as Lewis acid, leaving the acidic a-carbon
unprotected. This acidic a-carbon can act as a potent
nucleophile and could be attacked by cations or electrophiles,

especially at higher pH in the aqueous environment.
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Scheme 1. Reaction Scheme for the Synthesis of a-Mercurin. (a) Curcumin, (b) Curcumin in the Carbanion Form
(Intermediate), (c) @-Mercurin, and (d) @-Mercurin in Aqueous NaOH
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Figure 1. (a) '"H NMR spectrum of curcumin in CD;OD (top panel) showing its characteristic pattern, including the band at 5.96 ppm for
hydrogen associated with a-carbon. Addition of NH,OH resulted to significant reduction (~70% reduction) in 'H peak intensity at 5.96 ppm,
suggesting displacement of hydrogen from a-carbon, marked by red triangles (middle panel). '"H NMR spectra were recorded 5 min following
sample preparation. @-Mercurin is insoluble in CD;0D; therefore, corresponding NMR spectra are recorded in DMSO-ds (bottom panel). 'H
NMR spectrum of a-Mercurin shows the absence of peak at 5.96 ppm, suggesting no hydrogen atom is associated with the a-carbon. (b)
Comparative FTIR spectra of a-Mercurin and curcumin. Three new intense peaks at 1658.71, 640.34, and 628.77 cm™" appeared in the spectrum of
a-Mercurin, corresponding to keto/carbonyl ©(C=0), metal—carbon and metal—oxygen stretching or bending vibrations, respectively. (c)
Comparative UV—visible spectra of @-Mercurin and curcumin in aqueous 10 mM NaOH. Absorbance of curcumin at 469 and 264 nm are shifted
to higher energy fields at 398 and 244 nm, respectively, in a-Mercurin. A new peak appeared for a-Mercurin at 300 nm. (d) Comparative UV—
visible spectra of @-Mercurin and curcumin in DMSO showing a decrease in absorbance of curcumin at 435 nm due to bonding with mercury. A
new peak appeared in the spectrum of a-Mercurin at 360 nm. (e) Comparative fluorescence spectra of @-Mercurin and curcumin with fluorescence
excitation at 426 nm. Samples were solubilized in aqueous 10 mM NaOH and further diluted in Methanol before recording the emission spectra.
Emission maxima of curcumin ~ S50 nm were quenched completely after bonding with Mercury (Hg).
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Acute malignancies of lymphoid as well as myeloid
progenitor cells are important challenges across the
globe.”* ™" The prevalence of this disease is increasing
worldwide, with modern lifestyle.>® Currently used treatment
modalities including combination chemotherapy with cytar-
abine (cytosine arabinoside; Ara-C), vincristine, and anthracy-
clines (e.g, daunorubicin, idarubicin) cause severe myelosup-
pression, neurotoxicity, cardio, and hepatocellular toxic-
ities.””~** Additionally, bone marrow can expand due to the
accumulation of immature blasts, leading to severe bone and
joint pain.*’ Adverse effects of the present therapeutics
prompted for improved drug candidates with novel mechanism
of action. Derivatives of heavy metals and metalloids are well-
known for their versatile biomedical benefits.”® Old medicinal
systems’ like Siddha successfully used formulations of
mercury and arsenic for the treatment of hematological
disorders."®™>* However, the toxic effects of mercury have
severely limited its application in modern medicine. In
contrast, a recent study published by Kannan et al. revealed
the cytotoxic effect of mercury-based formulations against
cancer cells, in vitro and in vivo.”> Mercury at varying
concentrations can also enhance hematopoietic stem cell
differentiation.>* Such promising activities of mercury may lead
to novel and efficacious therapeutics, if bonded with a suitable
organic moiety and administered in appropriate doses, via a
suitable route.

In the present work, we demonstrate for the first time that
mercury could be bonded to the a-carbon atom of curcumin
via coordinate covalent bonding, and the resultant organo-
mercury compound, named as @-Mercurin, is simultaneously
soluble and stable in aqueous medium at alkaline condition.
The synthesized compound a-Mercurin showed selective
cytotoxicity toward acute leukemia cells (MOLT-4 and HL-
60), compared to healthy human peripheral blood mono-
nuclear cells (PBMCs) in cell culture. Further in vitro
investigations showed that @-Mercurin treatment increased
intracellular reactive oxygen species (ROS) levels, causing
nuclear fragmentation and reduced mitochondrial trans-
membrane potential (MMP), leading to apoptosis. a-Mercurin
also demonstrated its therapeutic potential by selectively
eliminating immature leukemic blasts from acute lymphoblastic
leukemia (ALL) patients’ blood samples, without any
deleterious effect on healthy lymphocytes and red blood cells
(RBC). Furthermore, a-Mercurin also showed immunomodu-
lating properties by changing the expression of different
Cluster of Differentiation (CD) molecules (CD3, CD7, CD16,
CD17, CD19, CD20, and CD14), ex vivo. Preliminary toxicity
studies on Swiss albino mice demonstrated that intravenous
administration with a dose of ~3.3 mg/kg body weight, twice a
week for 8 weeks, showed no subacute toxicity in terms of
behavioral and hematological parameters, in vivo.

B RESULTS AND DISCUSSION

Synthesis. The novel organomercury compound, a-
Mercurin, having [IUPAC name: ((1E,6E)-1,7-bis(4-hydroxy-
3-methoxyphenyl)-3,5-dioxohepta-1,6-dien-4-yl)mercury] gen-
eral formula C, H;O4Hg, was synthesized by reacting
mercury(Il) chloride (HgCl,) with curcumin (C,;H,,04) in
ethanol: water mixture 95:5 (v/v), at pH 8.2—8.4 for 4 h at
room temperature (~25 °C) (Scheme 1). The synthesized
compound was further washed with ethanol and water to
remove unreacted curcumin and mercury, then the final
product was obtained with a purity >95%. Further, a-Mercurin

was resuspended in DMSO or aqueous 10 mM NaOH
solution, depending upon experimental requirements. The
stepwise reaction mechanism was investigated by using 'H
NMR spectroscopy (Figure la). Results obtained by EDAX
analysis (Supporting Information Figure S1) suggested the
elemental ratio in the compound, while HR-MS (Supporting
Information Figure S2) and ESI-MS (Supporting Information
Figure S3) spectra confirmed the mass. Elemental analysis
suggested mercury content is 36.1% by weight. Therefore, in
the future, a-Mercurin could be applied clinically with a dose
of ~5.5 ug/kg body weight/day, following WHO guidelines.>
Complete structural characterization of the synthesized
organomercury compound was done by UV-—visible, fluo-
rescence, FT-IR, XPS (C 1s, O 1s, Hg 4f, Hg 4d), and NMR
("H, 3C, DEPT, 2D-NMR, solid-state NMR) spectroscopy.

Spectroscopic Characterizations. The FT-IR spectra of
a-Mercurin showed significant changes compared to that of
curcumin (Figure 1b). The low-intensity broad band at
3485.22 cm™' indicates phenolic ¥(O—H) stretching vibra-
tion,”® while enolic (O—H) bending vibrations of curcumin,
attributed to the band at 1625.92 cm™, is no longer present in
the FT-IR spectrum of a-Mercurin, indicating the absence of
the enolic form in the synthesized compound. The trans-
mittance band for stretching vibration of 2(C=0) at 1429.19
cm™! became intensified upon mercury bonding, while a newly
identified strong peak at 1658.71 cm™' in the spectrum of a-
Mercurin also could be attributed to v(C=0) stretching
vibration, suggesting predominance of the f-diketo form in the
synthesized compound. The new pronounced bands at 640.34
and 628.77 cm™! could be attributed to a mixture of metal—
carbon and metal—oxygen stretching or bending vibrations in
a-Mercurin, indicating the simultaneous interaction of mercury
with carbon as well as oxygen.

The comparative UV—visible spectra in 10 mM NaOH
solution (Figure 1c), suggested that the absorbance of
curcumin at 469 and 264 nm for 7 — #* and n — #*
transitions is shifted to higher energy field at 398 and 244 nm,
respectively. The interaction with mercury also caused
appearance of a new peak at 300 nm. Spectra in DMSO
showed a significant decrease in absorbance at 435 nm due to
bonding with mercury, including appearance of a new peak at
360 nm (Figure 1d). Fluorescence spectra showed significant
quenching in emission at ~550 nm (Figure le) after mercury
binding.

Computational Analysis. To understand the stepwise
reaction mechanism, Density Functional Theory (DFT)
calculations were performed. Findings suggested that the
reaction is initiated by displacing hydrogen ions (H)
consecutively from the f-enol group and a-carbon of curcumin
molecule, which is also observed in the '"H NMR spectrum
(solvent: CD;0D) showing a significant reduction in peak
intensity at 5.96 ppm after addition of NH,OH (Figure 1a);
the peak at 5.96 ppm is assigned to the proton associated with
the a-carbon. The said deprotonation resulted to a reaction
intermediate, a-carbanion (Scheme 1b), having a pair of
unshared electrons. In the following step, a-carbanion further
shares its electron pair with the unoccupied s-orbital of
mercury ion (Hg?"), forming a stable coordinate covalent bond
by overlapping carbon-p and mercury-s orbitals. The product is
further stabilized by distal coordination between mercury and
oxygen atoms of #-diketo groups along with water molecules in
aqueous environment. Natural population analysis (NPA) for
atomic contributions suggested overlapping of mercury-s and
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Figure 2. (a) Depiction of @, 3, and y-carbons as referred in the present study. (b) Difference in bond lengths of optimized geometries for curcumin
and a-Mercurin, as calculated from DFT analysis. (c) Comparison of DFT-optimized geometries along with HOMO—LUMO energy gap of
curcumin, intermediate (curcumin in the a-carbanion form), and a-Mercurin in DMSO and aqueous NaOH.

oxygen-p orbitals at the bridge region (Supporting Information
Table S1). Ab Initio calculations also suggested that binding of
mercury made significant changes in the bond lengths as well
as bond orders at the ethylene bridge region (Figure 2b). The
bond length between oxygen atoms of diketo groups and Cy
/Cp increased due to metal interaction, compared to the keto
group (C=0) of curcumin, while the bond lengths between
C, and Cy /Cy exhibited a length of 1.409 A which is shorter
than C—C length and longer than C=C length, representing
an intermediate bond order. The calculated Hg—C, bond
length in @-Mercurin is 2.361 A, which is slightly higher than
the Hg-carbon bond length reported for other organomercury
compounds,””*® indicating the predominant coordinate
covalent character of the corresponding bond. However,
oxygen atoms of f-diketo groups are at a distance of ~3.35
A from the mercury atom, which is ~1 A more than the length
of mercury—oxygen covalent bond and almost similar to the
sum of the van der Waals radii of oxygen and mercury atoms.
The distance between oxygen and mercury indicates their
distal coordination,” supporting the stability of the synthe-
sized compound. Investigation of frontier molecular orbitals,
highest occupied molecular orbital (HOMO), and lowest
unoccupied molecular orbital (LUMO) revealed changes in
electron-density distribution across the 7-conjugated system of
curcumin upon mercury bonding. The displacement of H' ion
from a-carbon of curcumin caused localization of the largest
electron density of HOMO around the bridge region,
especially on a-carbon (Figure 2c). This localized electron

density then attracted the electrophile, Hg**, for reaction and
bond formation; findings are also in agreement with those from
the NMR study (Figure la).

Stability in Aqueous Medium. a-Mercurin is soluble in
aqueous medium, in presence of 10 mM NaOH (<2 mg/mL),
and it is also highly soluble in DMSO, DMF (>50 mg/mL).
The stability of a-Mercurin in 10 mM NaOH at aqueous
environment was investigated for 24 h, using 'H NMR
spectroscopy at 298 K. Results showed no significant changes
in the spectra (Figure 3a), indicating notable stability in
aqueous medium, even at pH ~ 8.5. The stability was further
investigated in alkaline aqueous solution. UV—visible spectra
were recorded at an interval of 4 h for 24 h by dissolving the
compound in 10 mM NaOH. Further, mass spectra were also
acquired after incubation for 24 h compared to 0 h at similar
conditions. Both the UV—visible (Figure 3b) and mass spectra
(Supporting Information Figure S3) suggested that the
compound is stable in aqueous medium, even at alkaline
conditions, unlike curcumin.

The stability of a-Mercurin was also investigated at
physiological pH, using UV—visible spectroscopy. a-Mercurin
was dissolved in aqueous 10 mM NaOH and further diluted in
10 mM phosphate buffer of pH 7.2 and 6.5. At pH 7.2, no
significant changes in the spectra (Figure 3c) were observed
suggesting that the compound is stable in physiological pH.
However, at pH 6.5 the data showed a gradual reduction in
absorbance, starting from 4 h (Supporting Information Figure
S4). Furthermore, stability of a-Mercurin in presence of
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Figure 3. (a) For biological applications a-Mercurin was solubilized in aqueous 10 mM NaOH and stability was investigated by '"H NMR
spectroscopy. Spectra were recorded by dissolving a-Mercurin in D,O containing 10 mM NaOH (pH ~ 8.5) at 0, 6, and 24 h, showing no
significant changes in the spectral pattern, which demonstrates a-Mercurin is stable in aqueous medium at alkaline conditions for at least 24 h. (b)
Stability of the compound in aqueous 10 mM NaOH was investigated by UV—visible spectroscopy. Spectra were recorded at an interval of 4 h for
24 h, suggesting no significant changes in the spectral pattern, that also demonstrates @-Mercurin is stable in aqueous medium at alkaline condition
for at least 24 h. (c) Stability of the compound at physiological pH (pH = 7.2) was investigated by UV—visible spectroscopy. a-Mercurin was
dissolved in aqueous 10 mM NaOH (pH ~ 8.5) and further diluted in 10 mM phosphate buffer (pH = 7.2) and spectra were recorded at an
interval of 4 h for 24 h, suggesting no significant changes in the spectral pattern, demonstrating stability of a-Mercurin at pH = 7.2. (d) Stability of
a-Mercurin in presence of reduced glutathione (GSH) was investigated by UV—visible spectroscopy. a-Mercurin was dissolved in aqueous 10 mM
NaOH (pH ~ 8.5) and diluted in 10 mM phosphate buffer (pH = 7.2). Further, GSH was added at the molar ratio of @-Mercurin: GSH = 1:1, 1:2
and 1:4; incubated in dark for 4 h. Spectral patterns remain similar in presence as well as in absence of GSH, suggesting a-Mercurin is stable in the

presence of GSH.

endogenous metal ion Fe(Ill) was investigated. UV—visible
spectra suggested no significant changes, while X-ray photo-
emission demonstrated a stable Hg—C bond even in the
presence of Fe(IlI) (Supporting Information Figure SS). To
investigate the possible interaction of a-Mercurin with sulfur
(S) atom from cellular reduced glutathione (GSH), the
compound was incubated with GSH in a phosphate buffer of
pH 7.2 and investigated with UV—visible spectroscopy. The
corresponding data (Figure 3d) suggested that the compound
is stable in presence of GSH. Therefore, a-Mercurin
demonstrated significant stability in an aqueous solution, in
the presence of relevant biological factors, suggesting its
suitability for biomedical applications.

Chemical Structure. a-Mercurin was further characterized
with *C NMR spectroscopy (solvent: DMSO-dg), compared
to curcumin®”®! (Supporting Information Figure S6 and S7).
The *C signal at 101.01 ppm of curcumin that is assigned to
a-carbon is shifted upfield by 6 4.62 to 96.39 ppm, upon
compound formation. The said upfield shift could be explained
by the shielding effect resulted from the accumulated electron
density around the a-carbon; similar observations are also
found in the charge distribution analysis of DFT calculations
(Figure 4b). The increment in electron density surrounding

17420

the a-carbon in the compound created an electron pull,
causing electron cloud shift from the fB-carbons as well as y-
carbons, leading to a deshielding effect. The said effect is
observed in the corresponding *C NMR resonances; assigned
bands of f-carbon and y-carbon shifted downfield from 183.33
and 121.20 to 194.73 and 124.59 ppm, respectively (Figure
4c). The observation is also consistent with *C CP/MAS
solid-state NMR (ssNMR) spectra (Figure 4d), where the a,
and y-carbons of curcumin resonating at 98.95, 182.76/187.36
and 122.41/123.21 ppm®” shifted to 89.67, 191.86/196.09 and
123.87 ppm, respectively in a-Mercurin (Supporting Informa-
tion Figure S8). '*C DEPT experiments (DEPT-45, DEPT-90,
and DEPT-135) in DMSO-dg confirmed the number of
hydrogens associated with different carbon atoms (Supporting
Information Figure S9).

'"H ssNMR spectra obtained under MAS condition
(Supporting Information Figure S10) showed a band at
17.43 ppm for the enolic proton of curcumin® is no longer
present in @-Mercurin, indicating prevalence of $-diketo form
upon mercury bonding, which is also in accordance with the
findings from IR spectrum. The said observation is also in
agreement with the "H NMR spectra of a-Mercurin (solvent:
DMSO-d,) showing the absence of peak at 16.39 ppm, which
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Figure 4. (a) Physical appearance of a@-Mercurin dissolved in DMSO. (b) Charge distribution and contour plot of electron densities around the
atoms of the synthesized compound suggested by in silico analysis. Red lines represent positive contour, while green lines represent negative
contour. (c) C NMR spectra of a-Mercurin dissolved in DMSO-d,, showing peaks of corresponding carbons referred in labeled optimized
geometry. The bands at 55.77, 96.39, and 194.73 ppm correspond to methoxy (—OCHj,) carbons, a-carbon and f-carbons; respectively. (d) *C
CP/MAS solid state NMR spectra of a@-Mercurin, showing peaks of corresponding carbons referred in labeled optimized geometry. The multiplet at
46.89—69.73 ppm and the triplet at 191.93—206.25 ppm, are assigned to methoxy (—OCH,;) carbons and f-carbons, respectively. The band at
89.47 ppm corresponds to the a-carbon. The data suggest similar spectral pattern with *C NMR spectra acquired in DMSO-dg. (¢) 'H NMR
spectra of a-Mercurin dissolved in DMSO-dg, showing peaks of corresponding protons referred in labeled optimized geometry. The 'H peaks at
3.81 and 9.61 ppm correspond to methoxy (—OCHS,) protons and phenoilc (—OH) protons, respectively. (f) '"H—"H (f1/f2) NOESY spectrum of
a-Mercurin in DMSO-dg. Red contours represent positive crosspeaks, while blue contours represent negative crosspeaks. (g) *C—'H (f1/£2)
HMBC spectra of @-Mercurin in DMSO-dy, suggesting distant correlation of protons and carbons, corresponding to three-dimensional geometry of
a-Mercurin in DMSO.

is assigned to the p-enol proton (Supporting Information
Figure S11). 'H associated with the a-carbon of curcumin,
resonating at 6.06 ppm, is missing in @-Mercurin, indicating its
displacement, supporting the mentioned reaction mechanism.

The conjugated 'H signals in the region of 6.75—7.55 ppm
of curcumin could be assigned to aromatic and heptadiene
chain protons. In case of @-Mercurin, this region became more

17421

clustered and resonates in the region of 6.81—7.35 ppm, due to
change in electron distribution for mercury binding. Within
this cluster, only the protons resonated at 6.75 ppm for
curcumin experienced a downfield shift by  0.51 ppm in a-
Mercurin; said resonance could be assigned to the protons
attached to y-carbons (Figure 4e). This shift occurred due to
the electronic deshielding as a result of electron pull toward a-
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Figure S. (a) Comparative DSC thermogram of a-Mercurin suggests endothermic and exothermic transitions, while thermogram of curcumin
showing a single endothermic peak. (b) Comparative Powder XRD spectra suggests no characteristic Bragg peaks of curcumin appears in the a-
Mercurin spectrum, indicating formation of amorphous structure. (c) Comparative XPS survey scan suggests, in comparison to curcumin, two new
peaks appear in a-Mercurin spectrum, correspond to Hg for 4f and 4d core-level electrons. (d) Deconvoluted XPS spectra of C 1s core-level
electrons of curcumin suggests four components for sp* carbon, sp* carbon, C—0 and C=0. (e) Deconvoluted XPS spectra of O 1s core-level
electrons of curcumin suggests two components for C—O and C=0 environments. (f) Deconvoluted XPS spectra of Hg 4f core-level electrons of
a-Mercurin suggests presence of four components, with Bg of 99.8 and 103.69 eV for Hg 'O 4f;/, and 4f;,, photoemission while photoemissions at
105.94 and 109.84 eV correspond to Hg—C 4f;/, and 4f;, environments. (g) Deconvoluted XPS spectra of C s core-level electrons of a-Mercurin
suggesting five components for sp> carbon, sp® carbon, C—O and C=O0 along with a new peak at 282.59 eV that is attributable to C—Hg
photoemission. (h) Deconvoluted XPS spectra of O 1s core-level electrons of a-Mercurin suggests two components for C—O and C=0"Hg
environments. (i) Deconvolution of XPS spectra of Hg 4d core-level electrons of a-Mercurin suggests presence of four components, with B 359.6
and 378.47 eV for Hg O 4dj, and 4d;,, photoemission while the photoemissions at 364.73 and 383.89 eV correspond to Hg—C 4d;,, and 4d;,
environments.

carbon, the observation is consistent with the *C NMR proton with an adjacent proton from the aromatic ring (Figure
spectra. 4f); another NOESY cross peak was observed at 6.81(fl1)/
Further, the structural conformation of a-Mercurin was 7.11(f2) ppm for interaction between two adjacent protons of
studied using 2D '"H—'H (f1/f2) Nuclear Overhauser effect the aromatic ring. NOESY cross peak for interaction between
spectroscopy (NOESY), *C—'H (f1/f2) heteronuclear multi- the protons of ethylene chain and aromatic rings was observed
ple bond correlation (HMBC), and *C—'H (f1/f2) between resonances 7.35(f1)/7.11(f2) ppm. The structure of
heteronuclear single quantum coherence (HSQC) spectrosco- a-Mercurin was further verified with '*C—"H correlation by
py. A pronounced NOESY cross peak was observed between HMBC spectroscopy (Figure 4g). A cross peak at 149.01(f1)/
resonances 3.81(f1)/7.23(f2) ppm for interaction of methoxy 3.81(f2) ppm was observed for interaction between the
17422 https://doi.org/10.1021/acsomega.4c10710

ACS Omega 2025, 10, 17416—17434


https://pubs.acs.org/doi/10.1021/acsomega.4c10710?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10710?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10710?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10710?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

methoxy proton and phenolic—OH associated carbon, while
cross peaks for phenolic proton and aromatic ring carbons
were observed at 115.79(f1), 147.90(f1), 149.01(f1)/9.61(f2)
ppm. To investigate the proton-carbon single bond correlation
of the compound, HSQC was performed (Supporting
Information Figure S12), the cross peak at 55.77(f1)/
3.81(f2) ppm corresponds to the C—H single bond of the
methoxy group, while the cross-peaks in the region of
111.62(f1) —139.27(f1)/6.81(£2)—7.35(f2) ppm were from
C—H single bonds of aromatic ring and heptadiene chain.
However, no HSQC cross-peaks were observed at 194.73 as
well as 9.61 ppm, assigned to  carbons and phenolic protons,
respectively. Displacement of hydrogen (H') from a-carbon
was further reconfirmed by the absence of crosspeak at 96.39
ppm (*C), assigned to the a-carbon. Therefore, observed
cross-peaks in 2D-NMR spectroscopy clearly suggested
simultaneous bonding of mercury with a-carbon and distal
interaction with S-diketo oxygens, stabilizing the synthesized
compound; said findings are also in agreement with the
optimized geometry shown by DFT calculations and
observations from IR spectrum.

Thermal Properties. Thermogravimetric Analysis (TGA)
and Differential Scanning Calorimetry (DSC) were performed
to investigate the thermal stability, temperature-dependent
decomposition, and presence of any coordinated hydration
sphere, as predicted by computational calculations. TGA
thermogram of a-Mercurin (Supporting Information Figure
S13) showed initiation of pyrolytic degradation ~ 100 °C that
ended at 800 °C. TGA thermogram also exhibited reduced
thermal stability and increased amorphous nature of a-
Mercurin, compared to curcumin; similar findings are also
observed in powder X-ray diffraction (XRD) data. While the
TGA thermogram of hydrophobic curcumin showed no loss of
water molecule, a-Mercurin exhibited weight loss finished
around 100 °C which is in agreement with a broad
endothermic peak having maxima (Tpey) at ~66 °C in the
DSC thermogram, which could be attributed to coordinated
water molecules®® (Figure Sa). Another weak endothermic
Tpea at ~133 °C with T of ~124 °C could be assigned to
dissociation of mercury atom from the compound. DSC
thermogram also revealed a strong exothermic T, at ~191
°C, which revealed the predominant amorphous nature of a-
Mercurin, compared to curcumin; findings are also consistent
with powder-XRD analysis. The characteristic XRD peaks of a-
Mercurin appearing at diffraction angles (26) 5.19°, 10.32°,
15.5°, and 19.9° suggested that none of the characteristic Bragg
peaks of curcumin are present in the diffractogram of a-
Mercurin (Figure Sb), indicating formation of amorphous
structure due to bonding of mercury.

Electronic Structure. Furthermore, X-ray photoelectron
spectroscopy (XPS) was performed to evaluate the electronic
structure of the synthesized compound, compared to that of
curcumin®>®® (Figure 5c). The XPS measurements were
carried out for the core-level electrons of carbon, oxygen,
and mercury atoms. Photoemission from 1s core level carbon
(C 1s) environments of curcumin resulted in four components
for sp* carbon, sp* carbon, C—0, and C=0 at 284.12, 286.96,
288.81, and 290.67 eV, respectively (Figure 5d). However, the
deconvolution of carbon (C 1s) spectrum of a-Mercurin
demonstrated five components with significant changes in the
spectral pattern (Figure 5g). A new peak is deconvoluted at
282.59 eV that could be assigned to C—Hg photoemission,
mercury being the newly included and least electronegative

bonding partner of carbon in the synthesized structure.
Further, photoemission signals for C—C, C—0O, and C=0
are shifted to higher binding energy (Bg), from 286.96, 288.81,
and 290.67 eV in curcumin to 288.91, 290.05, and 291.71 eV,
respectively, in a-Mercurin. These higher energy shifts are due
to the metalation of a-carbon, affecting electron density on
adjacent carbon atoms in the compound, which is consistent
with deshielding observation from the NMR study.

The XPS photoemission of oxygen (O 1s) for curcumin is
distributed from 527 to 540 eV and deconvoluted into two
components, with peaks at 531.5 and 534.96 eV, those could
be assigned to C—O and C=O environments, respectively
(Figure Se), while the By distribution of oxygen (O 1s) for a-
Mercurin is having broader distribution, over the range of
525—541 eV and deconvoluted into two components, with
peaks at S31.5 and 536.85 eV (Figure Sh). Therefore, binding
energy for C—O, assigned to the peak at S31.5 eV remains
unchanged in O 1s spectra, while the peak in higher By at
534.96 €V further shifted to 536.85 eV due to interaction with
mercury (C=O"Hg). This upfield shift indicates loss of
electronic screening of oxygen nucleus, as suggested by DFT
and NMR studies. The electron density increase around a-
carbon caused electron cloud pull from fS-carbons, resulting in
a deshielded environment; further, f-carbons in turn attract
the electron cloud from the oxygen atoms, leading to the loss
of electronic screening of oxygen nucleus. Furthermore, the
loss of screening increases due to distal coordination between
oxygen and mercury (O"“Hg). The above-mentioned effects in
combination resulted to a higher binding energy shift for C=
O.

Photoemissions from 4f and 4d levels of mercury environ-
ments of a-Mercurin resulted in two pairs of chemically shifted
peak components, each having spin—orbital splitting, confirm-
ing the involvement of two atomic partners. Following
previous literature, components with By of 99.8 and 103.69
eV with AeV of ~4 could be assigned to 4f;, and 4f;,
photoemission from Hg O environment®”*® (Figure 5f).
Similarly, from 4d level, the components at 359.6 and 378.47
eV could also be assigned to Hg"O 4d,, and 4d;),
environments (Figure Si). For 4f level, another pair of
components was observed having maxima at 105.94 and
109.84 eV, those could be assigned to C—Hg photoemission;
correspondingly, for 4d level, a pair of components was found
with peaks at 364.73 and 383.89 eV, supporting the interaction
between C and Hg orbitals. From the C 1s photoemission, we
already analyzed the presence of a new component at 282.83
eV, assigned to C—Hg environment. The a-carbon, being
bonded to mercury, could polarize the valence shell electron
cloud toward itself, resulting in the loss of electronic shielding
around mercury nucleus, which is also consistent with the
charge distribution from DFT calculation as well as the NMR
study. Thus, XPS analysis in combination with NMR study and
DFT calculations confirmed the bonding of mercury and a-
carbon via coordinate covalent bonding, along with distal
coordination between mercury and keto oxygens, providing
stability to the synthesized compound.

Anticancer Properties, In Vitro. The cytotoxicity of a-
Mercurin was evaluated on human acute lymphoblastic
leukemia (ALL) cells MOLT-4 and human acute promyelo-
cytic leukemia (AML) cells HL-60, comparing to healthy
human PBMCs (Supporting Information Figure S22) by cell
viability assay, using MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide) reagent, in vitro. Results
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Figure 6. (a) Cytotoxicity of @-Mercurin was investigated on MOLT-4, HL-60 and healthy human PBMCs, using MTT assay. a-Mercurin shows
selective cytotoxicity against both the acute leukemia cell lines, in vitro, comparing to healthy human PBMCs, ex vivo. (b) Representative data of
MOLT-4 and HL-60 cells showing changes in DCF fluorescence intensity, in vitro. DCF fluorescence intensity increases in a time dependent
manner after a-Mercurin treatment for 4 and 8 h, indicating an increase in the intracellular ROS level. (c) Flow cytogram of MMP assay on
MOLT-4, and HL-60 cells after 4 and 8 h of a-Mercurin treatment, in vitro. Green fluorescence intensity of JC-1,,,ome: increases while red
fluorescence of JC-1,4prepate decreases in a time dependent manner, suggesting depolarization of MMP. (d) Fluorescence microscopic images of
MOLT-4 and HL-60 cells after 16 h of treatment with a-Mercurin, in vitro, followed by DAPI staining; yellow arrows showing nuclear compaction
and fragmentation. Scale bar: 10 pm.

demonstrated (Figure 6a) dose-dependent cytotoxicity of a- After treatment with 20 uM compound for 4 and 8 h, cells
Merecurin, selectively on MOLT-4 and HL-60 cell lines without were further incubated with 20 yuM JC-1 for 30 min. As the
significant cytotoxicity on human healthy PBMCs. Low dose MMP depolarized with time, green fluorescence of JC-1

toxicity was observed on both MOLT-4 and HL-60 cells after monomer increased, while red fluorescence from JC-1
96 h treatment, half-maximum inhibitory concentration (ICs,) aggregate decreased. Flow cytometric results (Figure 6c),
= 1076 + 0.23 and 1248 + 0.55 uM, respectively. Cell including JC-1 red/green fluorescence ratio (Supporting
viability using Calcein-AM staining with fluorescence micros- Information Figure S25), demonstrated that a-Mercurin can
copy (Supporting Information Figure $23) also showed that a- induce apoptosis in acute leukemia cells, by decreasing MMP,
Mercurin can eliminate acute leukemia cells in a dose- via intrinsic pathway.
dependent manner. To study the nuclear compaction and fragmentation after
The potential effect of a-Mercurin on the intracellular ROS treatment with a-Mercurin, 4’,6-diamidino-2-phenylindole
level was investigated using flow cytometry. MOLT-4 and HL- (DAPI) staining was performed. After treatment with 20 yM
60 cells were treated with 20 uM a-Mercurin, and oxidative of the compound for 16 h, MOLT-4 and HL-60 cells were
stress was measured by staining with 2’,7’-dichlorodihydro- stained with 300 nM DAPI and incubated in dark.
fluorescein diacetate (DCFH-DA). Corresponding results Fluorescence microscopic images (Figure 6d) suggested that
suggested that the synthesized compound can increase nuclear morphologies of control cells are well-defined and
intracellular ROS levels in a time-dependent manner (Figure intact, while treated cells exhibited significantly fragmented
6b). For both MOLT-4 and HL-60 cells, there is a significant and condensed nuclei.
increase in the green fluorescence intensity in the presence of The effect of a-Mercurin on cell cycle progression was
a-Mercurin, compared to no treatment, after 8 h. investigated by flow cytometry with propidium iodide (PI)
To investigate the effect of a-Mercurin on mitochondrial staining. MOLT-4 and HL-60 cells were treated with 20 uM
transmembrane potential (MMP), lipophilic cationic dye compound for 4, 8, and 16 h. Cells were then harvested and
5,5',6,6" -tetrachloro-1,1",3,3'-tetraethylbenzimi-dazoylcarbo- fixed with 70% ice-cold ethanol prior to PI staining. Compared
cyanine iodide (JC-1) was used to measure depolarization of to untreated cells, @-Mercurin causes a remarkable increase in

MMP in both MOLT-4 and HL-60 cells via flow cytometry. the S phase population (MOLT-4 = ~26 to ~44% and HL-60
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Figure 7. (a,b) Cell cycle analysis of MOLT-4 and HL-60 cells after a-Mercurin treatment for 4, 8, and 16 h. Cells were fixed and stained with PI
prior flow cytometric ananlysis. Percent of cell population in different phases of cell cycle were recorded. The analysis was repeated 3 times and
results are represented as mean + SEM (n = 3, *P < 0.05; **P < 0.01; ***P < 0.001; Student’s t test). (c) Apoptosis/necrosis assay of a-Mercurin
on MOLT-4 and HL-60 cells after 4, 8, and 16 h of treatment, in vitro. Flow cytometric analysis suggests an increase in both early and late
apoptotic populations for both cell lines. Cells were stained with FITC-Annexin-V and PL. The Q4 quadrant (Annexin V—/PI-), Q3 quadrant
(Annexin V+/PI-), Q2 quadrant (Annexin V+/PI+), and Q1 quadrant (Annexin V—/PI+) indicate the percent of normal healthy cells, early
apoptotic, late apoptotic, and necrotic cells, respectively. (d) Representative flow cytogram of changes in expression pattern of differentiation
marker CD14 and CD11b on healthy human granulocytes after treatment with a@-Mercurin for ~16 h; suggesting significant increase in CD14

expression.

~25 to ~42%), including corresponding reduction in the
Gy/G, population (MOLT-4 = ~49 to ~31% and HL-60 = 57
to ~36%). Therefore, a-Mercurin can arrest cell cycle at the S
phase in a time-dependent manner (Figure 7a, b).

The mode of cell death upon a-Mercurin treatment was
further investigated on both MOLT-4 and HL-60 cells by flow
cytometry. Time-course analysis (4, 8, and 16 h) of cells
treated with a-Mercurin followed by fluorescein isothiocya-
nate-annexin-V/propidium iodide (FITC-AV/PI) staining
suggested increase of cell population in early as well as late
apoptosis. However, no necrotic population was found,
confirming that the compound induced cell death via apoptotic
pathway. In case of MOLT-4 cells, as time progressed,
apoptotic population with different morphology appeared in
late and early apoptotic populations, as observed in Q2 and
Q3, respectively. For HL-60 cells, single apoptotic population
was observed, both in late and early apoptosis across Q2 and
Q3 (Figure 7c).

The expression of cell differentiation markers CD14 and
CD11b was investigated on MOLT-4, HL-60 as well as healthy
human blood cells, excluding RBC. Cells were treated with 20
UM a-Mercurin for ~16 h and further stained with FITC-
CD14 and PE-CD11b antibodies, prior to flow cytometric
analysis. Results demonstrated no significant changes in
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differentiation marker expression for both MOLT-4 and HL-
60 cells, upon @-Mercurin treatment (Supporting Information
Figures S26 and S27). Interestingly, the compound treatment
showed a significant increase of CD14 expression in the
granulocyte population (Figure 7d), while no change in
CD11b expression. Results also showed no notable change in
CD14 as well as CD11b expression for the lymphocyte
population (Supporting Information Figure S28). Therefore,
a-Mercurin can induce the expression of differentiation marker
for WBCs.

The above results demonstrated that treatment with a-
Mercurin increased intracellular ROS levels, which may reduce
mitochondrial transmembrane potential and arrest the cell
cycle at the “S” phase. All of these damages collectively
induced apoptosis in acute leukemia cells, as observed from
nuclear fragmentation and apoptosis assay. Changes in the
expression patterns of cell differentiation markers also
suggested the potential of a-Mercurin for immunomodulation.

Potential of the Compound, Ex Vivo. To assess the
antileukemia potential of @-Mercurin in a clinically relevant
context, we investigated the effect of the compound on PBMCs
isolated from ALL patients’ blood samples (n = 11). Samples
were collected from patients of all ages and sexes before
initiation of any clinical treatment. PBMCs were maintained in
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Figure 8. (a) Cytotoxic potential of @-Mercurin on immature leukemic blasts, isolated from ALL patients’ blood samples. Viability data suggests
that @-Mercurin treatment for 72 h can eliminate ~20 + 4% immature leukemic blasts, without causing significant toxicity to healthy lymphocytes,
ex vivo (n = 11, individual experiments). (b) Representative UV—visible spectroscopic data of erythrocyte hemolysis assay suggests no significant
hemolysis caused by a-Mercurin treatment compared to RBC lysis solution, ex vivo. (c) Representative flow cytogram of MMP assay on immature
blasts from ALL patients, ex vivo, upon a-Mercurin treatment for 72 h. Experimental results suggest, significant depolarization of MMP. (d)
Representative flow cytogram of expression pattern for different CD markers present on B and T lymphocytes of ALL patients PBMCs, after
treatment with a-Mercurin, ex vivo. The immunogenic expression after treatment were compared to control groups, suggesting increased

expression patterns of CD markers, upon a-Mercurin treatment.

RPMI-1640 medium, containing 10% FBS, and treated with 20
UM compound for 72 h; cell viability analysis was performed,
using flow cytometry. a-Mercurin demonstrated notable
cytotoxic activity and eliminated ~ 20 + 4% of immature
leukemic blasts, without causing significant toxicity to healthy
lymphocytes, ex vivo (Figure 8a). The cytotoxic potential of a-
Mercurin observed, ex vivo, is in agreement with the findings
from the in vitro study on acute leukemia cells. Erythrocyte
hemolysis assay was performed on whole blood samples to
investigate potential toxicity on RBCs. The whole blood
collected from leukemia patients was treated with RBC lysis
buffer, saline, 20 uM a-Mercurin, and 1 mM NaOH, followed
by incubation for 20 min at 37 °C, then centrifuged; UV—
visible spectra of the supernatants were collected for the
region, 300—650 nm. Results suggested no significant
hemolysis for a-Mercurin treatment (Figure 8b), in any case
(n = 11), compared to the RBC lysis solution (positive
control).

Depolarization of MMP of immature blasts from leukemia
patients due to a-Mercurin treatment, ex vivo, was analyzed
using flow cytometry with JC-1 staining. PBMCs isolated from
ALL patients were treated with 20 yM a-Mercurin and
incubated for 72 h. Cells were further harvested and incubated
with 20 M JC-1 dye for 30 min, followed by flow cytometric
analysis. The data set suggested that mitochondrial trans-
membrane potential for the leukemic blast populations from
ALL patients got significantly depolarized upon the compound
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treatment (Figure 8c), and may induce apoptosis via intrinsic
pathway.

The role of a-Mercurin on immunomodulation was also
analyzed by treating ALL patients’ PBMCs, ex vivo. PBMCs
were treated with 20 M synthesized compound and incubated
for 72 h. Expression patterns of the following CD markers,
CD16, CD17, CD3, CD7, CD19, and CD20 were analyzed by
flow cytometry. During clinical diagnosis, expression patterns
of different immunogenic markers considered in the study
were heterogeneous among different patients, depending on
stages of the disease and other hematological parameters.
Overall expression patterns (Supporting Information Table
S9) of CD markers (CD3, CD7, CD19, and CD20) having
crucial role in immunogenic response increased, upon a-
Mercurin treatment, as demonstrated in the representative flow
cytometric analysis (Figure 8d). Said immunogenic markers
are especially involved in B as well as T cell development and
activation; CD19 and CD20 for B cells and CD3 for T cells.

Subacute Toxicity, In Vivo. Subacute toxicity of a-
Mercurin was routinely investigated on Swiss albino mice. a-
Mercurin was administered intravenously into the lateral tail
vein of 4 Swiss albino mice, twice a week for 8 weeks (Figure
9a), while the control group was injected with sterile saline. 80
uL of 2 mM a-Mercurin (~3.3 mg/kg body weight) was
injected into each mouse at each session throughout the study.
All injections were smooth with steady fluid movement and no
allergic reaction or anaphylactic shock was observed. Following
injection, each mouse was closely monitored for their behavior,
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Figure 9. (a) Investigation of subacute toxicity of a-Mercurin on swiss-albino mice. 80 yL of the compound solution was intravenously injected
from a 2 mM stock; twice a week for 8 weeks. All animals were observed regularly for general health and symptoms of any toxicity, whereas body
weight changes were recorded on days of injection; 0, 3, 7, 10, 14, 17, 21, 24, 28, 31, 35, 38, 42, 45, 49, 52, and 56 of the experiment. At the end of
the study, all animals were kept in fasting, overnight before blood sampling for examination of hematological parameters. (b) Representative stained
(Leishman’s stain) blood smear of control and a-Mercurin treated animals after 8 weeks of treatment. (c) Graphical representation of body weight
analysis during toxicity study demonstrating no weight loss as well as no statistical difference between body weights of treated and control groups.
(d) Comparative analysis of RBC count from blood samples of a-Mercurin treated and control group animals, suggesting no toxicity on
erythrocytes. (e) Comparative analysis of total WBC count, suggesting total WBC count is remaining within the normal range after treatment. (f)
Differential leukogram suggesting no significant difference between treatment and control groups.

agility, breathing, and pain/discomfort. No notable behavioral Additionally, no significant changes in food and water
change, compared to the control group was observed consumption were observed. Representative Leishman’s
(Supporting Information Figure S31, Videos S1 and S2). stained blood smear of control and a-Mercurin treated animals
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also suggested no significant difference in appearance, number,
and morphology of blood cells (Figure 9b). Body weight
evaluation suggested no notable weight loss in any group
during the study and no significant difference between the
treated and control group, with an average body weight of
~30.5 g (Figure 9c). No gross physiological changes were
observed in the kidney, liver, stomach, lungs, spleen, heart,
thymus, and lymph nodes in the experimental group, compared
to the control group (Supporting Information Figure S32).
The analysis of hematological parameters, including total RBC
(Figure 9d), total WBC (Figure 9e), and differential WBC
(Figure 9f) count showed similar patterns between the treated
and control groups, with no statistically significant difference.
In summary, a toxicity study with repeated dosing, in vivo,
suggested no subacute toxicity, including normal behavioral
patterns, body weight, and hematological parameters.

B CONCLUSIONS

We developed a novel organometallic compound by bonding
mercury to the a-carbon of curcumin, along with distal
coordination involving keto oxygen for the treatment of acute
leukemia, and named it a-Mercurin. It is the first organo-
metallic compound of curcumin where a metal atom is directly
bonded to a-carbon providing protection at alkaline pH in
aqueous medium and could be dissociated at acidic environ-
ment, in the presence of amphipathic molecules. a-Mercurin
demonstrated selective cytotoxicity against ALL and AML
cells, in vitro, as well as immature blasts from ALL patients, ex
vivo, without causing significant toxicity toward healthy
PBMC:s. Further, a-Mercurin showed no hemolytic effect on
human blood samples and also demonstrated potential for
inducing granulocyte differentiation. In terms of mechanism of
action, flow cytometric analysis suggested that it can increase
intracellular ROS levels, and eliminate both ALL and AML
cells via intrinsic pathway of apoptosis, in vitro. a-Mercurin
can also reduce mitochondrial transmembrane potential, in
vitro as well as ex vivo. Furthermore, repeated intravenous
administration of a@-Mercurin showed no subacute toxicity,
including body weight, behavioral pattern, and hematological
parameters. To the best of our knowledge, it is the first
organometallic compound of curcumin as well as mercury that
is suitable for intravenous administration in the molecular
form, without anaphylactic shock and subacute toxicity. In the
next phase of our work, we will investigate the comprehensive
efficacy of a-Mercurin, including biodistribution and immu-
nomodulatory properties on rat model, induced for acute
leukemia.

In ancient Ayurveda and traditional Chinese medicine, the
divalent metal ion mercury was profoundly used to treat
hematological disorders, but its application in modern
medicine is restricted due to systemic toxicities.””””* In this
study, we delivered mercury in an organometallic formulation
and demonstrated no toxic effect on healthy blood cells. The
innovative bonding strategy of our work should allow
researchers to investigate other metal atoms in conjunction
with curcumin to form aqueous soluble structures with
sufficient stability. Therefore, we believe that the present
study will pave a way for designing mercury as well as
curcumin-based therapeutics for the treatment of acute
leukemia and other malignancies. Furthermore, a-Mercurin
also showed its potential as an immunomodulator and could be
explored for immunotherapy, in combination with other
chemotherapeutics.

B EXPERIMENTAL SECTION

Instruments Used. Type-l water was used from a
Simplicity Water Purification System (Merck-Millipore). All
other solvents and reagents were purchased commercially and
used without further purification unless specified. Solvents
were degassed when needed, using a water bath sonicator. All
antibodies were used at concentrations instructed by the
manufacturer. All UV—visible spectra were recorded on a
Thermo Evolution 350 spectrophotometer. Fluorescence
emission spectra were recorded on a Cary Eclipse fluorescence
spectrophotometer at room temperature. HPLC separation
was performed in a NOVA PAK Cj; column by isocratic
elution with water and acetonitrile (v/v, 35:65) using a
Waters-1525 Binary HPLC Pump. The elution was monitored
by observing the absorbance at 426 nm with a Waters-2489
UV/Visible Detector. High-resolution mass spectrum (HRMS)
was recorded by an LTQ Orbitrap XL mass spectrometer
(Thermo Scientific). Electrospray Ionization Mass Spectrum
(ESI-MS) was recorded by a Xevo G2-XS QTof mass
spectrometer (Waters). IR spectra were recorded on a Bruker
Tensor 27 FT-IR ATR, using a thin film of a dry sample.
Thermogram of thermogravimetric analysis (TGA) was
recorded with a TGA 400 (PerkinElmer) Analyzer. Differential
Scanning Calorimetry (DSC) was done using a DSC 8000
(PerkinElmer) instrument with heating rate of 10 °C/min. 'H,
13¢c, BC-DEPT, 2D 'H-'H NOESY, 2D *C—'H HMBC and
2D *C—'H HSQC NMR spectra in DMSO-dg and D,0 (10
mM NaOH) were recorded on Bruker Avance (III) 600 MHz
and Jeol Resonance 400 MHz NMR spectrometers at room
temperature (~298 K). All chemical shifts are given relative to
tetramethyl-silane (TMS). Solid state '*C CP/MAS and 'H
NMR spectra were recorded on a Jeol 500 MHz NMR
spectrometer equipped with a 4 mm HXMAS4 Probe at room
temperature (~298 K). Chemical shifts (5) are given in parts
per million (ppm), and coupling constants (J) are given in
hertz (Hz). XPS spectra were recorded using a ULVAC PHI
5000 VERSA PROBE III equipped with a monochromatic Al
X-ray source and focused beam. Powder XRD data were
recorded using a BRUKER D8-Advance. All centrifugations
during the synthesis of the compound were done using a REMI
NEYA 16R centrifuge and centrifugations during PBMC
isolation were done in a HERMLE cold centrifuge at 18 °C.
The absorbance for the MTT assay was measured using a
TECAN Infinite M200 PRO ELISA plate reader at 570 nm.
Cell viability with Calcein-AM staining and nuclear fragmenta-
tion with DAPI staining were investigated using an Olympus
BX53 Digital Upright Microscope. All flow cytometry were
performed on a BD LSRFortessa flow cytometer.

Reagents and Chemicals. Curcumin (Sigma-Aldrich, Cat
No. C7727), mercury(Il) chloride (Sigma-Aldrich, Cat No.
215465), ammonium hydroxide (Supelco, Cat No.
1935000521), iron(III) chloride anhydrous (Supelco, Cat
No. 1936530521), L-glutathione reduced (Sigma-Aldrich, Cat
No. G4251-1G), CD;0D/methanol-d, (Sigma-Aldrich, Cat
No. 151947), D,0/deuterium oxide (Merck, Cat No.
151882), deuterated dimethy sulfoxide/DMSO-ds (Sigma-
Aldrich, Cat No. 151874), Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco BRL, Cat No. A10491-01), fetal
bovine serum (FBS, Gibco BRL, Cat No. 10082-147, 10% v/
v), penicillin-streptomycin-glutamine (Gibco BRL, Cat No.
10378-016, 1% v/v), gentamicin (Abbott, SO pg/mL), 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
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(MTT) (Sigma-Aldrich, Cat No. M2128), dimethyl sulfoxide
(DMSO, Supelco; Cat No. 1.167430521), calcein-AM
(Invitrogen, Cat No. C1430, final conc. 1 uM), 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA, Abcam;
Cat No. ab113851, final conc. 5 uM), 5,5,6,6'-tetrachloro-
1,1',3,3'-tetraethylbenzimi-dazoylcarbocyanine iodide (JC-1,
Sigma, Cat No. T4069G, final conc. 20 uM), 4’,6-diamidino-
2-phenylindole (DAPI, Invitrogen, Cat No. D1306, final conc.
300 nM), Annexin-V apoptosis kit (Invitrogen, Cat No.
A13199, 2 uL of annexin-V, PI solution conc. 50 pg/mL),
RNase A Solution (HIMEDIA, Cat No. DS0003, final conc.
100 pug/mL), K2-EDTA (K2E) 10.8 mg blood collection tubes
(BD Vacutainer; Cat No. 367863), Ficoll-Paque PLUS
solution (Cytiva; Cat No. 17144002). Primary antibodies;
FITC mouse anti-human CD14 (BD, Cat No. 347493), PE
mouse anti-human CD11b (BD, Cat No. 347557), CDI16
(Abcam; Cat No. ab183354), CD17 (Invitrogen; Cat No.
MAI- 10118), CD3 (Abcam; Cat No. abl86669), CD7
(Abcam; Cat No. ab224194), CD19 (Abcam; Cat No.
ab254170), CD20 (Abcam; Cat No. ab9475). Secondary
antibodies; goat anti-rabbit IgG H&L (Alexa Fluor 488)
preadsorbed (Abcam; Cat No. ab150081), goat anti-rabbit
IgM mu chain (Alexa Fluor 488) (Abcam; Cat No. ab150093),
and goat anti-mouse IgG H&L (Alexa Fluor 488) preadsorbed
(Abcam; Cat No. ab150117).

Synthesis. 1,7-Bis(4-hydroxy-3-methoxyphenyl) hepta-1,6-
diene-3,5-dione (Curcumin) was dissolved in 95% ethanol
(C,H;OH:H,O = 95:5) at final concentration of 1 mM and
kept overnight in stirring condition. Next morning, the
solution was taken in a borosilicate round-bottom flask and
placed over a magnetic stirrer at room temperature (~25 °C);
then, ammonium hydroxide (NH,OH) was added dropwise
until the pH of the solution reached 8.2—8.4 and incubated for
10 min in dark. Then, aqueous solution of 184 mM
mercury(Il) chloride (50 mg/mL) was added at a molar
ratio of curcumin: HgCl, = 1:8. The mixture was then
incubated on a magnetic stirrer for 4 h at room temperature
(~25 °C). After 4 h of incubation, the reaction mixture was
centrifuged and the pellet was further washed five times with
ethanol and once with Type-I water. The pellet was then dried
at room temperature (~25 °C) or using a lyophilizer and
resuspended in DMSO or aqueous 10 mM NaOH solution,
depending upon experimental requirements. Yield = 95%. 'H
NMR (600 MHz, DMSO-d,, 20 mg, S0 mmol) & = 9.61 (s,
2H), 7.35 (d, J = 15.5 Hz, 2H), 7.26 (s, 2H), 7.23 (d, ] = 6.2
Hz, 2H), 7.11 (d, ] = 6.2 Hz, 2H), 6.81 (d, ] = 8.1 Hz, 2H),
381 (s, 6H). 3C NMR (151 MHz, DMSO-d,, 20 mg, S0
mmol): § = 194.73, 149.01, 147.90, 139.27, 126.49, 124.59,
122.85, 115.79, 111.62, 96.39, 55.77. Elemental analysis
calculated for a-Mercurin: C = 44.38, O = 16.89, Hg = 35.3;
found: C = 44.6, O = 17.7, Hg = 36.1. HR-MS (anion): m/z
calculated = 579.1907 (C,H;;0Hg + OH™); found =
579.1253. ESI-MS (anion): m/z calculated = 627.1739
(CyH,0O¢Na,Hg + OH™); found = 627.0839.

1,7-Bis(4-hydroxy-3-methoxyphenyl) hepta-1,6-diene-3,5-
dione (Curcumin): 'H NMR (600 MHz, DMSO) § 16.39
(s, 1H), 9.65 (s, 2H), 7.55 (s, 2H), 7.32 (s, 2H), 7.15 (s, 2H),
6.82 (s, 2H), 6.75 (s, 2H), 6.06 (s, 1H), 3.84 (s, 6H). *C
NMR (151 MHz, DMSO) &: 183.33, 149.44, 148.12, 140.84,
126.46, 123.26, 121.20, 115.82, 111.38, 101.01, 55.81.

Computational Details. All the optimizations and
calculations were performed by the Gaussian09”* program at
the level of density functional theory (DFT). The structure

was optimized by generalized gradient approximation
exchange-correlation density functional B3PW91, the basis
set of SDD for Hg atom and 6-31G(d)” for other atoms were
chosen to describe all the atoms. The solvent effect was
included with self-consistent reactions field (SCRF) based on
the SMD’® model, where ethanol, dimethyl sulfoxide, and
water were set as the solvent models in order to mimic the
experimental conditions. The keyword “pseudo = read” was
used for a-Mercurin to include effective core potentials (ECPs
or pseudopotentials) for the organometallic system.

Cell Lines and Culture Conditions. The human acute
lymphoblastic leukemia cell line (MOLT-4) and the human
acute promyelocytic leukemia cell line (HL-60) were obtained
from the National Centre for Cell Science (Pune, India). The
human peripheral blood mononuclear cells (PBMCs) were
isolated from whole blood as per general guidelines. For the
isolation of PBMCs, ~4 mL of blood was collected from
individuals in K2-EDTA (K2E) 10.8 mg blood collection tubes
and diluted with sterile PBS at the ratio of whole blood: PBS =
1:2. Further, Ficoll-Paque PLUS solution was taken in a sterile
tube at a volumetric ratio of whole blood: ficoll = 2:3 and the
diluted blood was carefully layered upon the solution by
avoiding intermingling of two phases. Further, the tube was
centrifuged using a swinging bucket rotor for 25 min at 400Xg
at 18 °C in a HERMLE cold centrifuge. Following
centrifugation, the cloudy-looking phase in between ficoll
and plasma was collected and further washed with sterile PBS
by centrifuging at 100Xg for 10 min at 18 °C. For the
differentiation marker (CD14 and CD11b) expression analysis,
~4 mL blood samples were collected from healthy individuals
in K2-EDTA blood collection tubes. Furthermore, the blood
samples were treated with 1X RBC lysis solution at the ratio of
whole blood: 1X RBC lysis solution = 1:10 (v/v). Followed by
1S min incubation in dark, tubes were centrifuged at 450Xg for
S min at room temperature. Supernatants were discarded, and
cells were washed twice with sterile PBS by centrifuging at
450Xg for S min at room temperature. All the cells were
incubated in Roswell Park Memorial Institute (RPMI) 1640
medium supplemented with 10% Fetal Bovine Serum (FBS),
1% (v/v) Penicillin-Streptomycin-Glutamine and 50 pg/mL
Gentamicin, at 37 °C under 5% CO, and 95% air in a
humidified atmosphere.

Cell Viability Analysis Using MTT Assay, In Vitro. Cell
viability and ICg, were determined using the MTT (3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide)
reagent. Briefly, MOLT-4 and HL-60 cells (5 x 10° cells/
well) were seeded in 96-well plates and treated with a-
Mercurin as well as curcumin at different concentrations (50,
25,12.5, 625, 3.125, 1.6, and 0.8 uM) for 96 h. The ‘no
treatment’ (NT) groups were treated with only media while
the “vehicle control” (VC) groups were treated with 1 mM
NaOH solution. MTT reagent dissolved in water was added at
the final concentration of 0.5 mg/mL and incubated for 4 h.
Following incubation, the plates were centrifuged at 400Xg for
1S min at 4 °C, protecting from light. The supernatant was
exchanged with DMSO to dissolve the formazan crystals, and
the absorbance of the wells was measured at 570 nm by a
TECAN Infinite M200 Pro microplate reader. The percent of
the viable cells (% cell viability) was calculated considering the
‘no treatment’ (NT) wells as 100% cell survival. All assays were
conducted in triplicate and the mean IC, + standard deviation
was determined using Microsoft Excel software (n = 3, *P <
0.05; **P < 0.01; ***P < 0.001; Student’s t-test).
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Intracellular ROS Assay, In Vitro. DCFH-DA was used
for investigation of intracellular ROS level. Briefly, MOLT-4
and HL-60 cells were seeded in 24-well plates (3 X 10° cells/
well) and treated with 20 uM a-Mercurin for 4 and 8 h. The
control groups were treated with only media. For the positive
control, cells were pretreated with H,O,. Following incubation,
cells were centrifuged at 400xg for 5 min at room temperature
(~25 °C) and cell pellets were resuspended in DCFH-DA
solution diluted in sterile PBS at the final concentration of §
4M and incubated for 30 min in dark. At the end of incubation,
cells were centrifuged at 400xg for 5 min at room temperature
(~25 °C). The supernatant was discarded and cells were again
resuspended in 500 L of sterile PBS. The data were recorded
using flow cytometry (BD FACS LSRFortessa) by exciting the
samples at 485 nm and emission at 535 nm. All analysis was
performed using FlowJo V10.8.1.

Mitochondrial Transmembrane Potential Assay, In
Vitro. 5,5',6,6'-Tetrachloro-1,1",3,3'-tetraethylbenzimi-dazoyl-
carbocyanine iodide (JC-1) was used to measure depolariza-
tion of mitochondrial transmembrane potential (MMP).
Briefly, MOLT-4 and HL-60 cells (3 X 10° cells/well) were
seeded into 24-well plates and treated with 20 yuM a-Mercurin
for 4 and 8 h. In case of the positive control group, cells were
pretreated with a pseudodecoupler, picric acid. Then, 20 yuM
JC-1 dye dissolved in DMSO was added to each well and
incubated for 20 min at 37 °C under 5% CO, and 95% air in a
humidified atmosphere. Cells were further centrifuged at
400Xg for S min at room temperature (~25 °C) and cell
pellets were resuspended in cold sterile PBS. Flow cytometric
analysis was performed using BD LSRFortessa flow cytometer;
JC-1,eg (Aex = 543 N, 2= 575—610 nm), JC-Ly,eey (Aey = 488
nm, Ae, = 515—530 nm). All the analysis was performed using
FlowJo V10.8.1.

Nuclear Fragmentation Assay, In Vitro. 4',6-Diamidino-
2-phenylindole (DAPI) staining was performed to investigate
the nuclear morphology. MOLT-4 and HL-60 cells (3 x 10°
cells/well) were seeded into 6-well plates and treated with 20
UM a-Mercurin for 16 h. The control groups were treated with
only media. Then, cells were harvested by centrifugation at
400Xg for S min at room temperature (~25 °C) and further
washed with cold sterile PBS. Cells were then resuspended in
300 nM DAPI and incubated for 7 min at room temperature
(~25 °C) in dark. Cells were again washed with sterile PBS
prior to visualizing under Olympus BXS3 Digital Upright
Microscope using a fluorescent filter for DAPI, with a 100X
objective.

Cell Cycle Analysis, In Vitro. PI staining was used to
identify the proportion of cells in different stages of the cell
cycle. Briefly, MOLT-4 and HL-60 cells (3 X 10° cells/well)
were seeded in 24-well plates and treated with 20 uM a-
Mercurin for 4, 8, and 16 h, separately. The control groups
were treated with only media. Cells were then collected and
fixed using 70% ice-cold ethanol at —20 °C for 20 min.
Following fixation, cells were then centrifuged at 400Xg for S
min at room temperature (~25 °C). The supernatants were
discarded carefully and 50 4L RNase was added and incubated
for 10 min in dark. Next, 350 uL of PI dissolved in sterile PBS
was added to the cell suspension and incubated in dark for 5
min before flow cytometric analysis. The data were recorded
by a flow cytometer (BD FACS LSR Fortessa). Samples were
then excited at 488 nm, and the emission was measured at 575
nm. The assay was repeated three times, and the analysis was
performed using FlowJo V10.8.1. Data are exhibited as mean =+

SEM (n = 3, * P < 0.05; ** P < 0.01; *** P < 0.001;
Student’s ¢ test).

Apoptosis/Necrosis Assay, In Vitro. MOLT-4 and HL-
60 cells (3 X 10° cells/well) were seeded in 24-well plates and
treated with 20 yuM a-Mercurin for 4, 8, and 16 h, separately.
The control groups were treated with only media. The cells
were then centrifuged at 400Xg for S min at room temperature
(~25 °C) and supernatants were discarded. Cell pellets were
resuspended in cold sterile PBS for washing and centrifuged
again under the same condition. The supernatant was
discarded and the cell pellets were resuspended in 1X
Annexin-V binding buffer provided with the kit, at cell density
of 6 X 10° cells/100 L. Two microliter Annexin-V solution
and 1 uL PI solution (100 pug/mL) were added to 100 uL
cellular suspension and incubated at room temperature (~25
°C) for 15 min in dark. Further, the 100 uL cellular suspension
was diluted to 500 uL using Annexin-V binding buffer. The
data were recorded using BD LSRFortessa flow cytometer by
exciting the samples at 488 nm and the emission was measured
at 530 nm for Annexin-V (FL1) and 575 nm for PI (FL2). All
the analysis was performed using FlowJo V10.8.1.

Cell Differentiation Marker Analysis. MOLT-4, HL-60,
and healthy human blood cells, excluding RBC were seeded in
6-well plates (3 X 10° cells/well) and treated with 20 uM a-
Mercurin for ~16 h. Thereafter, cells were washed twice with
sterile PBS by centrifuging at 650Xg for S min at room
temperature (~25 °C). Then, cells were stained with
fluorophore-tagged primary antibodies (FITC-CD14 and PE-
CD11b) and incubated for 1 h in dark at 4 °C. Cells were
further washed twice with sterile PBS by centrifuging at 650Xg
for 5 min at room temperature (~25 °C) to remove unbound
antibodies and resuspended in sterile PBS before flow
cytometric analysis.

Cell Viability Assay, Ex Vivo. Freshly isolated PBMCs
from healthy individuals were seeded in 96-well plates (2 X 10°
cells/well), treated with a-Mercurin at different concentra-
tions, then incubated for 96 h. The ‘no treatment’ (NT)
groups were treated with only media while “vehicle control”
(VC) groups were treated with 1 mM NaOH solution. MTT
reagent dissolved in water was added at the final concentration
of 0.5 mg/mL and incubated for 4 h. Following incubation, the
plates were centrifuged at 400Xg for 15 min at 4 °C, protecting
from light. The supernatant was exchanged with DMSO to
dissolve the formazan crystals and absorbance was measured at
570 nm by TECAN Infinite M200 Pro microplate reader. The
percent of the viable cells (% cell viability) was calculated
considering the ‘no treatment’ (NT) group as 100% cell
survival. All the representative graphs are prepared using
Microsoft Excel software (n = 3, *P < 0.05; **P < 0.01; ***P
< 0.001; Student’s t test).

Cell viability or antiproliferative activity of the a-Mercurin
was also investigated on PBMCs isolated from ALL patients,
using flow cytometry. Freshly isolated PBMCs containing
immature blasts from leukemia patients were seeded in 24-well
plates (3 X 10° cells/well) and treated with 20 M a-Mercurin
for 72 h. The control groups were treated with only media.
Cells were then harvested, and pellet was resuspended in 300
uL of sterile PBS containing 5% FBS. Scattering patterns
(FSC-A/SSC-A) of the lymphocytes and immature blasts
present in the whole volume were recorded using a flow
cytometer (BD FACS LSRFortessa). Percent of viability of
different treatment groups was calculated considering viability
of the ‘no treatment’ group as 100%.
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Blood Compatibility Assay, Ex Vivo. The whole blood
samples from healthy individuals and acute leukemia patients
were collected in K2-EDTA tubes. Further, the samples were
divided and treated with 1X RBC lysis buffer, saline (0.9%
NaCl), 20 uM a-Mercurin, and 1 mM NaOH solution,
followed by incubation for 20 min at 37 °C. Following
incubation, the samples were centrifuged at 1300xg for 10 min
at room temperature. UV—visible spectra of the supernatants
were recorded.

Mitochondrial Transmembrane Potential Assay, Ex
Vivo. Freshly isolated PBMCs from leukemia patients were
seeded in 24-well plates (3 X 10° cells/well) and treated with
20 uM a-Mercurin for 72 h. In case of the positive control
group, cells were pretreated with a pseudodecoupler, picric
acid. Then, 20 uM JC-1 dye dissolved in DMSO was added to
each well and incubated for 20 min at 37 °C under 5% CO,
and 95% air in a humidified atmosphere. Cells were further
centrifuged at 400Xg for S min at room temperature (~25 °C)
and pellets were resuspended in cold sterile PBS. Flow
cytometric analysis was performed using BD LSRFortessa flow
cytometer; JC-1,4 (Ao, = 543 nm, A, = 575—610 nm), JC-
Loreen (Aex = 488 nm, 4., = 515—530 nm). All the analysis was
performed using FlowJo V10.8.1.

Immunogenic Marker Expression Analysis, Ex Vivo.
Role of the synthesized a-Mercurin on immunomodulation
was analyzed by treating the PBMCs isolated from acute
leukemia patients’ (ALL) blood samples. Freshly isolated
PBMCs were seeded in 24-well plates (3 X 10° cells/well) and
treated with 20 uM @-Mercurin for 72 h. Thereafter, cells were
washed twice with cold sterile PBS by centrifuging at 650xg
using a REMI R8C centrifuge at room temperature (~25 °C).
Then, cells were stained with primary antibodies and incubated
for 30 min in dark, keeping on ice. Cells were further washed
two times with cold sterile PBS by centrifuging at 650xg using
a REMI R8C centrifuge at room temperature (~25 °C) to
remove excess primary antibodies. Cells were then stained with
FITC-tagged secondary antibodies and again incubated for 20
min in dark keeping on ice. Following incubation, cells were
washed two times with cold sterile PBS by centrifuging at
650xg using a REMI R8C centrifuge at room temperature
(~25 °C) and resuspended in sterile PBS, containing 2.5%
FBS before flow cytometric analysis.

Investigation of Subacute Toxicity, In Vivo. For the
subacute toxicity study, eight healthy Swiss albino male mice,
aged 4—5 weeks, weighing between 25 and 30 g were used.
The animal experiment was performed following an approved
protocol from the Institutional Ethics Committee for Animals
(IECA) of the Chittaranjan National Cancer Institute (CNCI),
Kolkata, India. All animals were supplied and housed by the
CNCI animal facility. Housing was done in polypropylene
cages (30 X 19 X 13 cm), with a stainless-steel wire cover, with
four animals per cage and kept at room temperature (24 + 2
°C) maintaining a light/dark cycle every 12 h. Two groups
were established with 4 animals in each. Four animals in the
treatment group were administered 80 4L a-Mercurin from a 2
mM stock (3.3 mg/kg body weight), intravenously, via the
lateral tail vein, twice a week for 8 weeks, while control group
animals were injected with an equal volume of sterile saline,
following the same procedure. Throughout the 56-day study,
all animals were observed daily for general health and any
symptoms of toxicity, while body weights were recorded on
days; 0, 3, 7, 10, 14, 17, 21, 24, 28, 31, 35, 38, 42, 45, 49, 52,
and 56 of the experiment. At the end of the study, all animals
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were kept fasting overnight before blood sampling, followed by
sacrifice.

Statistical Analysis. The statistical details, including
performed statistical analysis, statistical significance thresh-
olds/values, and, in most cases, the counts/number of data
points are reported in the figure legends, figures, and/or
materials and methods. All statistical analyses were performed
using Microsoft Excel software. Statistical significance was
calculated by Student’s t-test. Details about the software used
for analysis can also be found in the method section.

Human Studies: Ethics Statement. All experiments with
human samples were conducted under the protocol approved
by the Institutional Ethics Committee (IEC) of the
Chittaranjan National Cancer Institute (CNCI), vide certifi-
cate number CNCI-IEC-SG-2020-17, dated 18/06/2020.
Informed consent of all participating patients, along with the
signed agreement from patients or their next of kin, were
obtained before blood sampling (Consent form for 18 years
and above, Assent form for 12—18 years, Child Verbal &
Parental Consent form for 7—12 years and Parental Consent
form for below 7 years). Blood samples were collected before
initiation of any clinical treatment. Any ALL patient under-
going treatment was excluded from the study.

Animal Studies: Ethics Statement. All animal proce-
dures are in accordance with the Institutional Animal Ethics
Committee (IAEC) of the Chittaranjan National Institute
(CNCI), Kolkata, India, and approved by the Committee for
Control and Supervision of Experiments on Animals
(CCSEA), vide certificate no. IAEC-1.1/2024/AH-12, dated
March 13, 2024.
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