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ABSTRACT

The HER2/neu has shown a potential role in the choice of active chemotherapy for breast tumors because
of its prognostic relevance and putative role in predicting drug resistance. Moreover, suppressing DNA
replication has become an attractive strategy for treating cancer patients. In this attempt, the present
study aimed to prepare new series of bis-imidazolium-based saldach {H(Et),saldach ("Bu-Im"™-X"),} and
their cis-Pd(Il) complexes (saldach = N,N’-bis-(salicylidene)-R,R-1,2-diaminocyclohexane; X = Cl, PFg, BF4)
as anticancer agents. The in vitro cytotoxicity activity of new cis-Pd(Il) complexes against human breast
adenocarcinoma cell lines (MCF-7) revealed higher growth-inhibitory effect than the native ligands. They
induced a significant decrease for the protein HER2/neu expression with p <0.05 and tumor necrosis
factor (TNF-a) (p < 0.05), while the tumor suppressor protein P53 was expressed in a highly significant
upregulation p < 0.01. Moreover, complex 5a was the most potent active compound (IC50 = 8.5 + 0.2 uM)
in inhibition of cell proliferation. Additionally, in vitro studies of Pd(II) complex (5a) using UV—Vis
spectroscopy and binding affinity toward the calf thymus (CT) DNA) showed a combination of cova-

lent, intercalation, hydrogen bonding interactions through formation of (CT-DNA).

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Human epidermal receptor 2 (HER2) gene [1] overexpression is
deemed to be one of the proteins that often recognized in various
numbers of primary tumors and their contribution to the trans-
formation process to tumorigenesis [2]. Approximately, 27.5 + 2.5%
of patients with breast cancer overexpresses HER2 [3], leading to
restricted clinical outcome in patients [4] HER-2/neu-
—overexpression was demonstrated to boost proliferative, pro-
survival, and [5] metastatic signals within the breast cancer cells
[6] and carcinomas development [7]. It plays an important role in
the amendment of cellular response to cytotoxic tumor necrosis
factor (TNF) [8]. HER-2/neu—over-expressing and transfected cells
are resistant to the cytotoxic action of TNF [9].

The clinical difficulties of platinum (Pt)-based anticancer drugs
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[10] such as narrow-spectrum, intrinsic toxicity, and drug resis-
tance [11] have promoted scientists for expedition of another new
non-Pt metal-based anti-cancer compounds [12]. Although no non-
Pt metal anticancer agents has been recommended for today cancer
chemotherapy, extensive improvement has been carried out in the
improving of such drugs [13].

Moreover, a great effort has been devoted for exploring of new
Pd(II) complexes expressing significant wide range as anticancer
fighting agents against diverse cancer cell lines [14], and lower side
effects as compared with cisplatin [15], usually applied as a non-
platinum chemotherapeutic in tumor therapy [16]. As a remark-
able character of metal-based anti-cancer agents, Pd(II) complexes
exhibited lower kidney toxicity than cisplatin [13]. Two main dis-
tinctions between Pt and Pd complexes are desirable to be
mentioned; (i) Pd(II) complexes exhibited preferable solubility in
relation to Pt(Il) complexes, and (ii) the ligand-exchange and
aquation reactions for Pd(Il) complexes rates are ~10° times faster
than the Pt(Il) analogus [17]. Interestingly, a significant link has
been noticed between the anti-cancer action of the Pd(II) com-
plexes and their lipophilicity/solubility [18].
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Noteworthy, metallosalen and metallo Schiff bases are often
thought to be of the most studied classes of chemical nucleases
which can effectively interact with, deteriorate and cleave damage
nucleic acids [19] through the oxidative alkylation of DNA bases
[20]. Some recent studies revealed that Pd(II) Schiff bases com-
plexes can perform as anti-breast cancer agents via playing several
possible roles in cancer cell apoptosis such as fragmentation probes
for cleavage of CT-DNA [16,21], fluorescent probes for protein and/
or nuclear and components [22], DNA photo cleavage probes [23],
as an ribonucleotide reductase inhibitor inducing genetic material
damage [24] or as catalytic poisons of human topoisomerase Ila
[22]. Also, they exhibit a strong binding affinity with the trans-
porting proteins [25].

The amazing pharmacological aspects of 1,3-dialkylimidazolium
salts [26] make them interesting candidates for treatment in
chemotherapy owing to their capacity to provoke diverse biological
responses upon interaction with different biotargets.

Inspired by the previous facts and our ongoing interest in
exploring of new, vigorous, selective and safe chemotherapeutic
candidates [27] we reported in this study the synthesis and the
anti-cancer action of a unique series of Pd(II)-saldach complexes
anchored imidazolium motifs (Fig. 1), where saldach is N,N’-bis-
(salicylidene)-R,R-1,2-diaminocyclo-hexane, against cultured hu-
man breast cancer cells (MCF-7).

2. Experimental
2.1. Materials and methods

Details of instrumentation, chemical suppliers and reagents for
the in vitro experiments are given in the Electronic Supplementary
Information (ESIf).

2.2. Preparation of key starting materials (1—3)

The key  starting  materials, materials  (R,R)-1,2-
diaminocyclohexane (R,R-dach), 3-ethylsalicylaldehyde (1), 3-
ethyl-5-chloromethyl-2-hydroxybenzaldehyde (2) and 3-(3-
(ethyl)-5-formyl-4-hydroxybenzyl)-1-butyl- imidazolium chloride,
hexafluorophosphate and tetrafluoroborate, (Et)sal("Bu-Im*™-X")
(3a-c) were prepared following the procedures reported in ESI.

2.3. General method for preparation of R,R-{Hx(Et),saldach("Bu-
Im*-X"),} (4a-c)

An ethanolic solution of R,R-dach (0.23 g, 2.0 mmol/10 mL) was
prepared in a Schlenk tube and added with vigorous stirring to a
solution of imidazolium salt (Et)sal("Bu-Im™-X") (3a-c) (4.0 mmol/
20 mL EtOH) into a 100 mL Schlenk flask under N, atmosphere.
Then the mixture was refluxed with stirring under the same at-
mosphere for 3 h. Thereafter, the solvent was removed under
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reduced pressure to give a very viscous residue which was solidi-
fied by the addition of ethyl acetate (AcOEt) and keeping in the
refrigerator overnight to afford the desired products (4a-c). AcOEt
was decanted off, and the isolated crude products were purified by
washing with Et;0 (3 x 25 mL), under ultrasonic irradiation, fol-
lowed by MeOH/Et;0 mixture (1:2) to remove the unreacted ma-
terials. Then the residue was redissolved in a minimum amount of
EtOH and repreciptated gradually by addition of EtOAc through
(~15 min) to yield pure products which were gathered by filtration
and vacuum-dried overnight at 40 °C.

2.3.1. N,N'-Bis[3-ethyl-5-((1-"butylimidazol-3-ium)methylene)-
salicylidene)-R,R-1,2-cyclohexane diamine dichloride (4a)

Yellowish orange powder, (89%); mp 65—66°C. FT-IR (KBr,
cm™!): 3445 (m, br), 3058 (m, sh), 2919 (m, sh) 1629 (vs, sh, V(C=N)h
1538, 1460, 1383 (s, sh), 1276 (s, sh), 1159 (s, sh), 770 (m, sh), 645 (m,
sh). TH NMR (200 MHz, CDCl3) 6 (ppm): 10.61 (s, 2H), 8.21 (s, 2H),
7.92 (d,]J=2.01Hz, 2H), 7.64 (d,] = 1.98 Hz, 2H), 7.44 (d, ] = 1.59 Hz,
2H),7.22 (d, ] = 1.85 Hz, 2H), 5.64 (s, 4H), 4.26 (t, ] = 7.0 Hz, 4H), 3.34
(m, 2H), 2.72 (q, J= 7.5 Hz, 4H), 1.87 (m, 4H), 1.50 (m, 4H), 1.26 (t,
J=75Hz, 6H), 121 (m, 4H), 0.91 (t, J=7.3Hz, 3H). 3C NMR
(125 MHz, CDCl3) 6 (ppm): 164.65, 149.28, 136.27, 163.33, 125.80,
123.08, 122.91, 122.71, 119.93, 117.82, 56.66, 49.06, 39.41, 34.60,
31.61, 27.89, 25.24, 23.39, 22.80, 19.16, 13.62. ESI MS: m/z 687.4 and
326.1 ([(:40}‘155(:11\1602]Jr and [C40H55N502]2+, [M — Cli]+ and [M —
2C17]?, respectively). Anal. Calcd. for C40Hs56C1sNgO> (M = 723.82):
C, 66.37; H, 7.80; N, 11.61; Found: C, 65.71; H, 7.83; N, 11.49.

2.3.2. N,N'-Bis[3-ethyl-5-((1-"butylimidazol-3-ium)methylene)-
salicylidene)-R,R-1,2-cyclohex- anediamine bis-
(hexafluorophosphate) (4b)

Yellow powder, (86%); mp 93—94 °C. FT-IR (KBr, cm™~'): 3436 (m,
br), 3150 (m, sh), 2938 (m, sh), 1626 (vs, sh), 1539, 1466, 1389 (s, sh),
1273 (s, sh), 1160 (s, sh), 838 (vs, sh), 774 (m, sh), 676 (m, sh), 557 (s,
sh). TH NMR (200 MHz, DMSO-dg) 6 (ppm): 9.20 (s, 2H), 8.52 (s, 2H),
7.65 (d, ] = 2.07 Hz, 2H), 7.61 (d, ] = 1.99 Hz, 2H), 7.33 (s, 2H), 7.21 (s,
2H), 5.79 (s, 4H), 4.18 (t, J=6.9Hz, 4H), 3.38 (m, 2H), 2.74 (q,
J=73Hz, 4H),1.81 (m, 4H), 1.56 (m, 4H), 1.27 (t, ] = 7.3 Hz, 6H), 1.22
(M, 4H), 0.87 (t, J=7.4Hz, 3H). 3C NMR (125 MHz, DMSO-dg)
0 (ppm): 164.88, 151.32, 136.21, 133.13, 132.40, 125.02, 123.06,
122.69, 118.73, 117.62, 71.66, 65.28, 49.02, 36.13, 32.97, 31.61, 31.04,
24.05, 1916, 16.53, 12.61. 3P NMR (202MHz, DMSO-d):
—142.96 ppm (septet, ZJpp=71123Hz). °F NMR (470 MHz,
DMSO-dg): —70.59 ppm (doublet, 'Jgp=715.68 Hz). HR-ESI-MS:
797.4176 and 326.1896 ([C4(j|HsGFstOzP]+ and [C40H56N602]2+,
[M— PFg]™ and [M— 2PFg]*", respectively). Anal. Calcd. for
C40H55F12N502P2 (M = 942.84): C, 50.96; H, 5.99; N, 8.91; Found: C,
50.72; H, 6.03; N, 8.85.

4b, 5b
4c, 5¢

Fig. 1. Saldach-bis-imidazolium salts R,R-{Hy(Et),saldach("Bu-Im*-X"),}and Pd(Il) complexes [Pd(I){(Et),saldach("Bu-Im*-X"),}] used in our work.
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2.3.3. N,N'-Bis[3-ethyl-5-((1-"butylimidazol-3-ium)methylene)-
salicylidene)-R,R-1,2-cyclohex- anediamine bis-(tetrafluoroborate)
(4c)

Faint yellow powder, (87%); mp 77—78°C. FI-IR (KBr, cm™!):
3426 (m, br, yo-n)), 3098 (m, sh), 2936 (m, sh), 1623 (vs, sh), 1538,
1463,1389 (s, sh), 1281 (s, sh), 1158 (s, sh), 1060 (vs, sh), 865 (m, sh),
771 (m, sh). "H NMR (200 MHz, DMSO-dg) 6 (ppm): 9.22 (s, 2H), 8.43
(s, 2H), 7.81 (d, J=2.05Hz, 2H), 7.73 (d, J=2.05Hz), 7.37 (d,
J=186Hz, 2H), 7.25 (d, J=2.01Hz, 2H), 5.82 (s, 4H), 4.20 (t,
J=71Hz, 4H), 3.41 (m, 2H), 2.73 (q, J= 7.3 Hz, 4H), 1.79 (m, 4H),
1.52 (m, 4H), 1.28 (t, J = 7.2 Hz, 6H), 1.19 (m, 4H), 0.87 (t, ] = 6.0 Hz,
3H). 3C NMR (125 MHz, DMSO-dg) 6 (ppm): 165.58, 151.03, 138.85,
138.02, 133.35, 129.94, 129.52, 123.91, 122.88, 71.24, 55.89, 48.52,
34.31, 30.87, 29.76, 28.41, 25.94, 23.68, 22.34, 13.86. '°F NMR
(470 MHz, DMSO-dg): 148.72 ppm (singlet). ESI-MS: 739.4 and
326.0 ([C4oHs6BF4NgO2]* and [CaoHseNgO2]%*, [M — BFz]™ and
[M—2 BFs]**, respectively). Anal. Calcd. for CsoHseB2FgNgO;
(M =826.52): C, 58.13; H, 6.83; N, 10.17; Found: C, 57.99; H, 6.86; N,
10.05.

2.4. Preparation of {Pd(Il)(Et)ssaldach(™Bu-Im™-X"),} complexes
(5a-c)

A solution of palladium(II) chloride (0.126 g, 1 mmol/5 mL EtOH)
was added dropwise to an ethanolic solution (10 mL) containing
the free ligand (4a-c) (1 mmol) and 1 mL of conc HCl. Thereafter, the
reaction mixture was refluxed under constant stiring for 6 h. Then
the solvent was evaporated under vacuum to leave an oily residue,
which was solidified by addtion of petroleum ether (40—60) and
keeping overnight in a refrigerator. The isolated products were
filtered off and washed with ice-cold mixed-solvent of MeOH/Et,0
(1:2)(3 x3mlL) to yield Pd(Il) saldach complexes (5a—c).

2.4.1. RR-[[2,2-][(1,2-cyclohexanediyl)-bis(nitrilomethylidyne)]-
bis[4-((1-"butylimidaz- olium)-methylene-6-(ethyl-phenolato)]-
[N,N',0,0'] palladium(II) dichloride (5a)

Dark yellow powder (68%). FT-IR (KBr, cm~!): 1633 (vs, sh), 1267
(s, sh), 615 (m, sh), 496 (w, br). 'H NMR (200 MHz, CDCl3) 6 (ppm):
8.37(s,2H), 7.75 (d, ] = 2.00 Hz, 2H), 7.71 (d, ] = 1.99 Hz, 2H), 7.39 (d,
J=163Hz, 2H), 7.24 (d, J=1.85Hz, 2H), 5.83 (s, 4H), 4.18 (t,
J=7.0Hz, 4H), 3.35 (m, 2H), 2.72 (q, J = 7.3 Hz, 4H), 1.77 (m, 4H),
150 (m, 4H), 1.26 (t, J = 7.5 Hz, 6H), 1.19 (m, 4H), 0.91 (t, J = 7.1 Hz,
3H). ESI MS: mjz 792.6 and 378.3 ([C4oH54CINgO-Pd]* and
[CaoH54NgO2Pd]?t, [M— CI7]J* and [M— 2CI7]?*, respectively).
Anal. Calcd. for C49H54CI;NgO2Pd (M = 828.22): C, 58.01; H, 6.57; N,
10.15; Found: C, 57.96; H, 6.63; N, 10.09.

2.4.2. RR-[[2,2"-][(1,2-cyclohexanediyl)-bis(nitrilomethylidyne)]-
bis[4-((1-nbutylimidaz-olium)-methylene-6-(ethyl-phenolato)]-
[N,N',0,0'] palladium(II) bis-(hexafluoro-phosphate) (5b)

Faint brown powder (67%). FT-IR (KBr, cm ™~ 1): 1633 (vs, sh), 1266
(s, sh), 840 (vs, sh), 612 (m, sh), 559 (m, sh), 492 (w, br). 'H NMR
(200 MHz, DMSO-dg) 6 (ppm): 8.36 (s, 2H), 7.64 (d, J = 2.03 Hz, 2H),
7.59 (d, J = 2.00 Hz, 2H), 7.36 (s, 2H), 7.23 (d, ] = 1.86 Hz, 2H), 5.28 (s,
4H), 4.18 (t, ] = 7.0 Hz, 4H), 3.37 (m, 2H), 2.73 (q, ] = 7.1 Hz, 4H), 1.80
(m, 4H), 1.53 (m, 4H), 1.28 (t, J = 7.4 Hz, 6H), 1.18 (m, 4H), 0.89 (t,
J=70Hz, 3H). 3'P NMR (202 MHz, DMSO-dg): —142.96 ppm
(septet, 2Jpr=71123Hz). F NMR (470MHz, DMSO-dg):
—70.59 ppm (doublet, Jgp = 715.68 Hz). ESI MS: m/z901.4 and 378.1
([C40]‘[54F41\1602PPCI]Jr and [C40H54N602Pd]2+, [M — PFE]Jr and [M —
2PFg ]2+, respectively). Anal. Calcd. for CgoHs4F12NgO2P2Pd
(M =1047.24): C, 45.88; H, 5.20; N, 8.02; Found: C, 45.63; H, 5.22;
N, 7.98.

2.4.3. RR-[[2,2"-][(1,2-cyclohexanediyl)-bis(nitrilomethylidyne)]-
bis[4-((1-nbutylimidaz-olium)-methylene-6-(ethyl-phenolato)]-
[N,N',0,0'] palladium(II) bis-(tetrafluoro-borate) (5c)

Reddish-brown powder (62%). FT-IR (KBr, cm~'): 1634 (vs, sh,
v(c=n)), 1267 (s, sh), 1058 (vs, sh), 615(m, sh), 493 (w, br). 'H NMR
(200 MHz, DMSO-dg) 6 (ppm): 8.35 (s, 2H), 7.80 (d, ] = 2.01 Hz, 2H),
7.74 (d, J=2.01Hz), 7.36 (d, J=1.89 Hz, 2H), 7.26 (d, J=2.00 Hz,
2H), 5.83 (s, 4H), 4.21 (t, J=7.0Hz, 4H), 3.42 (m, 2H), 2.73 (q,
J=7.1Hz, 4H),1.81 (m, 4H), 1.53 (m, 4H), 1.27 (t, ] = 7.1 Hz, 6H), 1.16
(m, 4H), 0.87 (t, J=6.3Hz, 3H). 'F NMR (470 MHz, DMSO-dg):
148.72 ppm (singlet). ESI-MS: 844.1 and 3781
([C40H54BF4N502PC1]+ and [C40H54N602Pd]2+, [M — BFZ]+ and
[M -2 BFz ]2+, respectively). Anal. Calcd. for C4oHs54B2FgNgO2Pd
(M=930.92): C, 51.61; 5.85; N, 9.03; Found: C, 51.47; H, 5.91; N,
8.94.

2.5. Stability of complexes under physiological conditions

The stability of Pd(II) complexes was investigated by recording
UV—Vis spectroscopy for a solution (1 x 107> M) of complex in a
DMSO/phosphate buffer of pH 7.4 in time intervals (t =0 h, 1 week,
2 weeks) at 25 °C. Buffer solution was prepared by adding 70 mL
0.1 M aqueous NaOH solution to 0.1 M aqueous KH,POg4 solution.
The pH of the obtained DMSO:PBS buffer was checked with the
HANA instrument 8519 digital pH-meter.

2.6. In vitro anticancer (cytotoxicity)

2.6.1. Cell cultures

Human tumor cell lines MCF-7 (breast adenocarcinoma) have
been acquired from the VACSERA Tissue Culture Unit, and cultured
using RPMI-1640 media with and 10% FBS, 1% L-glutamine, HEPES
buffer with the addition of 50 ug/mL gentamycin. Cells have been
sustained at 37 °C in 5% CO,. Toxicity has been measured according
to the activity of cell morphology and cell viability. Control cells
were treated with 0.5% DMSO.

2.6.2. Cytotoxic effect assay

Cytotoxicity effects of R,R-{H(Et),saldach("Bu-Im™-X"),} (4a-c)
and their Pd(II) complexes [PA(I1){(Et),saldach("Bu-Im*-X"),}] (5a-
c) were assessed by the in-vitro cytotoxicity assay according to the
adopted methods instruction of the Regional Center for Mycology &
Biotechnology, Egypt. In brief, 1 x 10* cells per well in 100 uL of
growth medium were seeded in 96-well plates. Moreover, serial
dilutions of the compounds have been added to the confluent cell
mono layers plates (Falcon, NJ, USA) using a multichannel pipette;
followed by incubation at 37 °C using humid 5% CO, incubator for
48 h plate wells have been divided into three wells for each sample
concentration and control cells have been incubated with and
without DMSO. Different sample concentrations were used as fol-
lows; 50, 25, 12.5, 6.25, 3.125, 1.56 ug for 24 h and continued in-
cubation for time for 48 h. Finally, the viable cells yield was
determined by a colorimetric method followed by the addition of
crystal violet solution (1%) to each well for at least 30 min. The
crystal violet stain excess has been detached using running water
followed by addition of glacial acetic acid (30%) to all wells and
mixed thoroughly by gently shaking to measure their absorbance
using Micro plate reader (TECAN, Inc.) at wavelength of 490 nm.
Additionally, the cytotoxic effects of the used compounds have
been measured through comparison of the treated samples with
the control cell [28].

2.7. DNA-binding study

The DNA-binding studies for the free ligand (4a) and its Pd(II)
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complex have been carried out in a 10 mM Tris buffer/50 mM NaCl
at pH 7.2. A stock solution of 4a/5a (1 mM) was prepared in a milli-Q
water containing DMSO ([DMSO] not more than 0.1% v/v). Constant
concentrations of 4a/5a (6 x 107> M/1 x 10~4#M) with different
DNA concentrations varying from 0 to 5 mM have been used for the
UV—Vis absorption titration in the rang of 200—600 nm.

The CT-DNA viscosity studies have been carried out carried out
using a semimicro-viscometer held at 27 °C in a thermostatic water
bath according to the earlier reported work [29].

2.8. Western blot analysis

The total protein has been extracted from the cultivated cells or
frozen cancer tissue in an ice-cold lysis buffer pH 7.5 (50 mmol
Tris—HCI, 150 mmol NaCl, 5 mmol EDTA, 1% Nonidet P-40 per litter)
containing a protease inhibitor cocktail (SIGMAFAST™). 20 ug pro-
tein was gathered by a 12% SDS-PAGE and then transferred to a
polyvinylidene difluoride (PVDF) membrane. After treatment with
5% nonfat milk in a PBS—Tween-20 (0.05%) (as a blocking solution)
overnight at 4 °C, the membrane was then probed with the primary
antibody specific to Hert2/neu (ErbB2/Her2 rabbit polyclonal) and
B-actin (Novus Biologicals), followed by the HRP-conjugated sec-
ondary antibody. The enhanced chemiluminescence (ECL) from
LUMIGEN Science has been used to visualize the antibody inter-
action. Bands were quantified by a calibrated imaging densitometer
and analyzed by “Quantity One” software (Bio-Rad).

2.9. The enzyme-linked immunosorbent assay (ELISA)

ELISA analysis has been used to estimate the TNF-a and P53
expression levels in MCF-7 (breast adenocarcinoma) cell lines in
48-well plates. Phosphate buffered solution pH = 7.6 and 250 pL of
serum-free DMEM have been used to rinse cultured cells. Con-
centrations of TNF-a has been calculated using TNF-a kit and P53
(ThermoFisher Scientific) according to the manufacturer's in-
structions. The induced cytotoxicity was calculated by using the
following equation:

oD
Cell death rate (%) = (1 - ﬂ)x 100%

0 control

where the optical density (OD) values for the sample and cotrorl
have been measured at a test wavelength of 570 nm, and a refer-
ence wavelength of 655 nm. ODsample = ODsample(570nm) — ODsam-
ple(655nm), and ODcontrol = ODcontrol(570nm) — ODcontrol(655nm)-

2.10. Statistical analyses

The data and mathematical calculation for the area under cell
viability curves along with the group comparison was carried out
by independent student's t-test using SPSS v17. P value of <0.05
was considered as the significant value.

3. Results and discussion
3.1. Synthesis protocol

The free bis-imidazolium salts bearing saldach scaffold (sal-
dach =N, N'-bis-(salicylidene -R,R-1,2-diaminocyclohexane) have
been prepared by the interaction of ethylsalicylaldehyde-
butylimidazolium salts (3a-c) with RR-1,2-diaminocyclohexane
(R,R-dach) (Scheme 1) in a 2 : 1 M ratio an ethanolic solution un-
der inert atmosphere using Schlenck technique. Intially,
ethylsalicylaldehyde-butylimidazolium salts (3a-c) have been
synthesized using 3-ethylsalicylaldehyde as a starting material

based on multiple consecutive chemical strategies (ortho-for-
mylation, chloromethylation, quarternization and anion metath-
esis) following a modified reported method [52]. Then, Schiff-base
condensation of ethylsalicylaldehyde-butylimidazolium salts (3a-c)
with (R,R-dach) offered the desired ligands (4a-c) which used as
chelating agents for Pd(II) ions to prepare Pd(II) saldach complexes
(5a-c).

The free ligands and their Pd(II) complexes were obtained in
high yields. They were structurally characterized based upon
microanalytical and spectral analysis, FTIR, UV—Vis, NMR ('H, 1C,
19, 31p) as well as ESI-MS.

3.2. Microanalytical data and mass spectrometry

The free saldach ligands and their complexes were given satis-
factorily elemental analyses, which are in full agreement with the
proposed structural formulas for them (see the Experimental
section).

The positive mode electron spray ionization (ESI) mass spectra
of 4a-b and Pd(II) complexes (5a-b) show dominant peaks for the
singly and doubly charged cations as a result from the consecutive
departure of anionic species (ClI-, PFg and BFz) from the parent
molecules.

3.3. Saldach ligands-Pd(ll) ions binding profile and stability of
complexes

The selected infrared spectral features of new ligands
{Hp(Et);saldach("Bulm*X™),} and their Pd(Il) complexes
{Pd(Et)zsaldach("Bulm*X~),} demonstrate a successful formation
of saldach ligands and their chelation to Pd(II) ions as revealed from
the IR signatures along with their tentative assignments. Where the
main IR spectral marker peaks noticed in the spectra of parent li-
gands at the regions of 3426—3445, 1626 +3 and 1277 +4cm™!
assignable for the vibration of phenolic OH, azomethinic C=N and
aryl-0 groups, respectively, characteristic for the saldach structural
motif. These stretches were either missed and/or fluctuated in
spectra of Pd(II) complexes and consequently could be used as the
informative spectral Pd(II)-saldach binding markers. For example,
the losing of phenolic OH band along with a fluctuation of the in-
tensity as well as negative energy-shift (Av=— (11 +3) cm™!) of
aryl-O stretch (see Fig. 2) are indicative of the deprotonation
phenolic OH group and ligation of the phenolate oxygen to Pd(II)
ion. Furthermore, the characteristic azomethinic (H-C=N) stretch
for the free saldach ligands is red-shifted by 5-10cm~, in the
spectra of complexes providing and evidence for the binding of the
azomethinic nitrogen to Pd(II) ion.

Notably, Pd(Il) complexes exhibit high stability under physio-
logical conditions as evidenced by UV—Vis spectroscopy obtained
for a 103 M solution of {Pd(Et);saldach("Bu-Im*-BFz);} (5b) in
DMSO:PBS buffer (pH = 7.4), which did not reveal any significant
change the spectrum of 5b solution (Fig. S1, ESIt), as an indication
for non-decomposition, of the complex with measurements over
2 weeks at room temperature.

3.4. Tautomeric scenario and H-bonding map in ligands analyzed
by NMR

The relative populations of bis-imdazolium-saldach ligands (4a-
c) tautomers in their deuterated solution could be easily estimated
using NMR spectra. For example, {Hy(Et);saldach("Bulm™ Cl™),}
(4a) has a very crowded 'H NMR spectrum with strong coupling
profile. This due to the co-existence of two set of proton signals
assignable to the presence of a pair of tautomers in its deuterated
solution with various populations. Meanwhile, the main
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Scheme 1. Synthesis protocol for ethylsalicylaldehyde-butylimidazolium salts (3a-c), Hy(Et),saldach(IL), ligands (4a-c) and Pd(II) complexes (5a-b).
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Fig. 2. Picked IR region (1700-1200cm™") for an illustration of the fluctuation of
azomethine and phenolate stretches in the spectra of R,R-{Ha(Et);saldach("Bu-Im*-
Cl7),} (4a) and R,R-{H,(Et),saldach("Bu-Im*-PFg),} (4b) due to chelation with Pd(II)
ions in {Pd(I)(Et),saldach("Bu-Im*-Cl~),} (5a) and {Pd(II)(Et),saldach("Bu-Im"-PFg),}
(5b).

contribution of bis-(enol-imine) tautomer (see Scheme 2) could be
confirmed from the notice of two singlets at § 10.61 and 8.21 ppm
(Fig. 3, left) characteristic for phenolic O-H and azomethinic pro-
tons, respectively, typical for bis-(enol-imine) tautomer. On the

other hand, the minor contribution of enol-imine/phenolate-
iminium tautomer could be detected from the observation of
singlet at 10.50 ppm and a singlet/doublet set (8.42/8.39 ppm)
characteristic for phenolic O-H and azomethinic (H-C=N-)/imi-
nium (H-C=NH"-) protons, respectively, for the typical enolimine/
phenolate-iminium tautomer. Thus, from 'H NMR spectrum of 4a
we could highlight that, its central backbone is in the major enol-
imine style with few contribution of the enol-imine/phenolate-
iminium form (Scheme 2).

Contrary, examination of the "H NMR spectra of (4b,c) (see Fig. 3,
left) revealed the following features; singlet peaks at ~9.20 (2H)
and 8.43 (2H) ppm which are recognized as Ar-OH and azomethine
(H-C=N) protons indicating that, their central saldach backbones
are mainly in the neutral bis-(enol-imine) style.

At first glance for examination of 'H NMR spectra of Pd(II)
complexes it was noticed that a missing of phenolic proton peak
along with an upfield shifting of the azomethinic proton signal (A
0= 0pd(11) complex — Ofree ligand = ~0.05 ppm) (cfFig. 3, right) which is
consistent with the deprotonation of phenolic-OH to form pheno-
late group coupled with the sharing of the phenolate oxygen and
azomethinic nitrogen, as well, in chelation to the Pd(II) ions.

3.5. Pharmacology

The primary goal of our work is to find out a safe and cytotoxic
Pd(II) saldach complexes used in mitigation of the inflammatory
cytokine and proto-oncogene protein specific for the breast cancer
tumors such as TNF alpha and Her2/neu. The secondary goal of this
worKk is to evaluate the in vitro induced immune responses through
apoptotic mechanisms of P53. The novel prepared complex
revealed their ability to augment cell killing mechanisms of breast
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Fig. 3. Picked 'H NMR segment (8.7—11.0 ppm), for comparison of the azomethine and phenolic protons resonance and their splitting profile in (left) the parent saldach ligands

(4a,b) and (right) their Pd(Il) complexes (5a,b).

cancer targeting downregulation of HER2/neu-specific manner and
reduction of the inflammatory triggering mechanisms.

3.5.1. In vitro cytotoxicity

The new saldach ligands and their cis-Pd(Il) complexes have
been assessed for their in vitro cytotoxicity in comparison with
Doxorubicin (Cp7H29NO1;, 543.52 g/mol), against human breast
carcinoma (MCF-7) cell lines. The MCF-7 cells viability measure-
ment (Fig. 4) demonstrated that all compounds have the ability to
inhibit the growth of MCF-7 cells or inducing their death in a
different activities profile. For instance, the cis-Pd(Il) complexes
(IC5¢p values=0.010+0.0001 to 0.035+0.0003 uM) have the
stronger growth-inhibitory effect than the native saldach ligands
(IC50 values = 0.027 + 0.0003 to > 0.054 uM). The overall activity is
following an efficacy-pattern of 5a > 5¢>4a > 5b > 4c > 4b.

Based on these data, the specific molecular structure and the
nature of the counter anion may play critical roles in the cytotoxicity
effect of these compounds. Meanwhile, Pd(Il) complex (5a) anchored
bis-(imidazolium) chloride (5a) (ICsp= 0.010 +0.0001 uM) is the
most effective in induction of MCF-7 cells death in comparison to the
corresponding tetrafluoroborate (5c) or hexafluorophosphate (5b)

analogues (IC59 = 0.025 + 0.0003, 0.035 + 0.0003 pM, respectively).

Interestingly, earlier studies regarding the mode of cytotoxic
action of IL suggest that imidazolium ILs may induce oxidative
stress, DNA deterioration, mitochondrial failure, and apoptosis in
both malignant and normal cells [30,31]. Meanwhile, lipophilicity,
cation-anion interactions, sensitivity to hydrolytic cleavage and
bioavailability may act as the key structural features resulting in the
anion-dependent cytotoxicity. Where the earlier theoretical study
on imidazolium ILs revealed that small inorganic anions such as
chloride ([Cl]7) and tetrafluoroborate ([BF4]”) anions could be
strongly interacted with water molecules than the bulky hydro-
phobic anion hexafluorophosphate ([PFs]~) [32]. Accordingly, the
chloride and tetrafluoroborate salts can form direct stable ion pairs
in aqueous media resulting in an enhanced bioavailability of thier
corresponding ionic liquids, amplifying membrane interactions and
inducing stronger cytotoxic effect.

Moreover, the hydrophobic substituent, ethyl group, at the
ortho-position of the phenolic moieties and butyl at N-1 of imi-
dazolium compartments have greatly enhanced the lipophilicity of
the molecule and the cytotoxicity effect [33].

Additionally, the higher cytotoxicity of Pd(Il) complexes as
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Fig. 4. Concentration-cytotoxic effects correlation and ICso (M) for the free ligand and their cis-Pd(Il) complexes against the human MCF-7 cells.

compared to the native ligands could be ascribed to the square
planar geometry of the cis-Pd(II) complexes which enable them to
easily interact with the secondary structure of DNA nucleotides
preventing DNA replication [34]. Our results were in agreement
with Quiroga et al. who reported that the antitumor action of Pd(II)
complexes is through their activity in suppression of ribonucleotide
reductase inducing genetic material damage [24a].

3.5.2. DNA-binding studies

3.5.2.1. UV—vis stdiues. The interaction of CT-DNA with the most
potent anticancer agent {Pd(Et),saldach("Bu-Im*-Cl™),} (5a) and
its parent ligand {H,(Et);saldach("Bu-Im*-Cl™),} (4a) were exam-
ined using spectrophotometric titration technique. The w—m*
transition of the free ligand centered at 289 nm has been used for
its spectrophotometric titration with CT-DNA under the physio-
logical parameters (Fig. 5, left). As shown in Fig. 5 (left) a gradual
increase in the concentrations of CT-DNA causing a significant hy-
pochromic shift (Hyp% = 58%) along with a blue-shift of 5 nm in the
T —T* transition. This w— 7* transition peak fluctuation confirms
the binding of the parent ligand (4a) to CT-DNA. Although the UV
spectroscopic titration cannot determine the exact Ligand/CT-DNA

binding mode, nevertheless, the hypochromism of w—w*
37 3
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transition peak may offer an evidence of partial insertion of the
imidazolium rings into the ds-DNA and binding to the double-
stranded DNA (ds-DNA) via a groove mode style [35].
Interestingly, the intrinsic binding constant, Kb, for ligand 4a
and complex 5a with CT-DNA could be calculated from Eq (1) [36];

[DNA] [DNA] 1
= (1)
(sa — Sf) <€b — Sf) " Ky (sb — Ef)

where, ¢4, ¢p, and erare the extinction coefficients for the apparent,
bound and free 4a or 5a at 289 and 291 nm, respectively. Mean-
while, ef was calculated from the calibration curve for 4a and 5a,
separately, in their aqueous solution, following Beer's law. On the
other hand, the apparent extinction coefficient, ¢,, was recognized
as the observed absorbance (Agps)/concentration ratio (i.e Agps/[4a
or 5a]). The slope of a plot of [DNA]/(q — £f) vs. [DNA] assigned as a
1/(ep — ) while a y-intercept is 1/Kn(ep — &f). So, Kp, is the ratio
slope/y-intercept (inset in Fig. 5). The calculated K}, values for 4a
and 5a were found to be (1.3+0.07) x 10°M~! and (3.6 + 1.1) x
10° M~ respectively. These calculated K;, values for 4a and 5a
suggest that 5a has significantly interacted with CT-DNA more than
its native ligand, 4a.
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Fig. 5. UV spectroscopic titration of {H,(Et),saldach("Bu-Im™-X"),} (4a) (6 x 107> M) (left) and its Pd(II) complex, {Pd(Et),saldach("Bu-Im*-X"),} (5a), (1 x 10~# M) (right) with CT-
DNA ((left) [DNA] = 0—5 mM (right) [DNA] = 0—28 mM. The arrows show peak intensity fluctuation with increasing [CT-DNA]. Inset: A plot of [DNA]/(¢, — ¢f) versus [DNA].
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Fig. 6. Effect of free ligands (4a-c) or Pd(II) complexes (5a-c) on the viscosity of CT-
DNA solution (1/R = [Compound]/[CT-DNA]).

3.5.2.2. Viscosity studies. The significant correlation between the
relative viscosity (n/n°) of DNA and the changes in length of DNA
helix make the viscosity offers a clear insight about the extent and
mode of interaction of DNA with different molecules. Where the
intercalative interaction betweenthe stacked DNA's double helix
and any foreign molecule results in increaining the gap between
DNA base pairs and lengthening of the helix, as a result, the relative
viscosity increases [28]. As noticed in Fig. 6, the relative viscosities
of CT-DNA solution was increased by adding increasing amounts of
free ligands (4a-c) or Pd(II) complexes (5a-c), with notable
increasing for complexes more than free ligands. The results
revealed that our new compound are bound to CT-DNA via the
intercalation mode. Notworthy, The ability of the compounds to
lengthen the DNA's double helix and cosesequently increases the
viscosity of CT-DNA solution are in the order of: 5a > 5c¢>4a >
5b > 4c > 4b.

Barton et al. [37], concluded that the main features of the sub-
strate including molecular size, geometry, hydrophilicity/hydro-
phobicity, and hydrogen-bonding capacity play crucial roles in
interaction with DNA. The ds-DNA has many terminal H-bonding
acceptor/donor (HBA/HBD) sites belonged to the DNA nucleobases,
it is quite possible that the HBA sites (N and O atoms of the azo-
methine, imidazolium, and phenolic groups) and HBD sites (H and
C2-H atoms of the phenolic and imidazolium) (Fig. 7) of the free
ligand (4a) could share in intermolecular H-bonding with the DNA
nucleobases [38]. On the other hand, upon incremental additions of
CT-DNA to the Pd(Il) complex (5a), the intra-ligand electronic
transition band for 5a centered at Amax ~290 nm underwent a
hypochromism up to 72% coupled with a blue-shift of 5 nm (Fig. 7,

fﬁJ N7 N
B O cl N\ b

\ H HO
d OH Et H \
\ \|\f "Bu
Et
<» = HBA site
= HBD site

right) supporting the binding activity of the complex 5a to CT-DNA
[39].

Moreover, the binding activity could be explained on the basis of
the following aspects; (i) The presence of small hydrophilic anions
[CI]™ which can easily departed from the Pd(Il) complex allowing
the double-charged cation, [Pd(Et);saldach("Bu-Im™),]**, to
interact with the anionic phosphate backbone of CT-DNA electro-
statically [40]. (ii) H-bonding association between the diverse HBA/
HBD sites belonged to the complex and CT-DNA nucleobases. (iii)
The cis-configuration of the Pd(Il) complex enhances the -7
stacking and hydrophobic interactions between the aromatic
fragments of complex-DNA nucleobases.

Interestingly, it was found that treatment of MCF-7 cells with
cis-Pd(Il) saldach complexes was significantly down-regulated the
Her2/neu expression more than the free ligand and Doxorubicin
with a P value of <0.05 as shown in Fig. 8. Meanwhile, the TNF
displayed a high significant decrease and the apoptotic marker p53
showed significant up-regulation of in their expression in MCF-7
with P <0.01 as shown in Fig. 8b.

Thus, the prepared complexes have triggered a down-regulation
of TNF-o. and considered as anti-TNF-a suppressing cell prolifera-
tion along with the inhibition of the Her2/neu and up-regulation of
P53. Moreover, the current results were in contrast to some reports
in the literature which had interpreted that inhibition of TNF-a has
no influence on tumor cell growth, in vitro [41].

Evantaully, we could propse that the mode of antitumor action
of cis-PdlIl) saldach complexes maybe through the modulation of
the cytokine-dependent communication betweenthe tumor cells in
its microenvironment. Furthermore, an important implication of
these findings may be due to the significant growth inhibitory as a
result of the ease of departure of small hydrophilic anions, [CI],
from the{Pd(Et);saldach("Bu-Im™-Cl™);} (5a) allowing the free
[Pd(Et),saldach("Bu-Im*),]** cation to freely interact with the
phosphate groups of DNA backbone through an electrostatic asso-
ciation and induced DNA damage. Whereas a more hydrophobic,
bulkier anion ([PFg]~) may form an isolated film at the lipid/water
boundary and diminish the bioavailability bis-imidazolium-saldach
cation to a great extent. Additionally, Kacar et al. [42] reported that
Pd(II) complexes can induce DNA double-stranded breaks. So, cis-
Pd(II) saldach complexes considered as one of the most promising
chemotherapeutic agents. Moreover, several lines of evidences
have supported the effective role of HER2/neu overexpression in
triggering the tumor pathogenesis and insufficient clinical course
of treatment for human tumors. Furthermore, mice erbB2 (neu)
overexpressed in transgenic mice accompanied with induced
mammary tumors and enhancing tumorgenicity [43].

4. Conclusion

The present study had introduced an addition in the chemo-
therapy and preventive activity of some novel inhibitory

= Electrostatic interaction site

Fig. 7. All possible HBA sites (N and O atoms of the azomethine, imidazolium, and phenolic groups), HBD sites (H and C2-H atoms of the phenolic and imidazolium) and electrostatic
interaction sites belonged to the {H,(Et),saldach("Bu-Im*-X"),} (4a) and {Pd(Et),saldach("Bu-Im*-X"),} (5a) could share in binding to CT-DNA.
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Fig. 8. Effect of ligand (4a) and saldsh complex (5a) against the reference drug DOx on the expression of Her2/neu a); b) quantitative estimation of the TNF-alpha signaling, P53, and
densitometric expression of Her2/neu through the immunoblotting analysis in MCF-7 cell lines.

compounds for the differentiation and proliferation of the breast
cancer cell. Based on the present research results, cis-palladium(II)
complexes have been very successful in the inhibition of one of the
proto-oncogenes HER2/neu related to the breast cancer prolifera-
tion parallel with the inflammatory mechanisms of TNFa and
enhancing the apoptotic activity of P53. Additionally, the complex
saldach palladium(Il) and the counter anions have a specific mo-
lecular structure that may play critical roles in alleviation the
cytotoxicity effect of these compounds. So, the newly saldach li-
gands and their cis-Pd(II) complexes have various inhibitory actions
on breast cancer cells and considered as novel anticancer
compounds.

On the basis of the promising findings presented in this paper,
our future work will use the saldach complexes on different tumor
cell lines and investigating their role on mitochondrial dynamic
proteins activity and tumor progression.
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