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Design and biological evaluation
of novel water-soluble complexes
based on thiosemicarbazone as
prospective anticancer agents

Sima Feizpour!, Seyed Abolfazl Hosseini-Yazdi**, Behzad Baradaran?, Farhad Eslami’ &
Elham Safarzadeh®>**

The widespread success of platinum-based drugs in the clinical treatment of different neoplasia has
led the inorganic metal complexes to be at the forefront of the fight against cancer. In this context,
thiosemicarbazones and their metal derivatives serve as promising starting points for developing
anticancer agents. In current study, the new fluorescent thiosemicarbazone ligand L and its complexes
with some non-toxic first row transition metals such as Mn(ll), Fe(lll), Ni(ll), Cu(ll), and Zn(ll) metal ions
were attained as LM, LFe, LNi, L, and LZ" complexes. The molecular structures of the compounds were
proved by chemico-physico techniques. The anti-proliferative activity of these compounds has been
evaluated on human liposarcoma (SW-872) and human breast adenocarcinoma (MCF-7) using the MTT
assay. The morphology of cell death and cell cycle studied in SW-872 cancerous cells was performed
via flow cytometry. Eventually, imaging of treated cancerous cells with LM" and LZ" complexes was
performed by fluorescence microscopy. Compounds were designed in order to achieve a hydrophilic/
lipophilic balance and synthesized through a condensation reaction. All compounds revealed high
solubility in water and remained stable for more than 72 h in water as a neutral biological solvent. LM"
and LZ" complexes manifested good activity on SW-872 cancerous cells after 48 h exposure time ( IC,,:
134.8+2.82 pg/mL and IC,: 144.6 £2.07 pug/mL, respectively). The morphology of cell death in SW-872
cancerous cells treated with the LZ" complex showed an apoptosis type cell death. Additionally, cell
cycle studies declared the cell cycle arrest in the S phase for LZ". In conclusion, the development of
water-soluble thiosemicarbazone complexes with intrinsic fluorescent properties promises to facilitate
the detection of these compounds in living cells, aiding the investigation of their wide-ranging
biological activities.
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Thiosemicarbazones are an influential family of Schiff bases that have been considered for their ability to form
complexes having pharmacological, biological, and analytical applications!-®. Over the past few years, many
thiosemicarbazones containing a variety of functional groups have been extensively studied to invent novel
drug candidates’. The thiosemicarbazide moiety is a therapeutic key of a lot of anticancer thiosemicarbazone
agents®. One of the most widely used thiosemicarbazone derivatives is 3-aminopyridine-2-carboxaldehyde
thiosemicarbazone (triapine) as a factor that has the inhibitory potential of ribonucleotide reductase, which has
shown significant cytotoxic activity both in vitro and in vivo media®°.

Thiosemicarbazones comfortably construct stable metal complexes with different metal ions via their N and
S atoms'!"13. According to many reports, metal complexes of thiosemicarbazones have considerably higher anti-
proliferation activity than their corresponding ligands!*!>. The biological activity of thiosemicarbazones and
their metal complexes is altered by modification of terminal nitrogen substitution. Diverse substitutive groups
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may cause different modes of activity and also provide additional features to inhibit the growth of human and
animal tumors, viruses, fungi, and so on!®-!8. Lipophilicity dominates the speed of moving molecules across
cells, and it can be created by altering the thiosemicarbazone substitution. It also may be enhanced by being
complexation'®?’. Therefore, thiosemicarbazones and their metal complexes have constantly attracted interest
and have become promising research areas®!.

Zinc is one of the most vital elements in biological systems that acts as a cofactor in many enzymes and
is necessary for gene transcription, the transmission of nervous signals, and apoptosis?*2%. The connection
between the deficit of zinc in alive organs and cancer has been considered by researchers whose purpose is
the design of new metal-based drugs®. Forever, plenty of zinc complexes have been prepared and evaluated as
agents that have anticancer potential. By the way, studies of their anticancer mechanisms have revealed that zinc
complexes can endanger the growth of cancer cells through the following methods: cell death by induction of cell
apoptosis, targeting DNA, and other compounds in the nucleus?®?.

Manganese is an essential element that forms the active site of several metalloproteins?®. Meanwhile,
manganese is one of the most important biometals due to its presence in the active centers of numerous enzymes
and its various functions. Teslascan and SC-52608 are the most well-known manganese compounds used in MRI
and as an anticancer agent in medicine, respectively. In the field of inorganic biochemistry, the bioactive potential
of manganese compounds has been considered by researchers. According to reported articles, manganese
compounds have shown promising anticancer, antimicrobial, antifungal, and antioxidant activity*-*.

Previously in our research group, thiosemicarbazone derivatives containing sulfonate substituent and their
complexes have been synthesized, which displayed good solubility and stability in water, antibacterial, antifungal,
and antioxidant activity> =, In this project, a novel fluorescent ligand with accompanying sulfonate substituent
and some of its metal complexes were synthesized. These compounds were evaluated for stability and solubility
in water. Meanwhile, the synthesized compounds have fluorescent emissions that can be used to image cancer
cells.

Material and methods

Chemicals and instrumentation

All chemicals, solvents, and biological materials were obtained from commercial sources and these materials
were utilized without purification. 4-(1-naphthyl)-3-thiosemicarbazide was synthesized according to the multi-
step protocol based on previous researches®%. Also, sodium salicylaldehyde-5-sulfonate hydrate was prepared
according to the prior publication by our research group’. FT-IR spectrometer Bruker Tensor 27 recorded
FT-IR spectra of synthesized compounds using a KBr disk in 4000 —-400 cm™. The ligand (L) and its Zn(II)
complex (LZ") were characterized by 'H NMR spectroscopy. Their spectra were acquired on a Bruker Avance
400 spectrometer in DMSO-d, as a solvent and residual solvent as standard. Absorption electronic spectra were
measured on a Shimadzu UV-Vis 1700 spectrophotometer in an aqueous solution of the compounds over the
wavelength range 230-1100 nm. Molar conductivity of the compounds’ was recorded by a Cond 7110 WITW
conductometer. A EuroVector Elemental Analyzer EA3000 was used to determine Elemental analysis data (C,
H, N, S). All studied cell lines were prepared from the National Cell Bank of Iran (Pasteur Institute, Tehran,
Iran). The absorption value of formazan dye of MTT assay was measured by BioTek Synergy HT microplate
reader (BioTek Instruments Inc., USA). In order to flow cytometry studies, the Partec CyFlow Space flow
cytometer was used, and the obtained results were analyzed using FlowJo™ V10.0 Software (BD Life Science).
The fluorescence spectra were collected on a JASCO FP-750 model spectrofluorimeter. The images of treated
MCE-7 cells with synthesized fluorescent compounds were taken by Cytation 5 Imaging Multi-Mode Reader
fluorescence microscope.

Preparation of the ligand (L) and its complexes

Synthesis of sodium-4-hydroxy-3-((2-(naphthalene- 1-ylcarbamothioyl)hydrazono) methyl)benzenesulfonate
(NaH,LSO,-1.5H,0, L)

(10 mmol, 2.17 g) of 4-(1-naphthyl)-3-thiosemicarbazide was dissolved in 80 mL of methanol. After that, a
methanolic solution of sodium salicylaldehyde-5-sulfonate hydrate (10 mmol, 2.27 g) was added dropwise to
the content of reaction mixture. The mixture was stirred for 3 h at room temperature. The yellowish precipitate
of the ligand (L) was obtained after slow evaporation of the reaction solution at room temperature. The
product was filtered and dried in ambient conditions. Yield: 2.92 g (65%); Color: Yellowish; Anal. Calc. (%) for
C,H,,N,NaO; ,S,, NaH,LSO,-1.5H,0 (EW = 450.46 g/mol); C: 47.99, H: 3.80, N: 9.33, S: 14.24, found (%); C:
47 96, H: 3.68,N:8.75, S: 13 97 Selected FT-IR data (KBr, cm™!): 3435m, 2929w, 2852w, 1609s, 1515s, 1396, 1323,
1197s, 1110s, 1037s, 945, 833s, 769s, 664s, 600s. 'H NMR (8, ppm, DMSO-d ) 6.89 (1H, d, ArH ), 7.54-7.57
(5H, m, ArH ) 7.90 (2H, t, ArH, ) 7.98 (1H, d, ArH h) 8.24 (1H, s, ArH h) 8.59 (1H, s, CHI%), 10.21 (1H,
broad s, NH). 10.44 (1H, s, NH), 1188 (1H, s, OH).

Synthesis of the complexes

Public protocol: the metal chloride salts were dissolved in methanol solvent and added to a methanolic solution
of L gradually. The mixture of reactants was stirred for 3 h. The solvent was reduced under slow evaporation at
room temperature. Finally, the complexes have appeared as sediment.

(LM®): Through the mentioned protocol, LM® was obtained from MnCl,.2H,0 (2 mmol, 0.34 g) and L (1
mmol, 0.45 g). Yield: 0.43 g (64%); Color: yellowish; Anal. Calc. (%) for C18H23Cl Mn,N.NaO,S,, Mn,(HL)
CL,-5H,0 (EW =670.30 g/mol); C: 32.25, H: 3.46, N: 6.27, S: 9.57, found (%); C: 32.55, H 3.26, N: 5.83, S 9.48.
Selected FT-IR data (KBr, cm™!): 3435m, 2958m, 1623s, 1521s, 1165s, 1030s, 775s, 633s, 591s.

(LF): The intended complex was synthesized by FeCl, (1 mmol, 0.16 g) and L (1 mmol, 0.45 g). Yield: 0.42 g

(81%); Color: dark brown; Anal. Calc. (%) for C,H,,Cl,Fe,NO,;S,, Fe,(HL),Cl,-3H,0 (EW =1035.52 g/mol);
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C: 41.75, H: 3.11, N: 8.12, S: 12.39, found (%); C: 42.10, H: 3.09, N: 7.46, S: 12.39. Selected FT-IR data (KBr,
cm™1): 3383m, 3057w, 2944w, 1597s, 1491m, 1419s, 1301m, 1161s, 1110m, 1026s, 770s, 6675, 587s.

(LNY): This complex was achieved from NiCL,.6H,O (1 mmol, 0.24 g) and L (1 mmol, 0.45 g). Yield: 0.39 g
(81%); Color: light green; Anal. Calc. (%) for C,;H, N.Ni,O, .S,, Ni,(HL),-2.5H,0 (EW=961.32 g/mol); C:
44.98, H: 3.25, N: 8.74, S: 13.34, found (%); C: 45.35, H: 3.58, N: 8.33, S: 13.21. Selected FT-IR data (KBr, cm™!):
3429m, 3191w, 2978w, 1604s, 1549s, 1423s, 1346m, 1277m, 1219s, 1151s, 1026s, 948m, 775s, 664s, 593s, 529m.

(L€): This complex was prepared by CuCl,.2H,0 (1 mmol, 0.17 g) and L (1 mmol, 0.45 g). Yield: 0.35 g
(76%); color: green; Anal. Calc. (%) for C, H, N .Cu,0,S,, Cu,(HL), (EW=925.98 g/mol); C: 46.69, H: 2.83,
N:9.08, S: 13.85, found (%); C: 46.88, H: 3.40, N: 5.56, S: 13.86. Selected FT-IR data (KBr, cm™!): 3430s, 2921w,
1630s,1424w, 1374m, 1299w, 1175m, 1108 m, 1024s, 802s, 669s, 588s.

(L%): By a similar method, LZ" was earned from ZnCl, (1 mmol, 0.14 g) and L (1 mmol, 0.45 g). Yield: 0.34 g
(68%); color: yellow; Anal. Calc. (%) for C,,H,,CI,N.O,S,Zn,, Zn,(H,L),Cl, (EW =1000.61 g/mol); C: 43.21, H:
2.62, N: 8.40, S: 12.82, found (%); C: 42.93, H: 2.61, N: 8.41, S: 13.05. Selected FT-IR data (KBr, cm™'): 3437m,
3193m, 2999w, 1613w, 1541s, 1468s, 1292m, 1231w, 1140s, 1022s, 779m, 671m, 592s. 'H NMR (8, ppm, DMSO-
d.):6.87 (1H, d, ArH, ), 7.52-7.56 (5H, m, ArH, _ ), 7.88-7.89 (2H, m, ArH, ),7.97 (1H, d, ArH,,)), 822 (1H,
s, ArH,}), 8.56 (1H, s, CHN), 10.19 (1H, s, NH), 1042 (1H, s, NH), 11.85 (11 s, OH).

Measurement of lipophilicity

In order to estimate the lipophilicity of the compounds, the shake-flask method was used. 3 mL aqueous solution
containing a certain concentration of each compound was stirred at room temperature for 24 h with 3 mL of
1-octanol. The solution was centrifuged to separate two phases from each other. Using spectrophotometry, the
concentration of all compounds in the aqueous phase before and after blending with 1-octanol was measured
(D= [Sample]org/[Sample]aq).

Fluorescence measurements

The fluorescence emission spectra of L and its complexes were obtained at room temperature by JASCO FP-
750 spectrofluorometer. The solution of the mentioned compounds was prepared with HPLC grade water. The
quantum efficiencies of the compounds (®,) were defined by comparison with the integrated emission spectrum
of standard quinine in 0.1 M H,SO, solution at 360 nm as an excitation wavelength (®;=0.54). Quantum
efficiency is estimated by the following equation:

e=e () (32) ()

@, and &, are known for the sample and standard radiative quantum efficiency, F, and F are the integrated
emission intensity of the spectrum for the sample and standard between 380-700 nm, A, and A, are the sample
and standard absorptions at 360 nm as an excitation wavelength, and n_and n_ are sample and standard solution
reflection index.

Biological studies

Cell lines and culture conditions

In the current study, two cancerous cell lines including human breast adenocarcinoma (MCF-7) and human
liposarcoma (SW-872) were selected to evaluate the anticancer ability of the prepared compounds. As a normal
control, we chose human fibroblast cells (HFF-2). MCF-7, SW-872, and HFF-2 cell lines were prepared from the
National Cell Bank of Iran (Pasteur Institute, Tehran, Iran). All cells were grown in 25 cm? cell culture flasks
using RPMI (Roswell Park Memorial Institute) 1640 medium with phenol red (Biosera) supplemented with 10%
(V/V) fetal bovine serum (FBS, Gibco) and 1% penicillin (1000 u/mL)/streptomycin (10 mg/mL) (Gibco) and
were kept in a cell incubator at 37 °C, 5% co,, and humidified conditions. When the cultures attained 80-90%
confluency, cells were subcultured to ensure proper growth and health.

Cell viability assay

Colorimetric microculture assay (MTT assay) was used to determine the cytotoxicity of the mentioned
compounds. The density of 1.2x10* cells/well was seeded on 96 well plates for in vitro studies of the anti-
proliferation effect of synthesized compounds. After 24 h or more, when cells resumed their exponential growth,
the cells were treated with 7 different concentrations of each compound (25-200 pg/mL for LM® and 50-400 pg/
mL for other compounds). After spending the prescribed time of treatment, the belonging media to each well,
including compounds, was replaced with 100 uL of fresh RPMI containing 10% FBS and 50 pL of 2 mg/mL MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma) and the plates were incubated again
for 4 h. Once more, the media was removed and 200 pL DMSO was added to each well, and the plates were
incubated for 30 min. The amount of formazan dye adsorption per well at 570 nm was measured by a BioTek
Synergy HT microplate reader (BioTek Instruments Inc., USA). All tests for each concentration were done as
duplicates. Cisplatin and Paclitaxel were considered as positive control drugs against cancer cells. IC, values for
each compound were calculated by Graph-Pad Prism software.

Apoptosis determination by Annexin V-FITC/PI assay

The apoptosis induction of L“" complex on the SW-872 cell line was investigated by the flow cytometry method
using the annexin V-FITC/PI staining based on the Detection Kit procedure (eBiosciences kit). The cells (2 x 10°
cells per well) were seeded in 6 well plates and after 48 h incubation in a cell culture incubator, they were exposed
to IC,, concentration of the mentioned substance for 18 h. The culture medium of each well was emptied and
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Fig. 2. The possible various species of the ligand (L).

the cells were harvested by trypsinization. Then, the cells were washed twice with PBS and the contents of each
well were dispersed in 500 pL of binding buffer. After that, the cells were stained with 5 uL of annexin V-FITC
and incubated for 15 min in the dark place at room temperature. The cells were washed with binding buffer
and resuspended in 500 pL of binding buffer. In the last step, 5 puL of PI was added to the contents of each well
and incubated for 10 min under normal conditions. The cells were assayed by a flow cytometer (Partec CyFlow
space), and the data were analyzed with FlowJo™ V10.0 Software (BD Life Science).

Cell cycle arrest

SW-872 cells were plated at a density of 2 x 10° cells per well in a 6 well plate and then incubated for 24 h or more
under the mentioned conditions. The cells were treated with an IC,; concentration of L“* complex and kept for
18 h in the cell culture incubator. Therefore, the cells were separated by trypsinization and were washed twice
using cold PBS. The cells were put on ice for 10 min. The cells belonging to each well were stained by 250 uL of
a solution containing 10 ug/mL DAPI and they were incubated at room temperature and darkness for 15 min.
Next, the content of DNA was measured by a flow cytometer UV section and FL4 channel.

Imaging by fluorescent feature

For this purpose, human breast cancer cells (MCF-7) were distributed in a 6 well plate and placed in a
humidified incubator at 37 °C and 5% CO, for 24 h or more. After that, the cells were treated with an
aqueous solution with 10 and 100 pM concentrations of LM® and L?" complexes for 1 and 4 h. After the
treatment duration, the cells were washed with PBS and they were imaged using a fluorescence microscope.

Results and discussion

Design and synthesis

According to Fig. 1, the synthesized ligand (L) consists of three parts: the first part is made up of a hydrophobic
component that facilitates the molecule’s entrance into the hydrophobic environment of proteins. For this
purpose, a naphthyl group was selected, which while having the hydrophobicity feature, this part has significant
fluorescence emission. The second part includes the thiosemicarbazone moiety, which has inherently lone pair
electrons that can coordinate to metal cations. The third part is a sulfonated section that leads to easy solubility
in aqueous media and has biological activity in the aqueous medium of intracellular.

L was obtained after a condensation reaction between sodium salicylaldehyde-5-sulfonate and 4-(1-naphthyl)-
3-thiosemicarbazide in methanol solvent with a 1:1 molar ratio according to Fig. 13132,

The ligand shows good solubility in water, 4.42 g/L. As well as, L is soluble in polar solvents like DMSO,
DME, MeOH, and EtOH. This ligand (L) dissolves less in water than other synthesized derivatives*!~**. In the
FT-IR spectrum of L, the absorption band belonging to the stretching vibration of the imine group (C = N) has
appeared at 1609 cm™, which acts as evidence for the synthesis of the desired Schiff-base ligand. In addition,
based on 'H NMR spectra ascribed to L, the singlet peak belonging to imine hydrogen (CHN) has been observed
at 8.59 ppm, which is further evidence for the formation of Schiff-base ligand. All hydrogens were referred to
their respective peaks and no additional peaks were observed in the "H NMR spectra, which indicates the high
purity of the reaction product (L) (Fig S1). Phenolic proton and protons on the nitrogen atoms were assigned by
adding some drops of D,0 to DMSO-d, solution. Signals at 11.88, 10.44, and 10.21 ppm start to diminish after
D, 0 addition (Fig S2).

The various species of the ligand that can be present and be coordinated to the central metal ions are exhibited
in Fig. 2. The thione-phenol HZL'tmOneiphem1 species can be converted to thione-phenolate form HL?"
species by pH increasing. This species can be tautomerized to HL* thiol-phenolate form. The other possible species
IS L olate 8 the thiolate-phenolate type that can be existed in high pHs.

phenolate . . . . . . .

Comparison FT-IR spectra of complexes with free ligand provides useful information on the coordination

of ligand to the central metal (Figs S5-S10). A strong absorption band attributed to the stretching vibration of

thione—phenolate
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Fig. 4. Structure of the 4-hydroxy-3-({[(methylaminocarbonothioyl)hydrazono] methyl}benzene sulfonate
and molecular structure of copper(II) complex.

the imine group (C=N) for free ligand appears at 1609 cm™!, while corresponding absorption band of C=N for
complexes appeared at different wavenumbers in comparison with the free ligand. This could be a verification of
the claim that the iminic nitrogen of the ligand is coordinated to the metal center in the solid state.

Based on the obtained data from elemental analysis, the ratio of ligand to metal in all complexes except the
Mn(II) complex is 1:1. According to the electronic absorption spectrum of LM™ no signal has appeared in the
visible range, which corresponds to the dj, electronic configuration in a weak field. A binuclear structure is
assigned for the mentioned complex so that L is coordinated to the central metal through NSO donors, also
the ligand is coordinated via its sulfonate side to another metal cation. Therefore, H,0 molecules and chloride
ions are placed in other vacant positions (Fig. 3). Based on the results of single crystal X-ray crystallography
of previously synthesized complexes related to this family of ligands (Fig. 4)*'-%, it can be predicted that the
LFe complex is a dinuclear in the solid state. The geometry around Fe(III) metal cation is octahedral, which is
located H,O molecule and a chloride ion in 5 and 6 positions. Two oxygen of two sulfonates functional group
assigned to two separate ligands occupy the optical position on both metal centers and act as a bridge between
them. The attained value for molar conductivity also confirms the release of ions in the aqueous solution of
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this complex (Table 1). The absorption electronic spectrum of the mentioned complex unfolds a strong broad
band in the visible region, which is a feature of dj, electron configuration in the presence of a strong octahedral
field. A dimeric form is also predicted for the LN [ Cu and LZn complexes, as the two ligands in the structure of
each complex act as a bridge between two metal centers through the oxygen of the sulfonate group. In the LN
complex, there are H,O molecules in the empty positions. In the absorption electronic spectrum of LN, it was also
observed a broad peak specific to the octahedral field at the visible region. In the absorption electronic spectrum,
the visible area of L corresponds to the d-d transition of the d’ configuration with the square planar field. In
LMn, LFe, LN and L complexes, the ligand is tridentately coordinated to the central metal cation through SNO
donor atoms and in the HLSO,? ~ thione-phenolate 10T According to the! H NMR spectrum related to the L7
complex, it can be proved that the ligand is introduced to H,L" thjone-phenol form in the structure of the complex
after coordination. The signal of OH group in DMSO-d, for L“" observes at 11.85 ppm which starts to disappear
after addition of some drops of D,O (Figs S3, $4). The molar conductivity values also show the presence of free
ions in the aqueous solution of this complex. According to this evidence, it confirms that coordinated anions
in the solid state (Fig. 3) dissociate in water. The ESI-MS spectra of the ligand and its complexes in methanol
solution are shown in Figs S11-S16.

In previous research work carried out in 2017 by our research group®, the water-soluble ligand: sodium
4-hydroxy-3-({[(methylaminocarbonothioyl)hydrazono]methyl}benzene sulfonate and nickel(II), copper(II),
and zinc(II) complexes are also prepared from this ligand. Based on the crystallographic data for the copper
complex, the binuclear structure has been confirmed in the solid state (Fig. 4). While mass spectrometry
investigation of the copper complex showed that this complex is mononuclear in methanolic or aqueous solution
due to the competition of the coordinating solvents to occupy the coordination positions. Based on the results
of the elemental analysis of the complexes (CHNS) and previous experiences, all of the complexes are dinuclear
only in the solid state while in water solution the complexes are converted to mononuclear species.

Stability and solubility

The solubility of the compounds L, LM®, LFe, LM, LC and LZ" in water are 4.4, 3.2, 2.5, 1.4, 1.6, and 2.4 g/L,
respectively. In addition, these compounds dissolve well in solvents such as DMSO, DMF, MeOH, and EtOH.
The stability of the synthesized ligand L and its complexes in an aqueous solution (physiological conditions with
pH 7.3, prepared by Tris buffer) under different time intervals, 0, 24, 48, and 72 h after preparation, was examined
by UV-Vis spectroscopy (Fig. 5). No considerable variations were seen between the absorption electronic spectra
of 24, 48, and 72 h after preparation compared to the UV spectra of the freshly prepared aqueous solution.
Therefore, the compounds showed good stability in a neutral aqueous solution.

Absorption and emission spectra of the compounds

The absorption and emission spectra of the ligand and its complexes had been reported in Figs. 6 and 7,
respectively, and the obtained results had been summarized in Table 1. The absorption bands that have appeared
in the range of 230-430 nm are assigned to m-m and n-m* transitions for naphthyl and phenyl rings and the
azomethine group which it is difficult to identify accurately. The spectral pattern in the ultraviolet region of all
compounds follows a similar trend due to the presence of the same chromophore in their structure. Although,
Fe(III), Ni(II), and Cu(II) complexes manifested a broad band in the visible region due to their d-d transitions.
The excitation wavelength in the fluorescence spectra of compounds was selected 360 nm. The quantum
efficiencies for the compounds earned compared to quinine sulfate as a standard. The emission spectra related
to the L, LM INi apd 120 compounds show an almost identical pattern with a maximum about 490 nm, while
the spectral patterns of LF¢ and L are different from them, and their maximum is obvious at 437 and 470 nm,
respectively.

Lipophilicity

Lipophilicity is a significant physicochemical feature of the medicine panorama. This feature controls the
biological behavior of drugs, like membrane transferring and interaction with biological receptors. Accordingly,
the detected correlation between lipophilicity and the biological activity of the drug is generally a related
characteristic that should be checked®%!. The lipophilicity of the compounds has been investigated using the
shake flask method and the distribution coefficient (D) between the aqueous and 1-octanol phases has been
calculated for each compound which was attained in the range of 4.9-97.3 (Table 1).

Compounds | A (nm) |&(M'cm) |C (M) A onm | @, A, (@ 'em’mol?) | D

L 290,330 | 89750,73223 | 1.12x107° | 360 1.9%107% | 96 49
LMn 280 51868 1.21x107° | 360 49x1073 | 258 18.7
LFe 295 71753 1.70x 107> | 360 4.2x107% | 393 733
LN 370 40471 1.72x107° | 360 0.3x1073 | 46 49.2
Lo 405 80871 1.79x107° | 360 0.6x1073 | 43 97.3
L7 295,365 | 35209,50302 | 1.72x107° | 360 1.4x107% | 353 6.4

Table 1. Summarized data for absorption and emission spectra, molar conductivity (Am), and distribution
coeflicient (D) for all compounds. C: Concentration of compounds based on M (mol/L).
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Fig. 6. UV-Vis spectra of the L and its complexes; (a): UV, (b): Visible.

Biological section

In vitro cytotoxicity studies by MTT assay

The capability of the ligand and its attributed complexes to inhibit the cancerous cells’ growth in vitro against
two cancer cell lines MCF-7 and SW-872, and a normal cell line HFF-2 was assessed by the MTT colorimetric
assay. The obtained IC,, values for the ligand and its complexes are given in Table 2. IC,, values for LM® and L*"
complexes against SW-872 cells were 268.9 + 3.38 ug/mL and 169.4 +2.23 pug/mL, respectively after 24 h treatment
that remarkably lower than the parent ligand and this result is gained that predominantly the formation of metal
complexes increases anti-proliferative activity against the SW-872 cancer cells (Fig. 8). Given the significant anti-
proliferative effect of LZ%, this compound was selected for further study.

Synthetic compounds displayed less toxicity against HFF-2 as normal cells in comparison with PTX
(paclitaxel) and cisplatin, as commercial drugs. The anti-proliferative activity of the compounds was directly
depended on the duration of cell treatment and increasing the treatment time due to an increase in toxicity and
growth inhibition. Evaluation of toxicity effect related to compounds against MCF-7 cancer cell line revealed
IC,,>800 pg/mL which can concluded that the synthesized compounds have performed better against the SW-
872 cell line.

The enhanced cytotoxic activity of the complexes compared to the parent ligand can be explained by chelation
theory. In these complexes, the positive charge of the metal center is shared with the ligand donor atoms and
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there is a m-electron transfer across the chelate system. Chelating leads increase in the lipophilicity of the
complexes, making it easier for the complex to penetrate the lipid layer of the cell membrane. Other factors, such
as increased solubility, conductivity, coordination state, and the metal-ligand bond length, also contribute to the
cytotoxic activity. Additionally, different efficacy levels are observed in various cell lines. In addition, transition
metals like zinc, manganese, and copper can interact with the active sites of enzymes and play a significant role in
biological activity. The ability of these complexes to bind and cleave DNA has been identified as a mechanism of
metal complex-mediated cytotoxicity. Therefore, these complexes not only demonstrate greater activity but also
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IC,, (ug/mL)
MCE-7 SW-872 HFE-2
compounds | 24h 48h 24h 48h 24h 48h
L >800 >800 >500 >500 >1000 >1000
M - 800 - 800 268.9+3.38 (401.2+5.04 134.8+2.82 (201.1+4.21 | 197.84+2.28 (295.1+3.40 186.5+2.34
uM) uM) uM) (278.2+3.49 uM)
LFe >800 >800 >500 >500 >1000 >1000
N >800 >800 >500 >500 >1000 >1000
LC >800 >800 >500 >500 >1000 >1000
120 + 800 - 800 169.4+2.23 (169.3+2.22 144.6+2.07 (144.5+2.06 | 88.91+2.43 (88.85+2.42 72.05+1.72
uM) uM) uM) (72.00+1.71 uM)
. 22.32+1.42 220+125(2.58+1.46 | 30.16%1.37 (35.32+1.60 15.29+0.98
Paclitaxel 65.21+1.15 (76.37 £1.35 uM) (26,14 1.6 uM) 3.11+1.46 (3.64+1.71 uM) M) M) (17.90+1.15 uM)
s 18.00+1.08 3.03+1.72 (10.06 +5.71 1535+1.19
Cisplatin | 41.09%1.30 (136.5+4.32 M) | (590 3 59 M) 4.32+1.93 (14.35+6.41 uM) M) 25.87+1.02 (8594339 uM) | (5706 3 5 uM)
Table 2. IC,, values of the synthetic compounds against SW-872 and MCF-7 as cancerous cell line and HFF-2
as a normal cell line.
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Fig. 8. Cell viability of (A) SW-872 cancer cells after treatment with LM® for 24 and 48 h, (B) SW-872 cancer

cells after treatment with LZ" for 24 and 48 h, (C) HFF-2 normal cells after treatment with LM® for 24 and 48 h,
(D) HFF-2 normal cells after treatment with L?" for 24 and 48 h. * indicate a significant difference compared to
the control group (*P value <0.05, **P value <0.01, ***P value <0.001).

more efficiently reach their targets. In the context of drug design and pharmacology, both lipophilicity and water
solubility play significant roles in determining cytotoxicity, but they influence it in different ways and to varying
degrees. Lipophilicity is generally effective in determining a compound’s ability to penetrate cell membranes
and reach intracellular targets, which can then trigger cytotoxicity. However, water solubility is also crucial for
ensuring the compound can be properly delivered to the target site and distributed within the body. Complexes
IM" and L2" exhibit the lowest lipophilicity and the highest solubility in water among the tested complexes.
It appears that while they are highly soluble in water, their lipophilicity is overshadowed by their solubility,
ultimately increasing the cytotoxicity of these two complexes against cancer cells.
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Cell apoptosis assay

The process of physiological cell death is identified as apoptosis, which is caused to the removal of old, damaged,
and harmful cells under normal conditions and is essential for tissue development and hemostasis. In contrast,
necrosis is another type of cell death that occurs because of environmental factors. Any abnormality in the
process of apoptosis leads to a disorder. Cell death through apoptosis is momentous in terms of biologically
and due to this point, tracking and evaluating the amount of apoptosis is very important in clinical trials.
Chemotherapy drugs induce apoptosis in cancerous cells and cause to killing them?2. There are several techniques
for diagnosing apoptosis, one of them is flow cytometry. Evaluation of apoptosis is assessed by annexin V-FITC/
PI staining based on cell membrane changes made. For this purpose, the LZ* complex was selected. To determine
the morphology of cell death, SW-872 cancer cells were treated with an IC,; concentration of L“" complex for
18 h. According to Fig. 9a, the major cell population showed primary apoptosis at early and then late apoptosis.

Cell cycle arrest

SW-872 cells were exposed to IC, . concentration of L?" complex for 18 h. The effect of the mentioned compound
on the cell cycle distribution of the target cells was investigated by flow cytometry using DAPI staining. Flow
cytometry consequence was reported in Fig. 9b. L% caused an increasing population is observed in the S phase,
which has increased from 12.46 to 32.94 compared to the control, and indicates that LZ" causes cell cycle arrest
in the S phase.

Thiosemicarbazone derivatives demonstrate antiproliferative activities against cancer cell lines through
various mechanisms related to biological activities. These compounds can also influence cell cycle progression.
These action mechanisms include the inhibition of ribonucleotide reductase (RNR) and topoisomerase II,
the generation of reactive oxygen species (ROS), and changes to mitochondrial homeostasis. Ribonucleotide
reductase is a type of metalloenzyme that is an important factor involved in the synthesis of DNA and the repair
of DNA damage. It is often overexpressed in many cancer cells, making it an appealing target for researchers
aiming to develop therapy.

Several thiosemicarbazones act by inhibiting the small subunit of ribonucleotide reductase. In a study, the
association between the inhibition of cell proliferation and cell cycle arrest by three complexes [Ni(tcitr),],
[Cu(tcitr),], and [Pt(tcitr),] against a leukemia cell line (U973) was assessed. Their results showed that
[Ni(tcitr),] and [Pt(tcitr),] induce cell cycle arrest in G2/M and S phases, respectively. In contrast, [Cu(tcitr),]
doesn't affect the cell cycle. As a potential target for the mentioned compounds, transcriptional modulation of
ribonucleotide reductase (RNR) enzyme subunits was investigated. Studies on complex [Ni(tcitr),] have shown
that it causes significant modulation of different subunits of ribonucleotide reductase in cells U973. Increased
expression of RRM2 indicates that this complex specifically targets this subunit of the enzyme. This complex
does not affect p53 expression and acts by a p53-independent mechanism, arresting cell cycle progression and
inducing apoptosis through a p53-independent mechanism. There were no changes in mRNA levels of ATR and
ATM, but Chk1 and Chk2, as DNA damage sensors, were significantly expressed.

The [Cu(tcitr),] complex was unable to induce cell cycle arrest but caused significant DNA damage. Since
the activation of transcriptional profiles ATR and ATM was not observed, it is assumed that DNA damage
did not occur through the DDR pathway. However, the expression of Chkl was increased. It suggests that the
mechanism of action of [Cu(tcitr),] can be through the excessive production of ROS species, which causes
interaction with DNA and damage to it.

The [Pt(tcitr),] complex also caused severe DNA damage. Like [Cu(tcitr),] complex, transcription of ATR
and ATM was not detected, while expression of Chk2 was increased. Chk2 is directly involved in cell cycle arrest
in G1-S phase®?.

Moreover, two thiosemicarbazones from DpT class, including DpC and Dp44mT, have been extensively
studied by researchers under both in vitro and in vivo conditions. The mechanism of Dp44mT action involves its
chelation to Fe and Cu metal centers in lysosomes. This process leads to the formation of active redox complexes
that induce apoptosis via producing cytotoxic reactive oxygen (ROS) species, causing lysosome permeability.
Evidence elucidates that these agents reduce the activity of key carcinogenic tyrosines, including EGFR, c-Met,
HER?2, and others. Both DpC and Dp44mT remarkably suppress the activity of various pro-carcinogenic
signaling pathways in these tyrosine kinases. These pathways include AKT, RAS, STAT3, Wnt, TGE, as well as
autophagic pathways. These two agents also inhibit proliferation, migration, metastasis, etc*‘.

According to our result, cell cycle arrest was observed during the S phase in treated SW-872 cells with LZ",
The S phase begins with DNA synthesis and concludes when all chromosomes have been replicated. During
this phase, the amount of DNA in the cell doubles, while the rate of RNA transcription and protein synthesis
decreases. The only exception to this trend is the increased production of histones. Several hypotheses have
been proposed regarding the mechanism of cell cycle arrest in the S phase based on conducted studies: (1) The
direct interaction between L?® and the DNA backbone induces DNA damage. (2) The interaction between LZ"
and histones leads to structural changes in chromatin. (3) By producing ROS species. (4) By inhibiting the small
subunit of ribonucleotide reductase.

Live intracellular imaging by fluorescent microscope

The images obtained from the fluorescent microscope are shown in Fig. 10. The comparison of the
images exhibits that with the enhancement of both concentration and treatment time, the absorption
of compounds in the cells increases. Also, the distribution of substances in the cytoplasm of the cell
is observed, and the increased treatment time of the cells with the mentioned compounds caused the
distribution of the compounds to tend toward the cell nucleus.
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Fig. 9. (a) Evaluation of apoptosis induced by LZ" against SW-872 cell line using Annexin V-FITC/PI staining
based on cell membrane change, Q1: necrosis, Q2: late apoptosis, Q3: early apoptosis, Q4: viable cells. (b) Cell
cycle distribution of SW-872 cells treated with IC,; concentration of L?" after 18 h by flow cytometry using
DAPI staining. LZ" causes cell cycle arrest in the S phase.
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Fig. 10. The microscopy images of living MCF-7 cells treated with LM and LZ". (a) Exposure to 10 uM
aqueous solution of LM™ and LZ" for 1 h (b) Exposure to 100 uM aqueous solution of LM® and L?" for 1 h (c)
Exposure to 100 uM aqueous solution of LM" and LZ" for 4 h (i: bright field image, ii: fluorescent image, iii:
merge of bright field and fluorescent image, Scale bar: 100 um).

Conclusion

In the present study, a novel water-soluble fluorescent ligand containing two hydrophilic and fluorescent
moieties was synthesized and identified. In order to investigate the coordination behavior of this ligand,
some transition metal complexes of it were prepared. The synthesized compounds show good solubility
in water. Moreover, all compounds exhibited significant stability in water solutions for 72 h or more. The
toxicity of the ligand and its complexes against two cancer cell lines, MCF-7 and SW-872 was experimented
by MTT assay. The compounds cleared poor inhibition against the MCF-7 cell line, while LM® and LZ"
complexes showed good anti-proliferative activity on SW-872 cells. Also, the toxicity of the compounds
against HFF-2 normal cells in comparison with PTX (paclitaxel) and cisplatin as commercial drugs was
low. L?® complex was selected as a candidate for cell apoptosis and cell cycle studies. Flow cytometry
analysis confirmed that most cell death occurs through apoptosis and LZ" causes cell cycle arrest in the
S phase. Eventually, imaging of treated living cells via inherent fluorescence emission was performed by
an immunofluorescence microscope. The increasing of both concentration and treatment time causes the
absorption of compounds and the tendency toward the cell nucleus in the cells increases. However, LM?
indicates almost similar anti-proliferative activity (comparable IC,; value (ug/mL) after 48 h treatment)
to L?" against SW-872 cancerous cells. Still, it demonstrates less cytotoxicity on HFF-2 as a normal cell
line compared to LZ®, Therefore, the LM® complex could be a promising candidate for investigating other
anticancer trials in the future, due to its lower cytotoxicity towards normal cells. A schematic diagram
including the main experiments and findings of this study is shown in Fig. 11.
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