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Abstract 

Cancer is one of the most aggressive diseases with poor prognosis and survival rates. Lipids biogenesis 

play key role in cancer progression, metastasis and tumor development. Suppression of SREBP-mediated 

lipid biogenesis pathway has been linked with cancer inhibition. Platinum complexes bearing good 

anticancer effect and multiple genes activation properties are considered important and increase the 

chances for development of new platinum-based drugs. In this study, we synthesized pyridine co-ligand 

functionalized cationic complexes and characterized them using multiple spectroscopic and 

spectrophotometric methods. Two of these complexes were studied in solid state by single crystal X-ray 

analysis. The stability of these complexes were measured in solution state using 1H NMR methods. These 

complexes were further investigated for their anticancer activity against human breast, lung and liver 

cancer cells. MTT assay showed potential cytotoxic activity in dose-dependent manner and decrease 

survival rates of cancer cells was observed upon treatment with these complexes. Biological assays results 

revealed higher cytotoxicity as compared to cisplatin and oxaliplatin. Further we studied C2, C6 and C8 

in detailed mechanistic anticancer analyses. Clonogenic assay showed decrease survival of MCF-7, 

HepG2 and A549 cancer cells treated with C2, C6 and C8 as compared to control cells treated with 



DMSO. TUNEL assay showed more cell death, these complexes suppressed invasion and migration 

ability of cancer cells and decreased tumor spheroids formation, thus suggesting a potential role in 

inhibition of cancer metastasis and cancer stem cells formation.  Mechanistically, these complexes 

inhibited sterol regulatory element-binding protein 1 (SREBP-1) expression in cancer cells in dose-

dependent manner and thereby reduced lipid biogenesis to suppress cancer progression. Furthermore, 

expression level was decreased for the key genes LDLR, FASN and HMGCR, those required for sterol 

biosynthesis. Taken together, these complexes suppressed cancer cell growth, migration, invasion and 

spheroids formation by inhibiting SREBP-1 mediated lipid biogenesis pathway. 
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1. Introduction  

Clinically approved platinum-based anticancer drugs including cisplatin, carboplatin, nedaplatin, 

heptaplatin, lobaplatin and oxaliplatin (Figure 1) have been used worldwide in chemotherapy of cancer 

patients with multiple types of solid tumors [1-3]. Among them the first drug approved was cisplatin that 

showed great clinical successes in treatment of cancer patients and improved the survival rate of cancer 

patients [4-8].  The approval of cisplatin as a drug and use in chemotherapy also revealed multiple 

drawbacks including neurotoxicity, nephrotoxicity, vomiting, ototoxicity, loss of sensation in the hands, 

haemolysis, bone marrow suppression etc. in cancer patients [9-13]. Therefore, multiple researches were 

carried out on this metal-based drug and with the passage of time other platinum-based anticancer drugs 

were approved for clinical use to decrease the drawbacks associated with cisplatin. In all these drugs the 

most common active function was square planner platinum metal while the coordinating assembly was 

modified and these changes in assembly overcame several drawbacks of cisplatin [1, 14-17]. These Pt(II)-

based drugs showed good efficacy in multiple types of cancer patient. Inspired form these strategies, 

several studies are being carried out to develop novel assembly based Pt(II) anticancer complexes. The 

structure of the ligand and its attached functional groups play crucial roles in the efficiency as well as the 

reduction of side effects of the newly reported platinum-based anticancer complexes [1, 14, 15, 18]. New 

complexes were reported with different structural aspects including new ligand, biomolecules derived 

ligands, biomolecules functionalized ligands or assembly prepared from an already used drug [19-21]. 

The incorporation of such coordinating ligand improved the chemotherapeutic effect and minimized the 



side effects. Similarly modification in these assembly added modification to their mode of actions or 

targets of several platinum complexes [22-25]. The assembly with biomolecules resulted in safety or 

targeted delivery while functionalization with an already used drug empowered synergy and efficacy [26-

28]. All these mentioned approaches are supposed to increase the choices for new platinum drug 

development investigations that will increase the survival rate of cancer patients. These outcomes 

increased the interests of modern researchers in the investigation of platinum complexes with easy 

synthesis, solubility, stability, targeted, with lower side effects, favorable toxicity etc. [22, 28-30]. 

 

Figure 1 Clinically used platinum-based anticancer drugs with year of approval 

Lipids biosynthesis plays key roles in cancer progression, cancer cell proliferation and survival. Increased 

lipids production is linked with the proliferation of tumor cells and lipids also play important roles in the 

activation of signaling pathways that are required for tumor development. Lipids biogenesis also help in 

the production of ATP that is mainly utilized by cancer cells to accelerate cancer progression. Thus lipids 

biogenesis and fatty acid synthesis are considered important in tumor development, metastasis and 

invasion. Several studies showed that lipids biogenesis is highly activated in tumor cells [31, 32]. Sterol 

regulatory element-binding protein 1 (SREBP-1) is a transcription factor that plays critical roles in lipids 

biogenesis and fatty acid synthesis. High expression of SREBP-1 is correlated with cancer progression 

and cancer cells proliferation, thus several studies showed elevated expression of SREBP-1 in human 

cancers. Depletion of SREBP-1 has been linked with decreased lipids biogenesis and fatty acid synthesis 

and thereby decreases cancer cells growth and increase apoptosis. Several oncogenic signaling pathways 

such as AKT and PI3K have been shown to activate SREBP-1 in cancer cells. Elevated levels of SREBP-

1 positively correlated with tumor metastasis and predict poor survival rates in cancer patients [31, 33-

35].  



Tumors are heterogeneous in nature and possess different genetic and epigenetic changes. Invasion and 

migration play key roles in cancer metastasis. Both invasion and migration are considered critical steps 

for cancer cells to metastasize from primary site to secondary site [36, 37]. Cancer stem cells formation 

increases drug resistance and tumorsphere formation is also associated with increased cancer progression 

[38]. However, different types of cancer cells are highly dependent on lipids, proteins and nucleic acids 

for their growth, invasion, migration, metastasis and proliferation. To meet the requirement of increased 

lipids cancer cells often enhanced lipids biogenesis and fatty acid synthesis [39, 40]. 

In search of novel and potent anticancer agents several modifications were made in the already market 

available Pt(II) drugs like cisplatin or oxaliplatin. [21, 22, 41] Still a clear rationale about structure 

activity relationship (SAR) was not established to show which kinds of ligands will have better effect on 

the anticancer properties, in difference studies only the SAR of closely related ligands derived Pt(II) 

complexes was deduced. [42] In this scenario the only approach to hunt for the most effective Pt(II) 

anticancer complexes was the synthesis and biological analyses of large numbers of assemblies based 

Pt(II) complexes. We investigated many salicylaldimine type of ligands derived metal complexes and 

checked their anticancer properties. [43-51] The anticancer properties of all those complexes were 

comparable to cisplatin. Among them the most effective class of complexes observed was the SNO donor 

salicylaldimine ligand derived Pt(II) complexes. [43, 44] We are further working on their modifications to 

search other related isomers those could be easily synthesized and show enhance anticancer effect as 

compared to already used platinum anticancer drugs. 

We recently reported platinum anticancer complexes [43] with potent anticancer activities, in this study 

these complexes were further modified with co-ligand pyridine. This modification further increased the 

anticancer potentials of these complexes. All these complexes were thoroughly characterized by multiple 

analytical techniques and two complexes were analyzed in solid state by single crystal X-ray structure 

analysis. These complexes were studied for their stability by 1H NMR spectroscopy and their anticancer 

effects was studied in multiple human cancer cells including MCF-7, HepG2 and A549 cells. Several 

mechanistic studies of their anticancer effects were performed including cell migration and invasion, 

cancer stem cells/tumor spheroids formation, inhibition effect on the clonogenic potential of cancer cells, 

lipids biogenesis and fatty acid synthesis by targeting SREBP-1 dependent signaling pathway and LDLR, 

FASN and HMGCR genes expressions. The anticancer effect was compared to market available Pt(II)-

based anticancer drugs cisplatin and oxaliplatin. 

 2. Results 

2.1. Chemistry 



 2.1.1 Synthesis and characterization of C1-C8 

Each complex (C1-C8) was prepared from the precursor complex (PC1-PC8) [43], the ancillary chloride 

ligand was abstracted using AgBF4 in acetonitrile and successively treated with excess pyridine (co-

ligand) to get C1-C8 in excellent isolated yields. These complexes were structurally characterized by 1H, 

13C NMR, UV-vis and FT-IR spectroscopy and HR-ESI mass spectrometry (ESI Figure S1-S33). For C1-

C8 the main difference in the 1H NMR spectra compared to the precursor complexes, the most downfield 

shift was assigned to the imine proton and found in the region 9.88 – 9.55 ppm. Three new chemical 

shifts one doublet in the second most downfield area of the aromatic regions 9.14 - 8.81 ppm was 

observed for two protons at 2 position of the co-ligand pyridine while the remaining chemical shifts were 

hard to be assigned due to mixing with the salicylaldimine ligands protons signals. Compared to the 

precursor complexes each carbon signal was shifted up or down field depending on its position and 

proximity to Pt(II) center. 

 

Scheme 1 Synthetic scheme for C1–C8 

2.1.2. UV-vis spectroscopic study of C1-C8  

The UV-vis absorption spectra of C1-C8 were recorded in chloroform solution at rt, all the spectra were 

plotted in Figure 2. The main absorption peaks for C1-C6 were found around 250 and 330 nm regions 

were assigned to ligand-to-ligand (LLCT), similarly the absorption peaks for C1-C3 and C5-C6 around 

460 nm while for C4 it was found at 480 nm, were assigned to metal-to-ligand charge transfer (MLCT) 

transitions. These complexes showed similarity in their UV-vis absorption wavelengths. C7 showed blue 



shift in all these peaks and displayed absorption around 250, 315 and 435 nm could be due to the strong 

electron withdrawing effect of the nitro group attached to the salicylaldimine ligand. In case of C8 these 

peaks were observed around 255, 370 and 475 nm showing red shift that could be due to the electron rich 

naphthalene ring of the salicylaldimine ligand. MLCT of all these complexes were lower in energy thus 

observed in the visible region of the UV-vis spectra.  

 

Figure 2 UV-vis absorption spectra plot of C1-C8 

2.1.3. FT-IR spectroscopic study of C1-C8  

 

FT-IR analysis for each C1-C8 was performed using KBr pellet dilution method, the comparative spectra 

plot is displayed in Figure 3 and ESI Figure S25 –S33. In the IR spectrum, different peaks were assigned 

according to the previously reported literature. In each C1-C8, aromatic C-H stretching was assigned 

around 3020-3059 cm-1, C=C stretching around 1548-1444 cm-1 and C=N around 1400-1376 cm-1. The 

biggest and broad peak around 1070-1045 cm-1 in each complex was assigned as stretching frequency of 

BF4 anions. The main difference in the IR spectrum of each complex to its precursor complex was the 

presence of this big broad BF4 anions peak, this also confirmed the exchanges of Cl to BF4 (ESI Fig. 

S25). 
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Figure 3 FT-IR spectra plot of C1-C8 

 

2.1.4. Single crystal description of C1 and C3  

X-ray quality crystals of each C1 and C3 were obtained by slow evaporation of CH2Cl2–n-hexane 

solutions. Single crystal structure data were plotted in Figure 4 (C1) and Figure 5 (C3). Similarly, the 

crystal structure parameters were tabulated in Table 1. C1 crystallized in monoclinic while C3 in triclinic 

crystal system where Pt(II) adopted square planner environment. In both of these crystals the coordinated 

functions were SNO atoms of main salicylaldimine ligand in which O atom was covalently bonded while 

SN were coordinate covalently bonded to Pt(II) metal [43]. The fourth coordinate of Pt(II) was completed 

by N donor atom of co-ligand pyridine that was coordinate covalently bonded to metal (Figure 4 and 5). 

Bond lengths and angles around Pt center in C1 and C3 were shown in Figure 4B, 5B and Table 2. The 

bond lengths and bond angles in both C1 and C3 were almost similar (Table 2 entry 1–10). Pt(1)-S(1) 

bond length was the longest  in each complex as compared to the bond length between Pt(II) and other 

atoms and found to be 2.2328(17) and 2.236(2) for C1 and C3 respectively (Table 2 entry 4), while the 

shortest bond length was Pt(1)–O(1) in C1 while Pt(1)-N(1) in C2 (Table 2 entry 1 and 2). The other 

bond lengths were almost similar in both of these complexes.  The bond angles with different coordinated 

atoms around Pt(II) center were almost similar in both of these complexes. Bond angle formed by ∠O(1)-

Pt(1)-N(2) was observed to be the smallest while ∠O(1)-Pt(1)-N(1) was the biggest one among all angles 

in C1 and C2 (Table 2 entry 5 and 6). Ligand around Pt(II) center got planner symmetry and inter plane 

stacking was observed in each complex. 

In crystal packing of each complex multiple short interactions were observed (Figure 4C and Figure 5C) 

with different bond lengths (Figure 4D and Figure 5D). Similarly inter-planer interactions resulted in the 
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formation of 1D chains in crystal packing (Figure 4E and Figure 5E), those were cemented by multiple 

short interactions to the other neighbouring 1D chains to form 3D arrangement in crystal packing. 

 

Figure 4. Single crystal data plot of C1 (A) single molecule plot showing atoms around Pt(II) center (B) bond lengths between Pt 

and coordinated atom (C) plot showing close contacts with neighboring molecules (D) plot showing distances of close contacts 

(E) arrangement of molecules in 1D manner in crystal packing. 



 

Figure 5. Single crystal data plot of C3 (A) single molecule plot showing different atoms attached to Pt (B) bond lengths 

between Pt and attached atom (C) plot showing close contacts with neighboring molecules (D) plot showing distances of these 

close contacts (E) arrangement of molecules in 1D manner in crystal packing. 

Table 1 Structure refinement parameters of C1 and C3 

 C1 C3 

Empirical formula C24H19BF4N2OPtS C24H18BF5N2OPtS 

Formula weight 665.37 683.36 

Temperature (K) 203(2)  203(2) 

Crystal system Monoclinic Triclinic 

Space group P21/n P-1 

Unit cell dimensions 

a (Å) 

b (Å) 

c (Å) 

α (°) 

β (°) 

γ (°) 

 

10.2689(17) 

15.510(3) 

14.174(2) 

90 

97.853(3) 

90 

 

9.3700(12)  

9.6514(12) 

14.4197(18) 

77.539(2) 

85.187(2) 

83.671(2) 



Volume (Å3) 2236.3(6) 1263.1(3) 

Z 4 2 

Density (calculated) (mg/m3) 1.976 1.797 

Absorption coefficient (mm-1) 6.422 5.693 

F(000) 1280 656 

Crystal size (mm3) 0.800 x 0.650 x 0.450 0.320 x 0.170 x 0.130 

Theta range for data collection (°) 1.956 to 27.997 2.171 to 25.995 

Index ranges -13<=h<=13, 

-20<=k<=20,  

-16<=l<=18 

-11<=h<=11, -11<=k<=10, 

-17<=l<=14 

Reflections collected 15941 8097 

Independent reflections 5389 [R(int) = 0.0496] 4869 [R(int) = 0.0235] 

Data / restraints / parameters 5389 / 0 / 307 4869 / 55 / 344 

Goodness-of-fit on F2 1.089 0.990 

Final R indices [I>2sigma(I)] R1=0.0486,wR2= 0.1360 R1 = 0.0403, wR2 = 0.1198 

R indices (all data) R1=0.0542,wR2= 0.1417 R1 = 0.0481, wR2 = 0.1525 

Largest diff. peak and hole (e.Å-3) 2.147 and -6.045 1.444 and -1.232 

 

 

Table 2. Selected bond lengths (Å) and angles (°) around Pt atom in each complex 

Entry Bond/Angle C1 C3 

Bond length (Å)    

1 Pt(1)-O(1) 2.014(5) 1.992(6) 

2 Pt(1)-N(1) 1.985(5) 2.001(7) 

3 Pt(1)-N(2) 2.048(5) 2.029(7) 

4 Pt(1)-S(1) 2.2328(17) 2.236(2) 

Bond angle (°)    

5 ∠O(1)-Pt(1)-N(1) 94.96(18) 93.8(3) 

6 ∠O(1)-Pt(1)-N(2) 85.1(2) 84.9(3) 

7 ∠N(1)-Pt(1)-N(2) 177.0(2) 178.6(3) 

8 ∠O(1)-Pt(1)-S(1) 175.99(14) 176.92(18) 

9 ∠N(1)-Pt(1)-S(1) 87.12(15) 87.62(19) 

10 ∠N(2)-Pt(1)-S(1) 92.99(17) 93.7(2) 

 

2.1.5. Stability of reference complexes in solution state 



Platinum complexes are susceptible to good donor solvents e.g. acetonitrile or DMSO etc., these solvents 

usually replace labile or easily displaceable ligand from Pt(II) center and affect the biological activity of a 

particular platinum anticancer complex. Most of the metal based complexes show low or no solubility in 

water so their stock solutions are prepared in dimethyl sulfoxide (DMSO) during their in vitro or in vivo 

biological screening. DMSO is reported as least compatible solvent for preparation of solution of cisplatin 

and other Pt-based drugs and reported to decrease the anticancer activity of all these market available 

drugs [52]. Similarly aquation of platinum anticancer complexes in the presence of water in which the 

labile ligand is exchanged by water thus resulting in aquated complexes also affect the biological effect of 

platinum complexes [53, 54]. The main target of a platinum complex is DNA that reside inside the 

nucleus, where platinum metal interact with DNA by crosslinking, mono adduct formation or 

intercalating double DNA strand to stop DNA replication and cause apoptosis [21, 55-58]. Therefore the 

stability of platinum complexes in solution state in particular solvents is important, that could be 

investigated easily by 1H NMR spectroscopy through repeated time dependent analyses. 

The stability of C4, C6, C7 and C8 as reference complexes was analyzed by 1H NMR spectroscopy in 

15% D2O/DMSO-d6 conducting time dependent repeated analyses (ESI Figure S34-S37). These analysis 

conducted over 7 days showed no changes in the main protons chemical shifts of each of these 

complexes. Thus, suggesting these complexes to be highly stable in solution state in this solvent system 

and it could also be the reason of their potential anticancer effect.  

Stability analyses for reference complexes C4 and C6 were also conducted in pure D2O over 7 days; for 

the purpose each C4 or C6 bearing BF3 anions was dissolved in minimum amount of acetonitrile and 2 

equivalents of tetrabutylammonium chloride was added to it. The mixture was stirred for 30 minutes and 

added with excess diethyl ether. The solid precipitate was filtered, washed with ether and dried. 1 mg of 

the solid C4 or C6 was dissolved in 0.5 mL of D2O and subjected to 1H NMR analyses. The comparative 

plot over time for C4 (ESI Fig. 38) and C6 (ESI Fig. 39) showed no changes in the main protons signals 

showing these compounds are stable in water. This analysis confirmed the uniformity of each of these 

complex over the mentioned time in water solution. 

2.2. Biology 

2.2.1. Anticancer effects in cancer cells 

The cell growth inhibition effect of C1-C8 was tested on human breast cancer (MCF-7), human liver 

cancer (HepG2) and human lung cancer (A549) cell lines. Cancer cells were treated with 20 µM of each 

complex for 48 h and MTT assay was performed. MTT assay results showed that C2, C6 and C8 were 

highly potent in these cancer cell lines in comparison to other counterparts in this group of complexes 



(Figure 6A). Next, the effect of increasing concentration on the viability of cancer cells was also analyzed 

by MTT assay. MCF-7, HepG2 and A549 cancer cells were treated with 2.5, 5, 10 or 20 µM of C2, C6 or 

C8 for 48 h and analyzed for their cell growth inhibition. MTT assay results showed dose-dependent 

inhibition in growth of these cancer cells (Figure 6B-6D). These results suggested C1-C8 have significant 

anticancer activity against these cancer cells and their anticancer effects are exerted in dose-dependent 

manner. 

 

Figure 6 Human cancer cells growth inhibition; (A) A549, MCF-7 and HepG2 cancer cells were treated with 

DMSO and (C1-C8) (20 µM for 48 h and analyzed by MTT assay for cell viability, (B-D) MCF-7, A549 and 

HepG2 cancer cells were treated with 0, 2.5, 5, 10 and 20 µM of C2, C6 and C8 for 48 h and cell viability was 

analyzed by MTT assay. 

2.2.2. Comparative anticancer effect of C2, C6 and C8 with cisplatin and oxaliplatin 

The anticancer effect of C2, C6 and C8 was compared with market available drug cisplatin and 

oxaliplatin in MCF-7, HepG2 and A549 cancer cells. We observed that C8 was much more potent than 

cisplatin and oxaliplatin in these cancer cells, while C2 and C6 cytotoxic effect was nearly equal to 



cisplatin but much better than oxaliplatin (Figure 7A and 7B). These results showed comparative 

cytotoxic effect of these complexes to market available drugs and suggested C8 to be much more 

cytotoxic in MCF-7, HepG2 and A549 cells, thus highlighting the importance of C8 in treatment of 

cancer cells. 

 

Figure 7 Comparison of cytotoxic activity of C1-C8 with cisplatin and oxaliplatin in cancer cells; (A) Bright field 

images of A549, MCF-7 and HepG2 cancer cells treated with DMSO or 20 µM of C2, C6, C8, cisplatin or 

oxaliplatin for 48 h and bright field images were taken (Magnification 20X) (B) A549, MCF-7 and HepG2 cancer 

cells treated with DMSO or 20 µM of each mentioned complex for 48 h and analyzed by MTT assay for cell 

viability. 



2.2.3. Suppression of clonogenic potential of cancer cells induced by C2, C6 and C8 

Similarly, the effect of C2, C6 and C8 was investigated on long-term clonogenic cancer cells growth. 

MCF-7, HepG2 and A549 cells were treated with 2.5, 5, 10 and 20 µM of C2, C6 or C8 for 48 h and then 

media containing drug were removed from cell lines. MCF-7, HepG2 and A549 cancer cells were grown 

for next 12 days in drug free media and crystal violet assay was performed. The results showed strong 

inhibition in clonogenic growth of cancer cells treated with C2, C6 or C8 as compared to the control cell 

lines (Figure 8A-8C). The result of crystal violet assay data suggested that these complexes has the ability 

to suppress clonogenic potential of cancer cells. 



  

Figure 8 Pt(II) complexes inhibit clonogenic potential of cancer cells; (A-C) A549, MCF-7 and HepG2 cells were 

treated with 5, 10 or 20 µM of C2, C6 or C8 for 48 h and then further maintained in drug free medium for 12 days 

to determine clonogenic potential of cancer cells.  

2.2.4. Cancer cells death analysis using TUNEL assay 

Next, cancer cell death induced by selected complexes (C2, C6 and C8) was investigated by TUNEL 

assay. MCF-7, HepG2 and A549 cells were treated with 20 µM of C2, C6 or C8 for 48 h and then 

analyzed by TUNEL assay. TUNEL assay showed induction of cell death in MCF-7, HepG2 and A549 



cancer cells treated with each of these complexes as compared to the control cell lines treated with DMSO 

(Figure 9A and 9B). Taken together, these results showed the potentials of these complexes to induce 

cancer cell death and thereby reduce cell viability. 

 

Figure 9 Pt(II) complexes induce cancer cell death; (A) MCF-7, HepG2 and A549 cancer cells were treated with 20 

µM of C2, C6 or C8 for 48 h and cell death was analyzed by TUNEL assay (Magnification 20X) (B) Graphical data 

represent statistical analysis from figure A. 

2.2.5. Cancer cells migration induced by Pt(II) complexes 

Cancer cell migration plays critical roles in cancer progression by helping cancer cells to migrate from 

primary site to secondary site which finally leads to metastasis. Suppression of cancer cell migration is 

connected with cancer inhibition [36, 37]. Therefore, we investigated the effect of these complexes on 

cancer cells migration using wound healing assay. MCF-7, HepG2 and A549 cells were treated with 20 

µM of C2, C6 or C8 for 24 h and the migration ability of these cancer cells was determined through 

wound healing assay. Results showed that cancer cells treated with C2, C6 or C8 were less migrated in 

compassion to the control cells treated with DMSO in other word control cells were much faster migrated 

than treated cell lines (Figure 10A-10C). Taken together, wound healing assay showed that these 

complexes have strong potentials to suppress migration of cancer cells. 



 

Figure 10 Effect on cancer cells migration; (A-C) MCF-7, HepG2 and A549 cells were treated with 20 µM of C2, 

C6 or C8 for 24 h and then wound healing assay was performed for 24 h to determine wound healing area 

(Magnification 20X). 

2.2.6. Suppression of cancer cells invasion 

Invasion of cancer cells into blood stream from cancer tissues play a major role in cancer progression and 

cancer metastasis. Inhibition of cancer cells invasion has been linked with decrease metastatic potential 

[36, 37]. The effect of these of Pt(II) complexes on the invasion ability of cancer cells was investigated, 

MCF-7, HepG2 and A549 cancer cells were treated with 20 µM of C2, C6 or C8 for 24 h and  invasion 

ability of these cancers were determined through invasion chambers. Results showed less invasion of 

cancer cells treated with C2, C6 or C8 as compared to the control cells that treated with DMSO (Figure 

11A-11B).  These results demonstrated that these complexes to have good potentials to decrease the 

invasive ability of cancer cells. 



  

Figure 11 Cancer cells invasion study; (A-C) MCF-7, HepG2 and A549 cancer cells were treated with 20 µM of 

C2, C6 or C8 for 48 h and invasion ability was determined by cell invasion assay (Magnification 20X) (B) 

Graphical data represent statistical analysis from figure A. 

2.2.7. Suppression of cancer stem cells formation 

Cancer stem cells formation plays key roles in cancer progression, therapeutic resistance, cancer cells 

survival and clonal evolution. Cancer stem cells often show resistance to chemotherapy and thereby make 

the anticancer agents less effective against cancer progression [38]. Therefore, we investigated the effect 

of C2, C6 and C8 on cancer stem cells/tumor spheroids formation. MCF-7, HepG2 and A549 cells were 

grown as tumorsphere in ultralow attachment plates and then treated with C2, C6 or C8 for 7 days. 

Imaging analysis of cancer stem cells formation showed that there was significant inhibition in spheroids 

formation in cancer cells treated with Pt(II) complexes as compared to the control cells (Figure 12A-12B).   

These results showed that C2, C6 and C8 have the ability to decrease cancer stem cells/tumor spheroids 

formation and thereby suppress cancer progression.  

 



 

Figure 12 Inhibition of spheroids formation of cancer cells induced by Pt(II) complexes; (A) HepG2, MCF-7 and 

A549 cancer cells were treated with 20 µM of C2, C6 or C8 for 7 days and cancer stem cells ability was determined 

by spheroids assay in ultra-low attachment plates (Magnification 20X) (B) Graphical data represent percentage 

mammosphere formation efficiency (% MFE) from figure A. 

2.2.8. Pt(II) complexes suppress lipid biogenesis via SREBP-1 dependent pathway 

Sterol regulatory element-binding protein 1 (SREBP-1) play a critical role in lipid biogenesis and thereby 

promote cancer progression and metastasis. SREBP-1 has been shown to promote cancer cells growth and 

depletion of SREBP-1 is linked with cancer inhibition. SREBP-1 signaling is important for lipid 



biogenesis and lipid biogenesis has been linked with tumor development [31]. Therefore, we investigated 

the effect of the most potent complex C8 on SREBP-1 dependent signaling pathway. MCF-7, HepG2 and 

A549 cancer cells were treated with 5, 10 or 20 µM of C8 and SREBP-1expression was analyzed by 

western blot. Western blot analysis showed dose-dependent inhibition of SREBP-1expression in MCF-7, 

HepG2 and A549 cells treated with C8 as compared to the control cell treated with DMSO (Figure 13A). 

Taken together, these results suggested that C8 has stronger ability to repress SREBP-1 expression in 

cancer cells and thereby reduce lipids biogenesis. 

Next we also tested the effect of C8 on LDLR (Low Density Lipoprotein Receptor), FASN (Fatty Acid 

Synthase) and HMGCR (3-Hydroxy-3-Methylglutaryl-CoA Reductase), those play central role in fatty 

acid/cholesterol biosynthesis. SREBP-1 knockdown has been linked with the decrease expression of 

LDLR, FASN and HMGCR. As our results showed inhibition in SREBP-1 expression in response to C8, 

therefore we also investigated the effect of this complex on the expressions of LDLR, FASN and 

HMGCR in HepG2 cells using RT-PCR analysis. Transcript analysis of LDLR, FASN and HMGCR in 

response to C8 showed that this complex has the ability to suppress the expression of LDLR, FASN and 

HMGCR (Figure 13B), those are required for lipid biogenesis/fatty acid synthesis. Taken together, these 

results suggested the potential role of C8 in the inhibition of lipid biogenesis/fatty acid synthesis by 

targeting SREBP-1 dependent signaling pathways and thereby reduce the expressions of LDLR, FASN 

and HMGCR. These results highlighted the importance of C8 in the inhibition of lipids biogenesis and 

thus reduce cancer progression and cancer cell survival. 

  
Figure 13 Pt(II) complexes inhibit SREBP-1 expression; (A) HepG2, MCF-7 and A549 cells were treated with 20 

µM of C8 for 2 days and SREBP-1 expression was determined by western blot. GAPDH was used as a loading 

control (B) HepG2 cells were treated with 20 µM of C8 for 2 days and LDLR, FASN and HMGCR expressions 

were determined by RT-PCR. 



3. Discussion 

Platinum-based anticancer drugs are important chemotherapeutic candidates, comprising an estimated 

50% of clinical chemotherapeutic prescriptions [2], that is due to the great successes of these drugs in 

cancer therapy. At the same time several limitation were found with these metal-based drugs including 

severe side effects in cancer patients and limitation in efficacy in all types of cancer [21]. Therefore, great 

attention is being paid to the synthesis and application of novel assembly-based platinum anticancer 

complexes to diversify this field with increasing number of choices. These novel assemblies are not only 

increasing the effectiveness of these drugs but also overcome several drawbacks associated with the 

already used market available Pt(II) based drugs. In this scenario we modified our recently reported 

potent platinum anticancer complexes [43] with co-ligand pyridine. This approach not only helped us 

obtain water solubility (with chloride anions) but stability and effectiveness as well. We synthesized C1–

C8 functionalized complexes that showed their ease of synthesis and also helped us establishing the exact 

structure using multiple analytical techniques. Their structures were well established by NMR 

spectroscopy, HR ESI-MS and single crystal X-ray analysis.  

We reported potent anticancer platinum complexes (C1-C8) investigated in vitro in multiple cancer cells. 

The degree of the anticancer effect for C1-C8 was deduced from the MTT assay and found to be in order 

C8>C2>>C6>C1>C3>C7>C5>C4. From the literature discussed before it is hard to conclude the exact 

effect of certain modifications on the anticancer effect, but it can be deduced to certain extent keeping in 

view the structures of different complexes in a group such as here the highest anticancer effect of C8 and 

C2. It could be due to their modes of interaction with DNA, these complexes may form mono adduct and 

also intercalate DNA strand thus bind better to the target as compared to the other isomers. It is an 

intrinsic property of these two complexes depending upon their structures. Similarly, the lowest 

anticancer effect of C4 could be due to the weaker binding to the target hindered by chlorine atom on the 

phenolate ring.   

Lipids biogenesis and fatty acid synthesis provides fuel to cancer cells to promote migration, invasion, 

metastasis and cancer stem cells formation. Lipids signaling play critical role in tumor development and 

activation of oncogenic signaling pathways. Inhibition of lipids biogenesis is linked with decrease cancer 

progression. Invasion and migration of cancer cells requires ATP that is provided by several metabolic 

pathways including lipids signaling pathways [59-61]. SREBP-1 play critical role in cancer progression, 

invasion and tumor development. Decrease expression of SREBP-1 has been linked with increased 

apoptosis, decrease invasion and migration. Moreover, SREBP-1 plays key roles in lipid biogenesis [31]. 

C1-C8 prepared were analyzed for the inhibition of lipid biogenesis, we studied their effect on SREBP-1 



expression and other important apoptotic mechanisms. MTT assay showed high potency of these 

complexes against multiple human cancer cells. These complexes suppressed clonogenic potential and 

cancer stem cells formation. Moreover, these complexes suppressed the invasion and migration ability of 

cancer cells. These results highlighted the importance of these Pt(II) complexes as potential 

chemotherapeutic agents to target different cancer cell death mechanisms. Moreover, C8 was found to be 

more potent in all these complexes, cisplatin and oxaliplatin. Different mechanisms were checked to see 

that how these Pt(II) complexes suppress cancer cells growth and interestingly, we found that C8 

potentially suppressed lipids biogenesis and fatty acid synthesis pathways by decreasing the expression of 

SREBP-1. It also inhibited the transcript levels of LDLR, FASN and HMGCR those required for fatty 

acid synthesis. Taken together, our results highlighted the importance of C1-C8 in cancer inhibition by 

targeting SREBP-1 dependent lipid biogenesis pathway. 

 

4. Materials and methods 

4.1. Chemistry 

4.1.1. General experimental and materials 

All solvents and reagents were purchased from commercial sources. K2PtCl4 was purchased from LeYan 

Chemical Company China. NMR spectroscopic analyses were conducted on Bruker AVANCE 500 MHz 

spectrometer at 298K in DMSO-d6 or D2O. HR-ESI-MS spectra were acquired using waters G2-Xs QTof 

mass spectrometer. Crystal data was collected at 100 K on a Rigaku Oxford Diffraction Supernova Dual 

Source, Cu at Zero equipped with an AtlasS2 CCD using Cu Kα radiation. The data were collected and 

processed using Oxford Diffraction, Xcalibur CCD System. CrysAlisPro. Oxford Diffraction Ltd: 

Abingdon, England, UK, 201024. The structures were solved by direct methods using Olex2 software 

[62] and the non-hydrogen atoms were located from the trial structure and then refined anisotropically 

with SHELXL-2018 [63] using a full-matrix least squares procedure based on F2. The weighted R factor, 

wR and goodness-of-fit S values were obtained based on F2.The hydrogen atom positions were fixed 

geometrically at the calculated distances and allowed to ride on their parent atoms. Crystallographic data 

of each complex was submitted to Cambridge Crystallographic Data Center as CCDC 2096667-8, that 

can be obtained free of charge at e-mail: deposit@ccdc.cam.ac.uk, tel: +44-1223336408 and fax: +44-

1223336003. 



4.1.2. General procedure for the synthesis of C1‒C8 

Each complex (C1-C8) was prepared from precursor complex (PC1-PC8)[43], in general 0.1 mmol of 

precursor complex and 0.12 mmol of AgBF4 were taken in 20 mL of CH3CN and refluxed till completion 

(checked by TLC eluted with 1% MeOH/CH2Cl2), (4-18 h). The reaction mixture was cooled to rt and 

filtered through celite to remove solid AgCl precipitated during the reaction. The yellow filtrate obtained 

was further diluted with 20 mL of CH2Cl2 and two drops of pyridine (co-ligand) was added to it. This 

mixture was stirred at rt till completion (checked by TLC 1% MeOH/CH2Cl2), (4-18 h) and evaporated to 

get a yellow or orange solid for each complex. It was recrystallized form CH2Cl2-n-hexane to obtain pure 

complex (C1-C8). Each complex was characterized thoroughly using different analytical techniques. 

 

C1, 72% yield, light orange solid. FT- IR (KBr pellet) cm-1: 3040.0，1587.6, 1444.0, 1309.9, 1055.4, 

744.1, 677.1. 1H NMR (500 MHz, DMSO-d6) δ 9.64 (s, 1H), 8.86 (dt, J = 5.0, 1.6 Hz, 2H), 8.64 (d, J = 

8.5 Hz, 1H), 8.20 (tt, J = 7.7, 1.5 Hz, 1H), 8.05 (dd, J = 8.1, 1.8 Hz, 1H), 7.93 (dd, J = 7.9, 1.4 Hz, 1H), 

7.74 – 7.67 (m, 6H), 7.56 – 7.50 (m, 2H), 7.45 (dd, J = 8.4, 7.0 Hz, 2H), 7.07 (dd, J = 8.7, 1.0 Hz, 1H), 

6.96 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 162.7, 156.8, 152.9, 152.6, 

141.4, 138.3, 137.0, 133.0, 132.8, 132.4, 131.6, 130.9, 130.7, 130.6, 127.7, 127.0, 121.2, 120.4, 119.7, 

118.5 ppm. HRMS (ESI): Calcd for C24H19BF4N2OPtS, 665.0895: Found: 578.0872 [M-BF4]+. 

C2, 78% yield, light orange solid. FT- IR (KBr pellet) cm-1: 3389.5, 3044.8, 2915.5, 1597.2, 1453.6, 

1386.5, 1050.6, 825.5, 748.9, 681.9. 1H NMR (500 MHz, DMSO-d6) δ 9.57 (s, 1H), 8.85 (dt, J = 5.1, 1.5 

Hz, 2H), 8.62 (d, J = 8.6 Hz, 1H), 8.19 (tt, J = 7.7, 1.5 Hz, 1H), 7.92 (dd, J = 7.9, 1.4 Hz, 1H), 7.82 (d, J 

= 2.4 Hz, 1H), 7.73 – 7.67 (m, 5H), 7.55 – 7.48 (m, 3H), 7.45 (dd, J = 8.4, 7.0 Hz, 2H), 6.99 (d, J = 8.7 

Hz, 1H), 2.34 (s, 3H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 161.2, 156.3, 153.0, 152.5, 141.3, 140.0, 

135.5, 133.05, 132.8, 132.4, 131.6, 130.9, 130.6, 130.5, 127.6, 126.9, 126.8, 120.8, 120.2, 119.5, 20.0 

ppm. HRMS (ESI): Calcd for C24H21BF4N2OPtS, 679.1052: Found: 592.1026, [M-BF4]+. 

C3, 81% yield, reddish solid. FT- IR (KBr pellet) cm-1: 3619.3, 3054.3, 1597.2, 1525.4, 1458.3, 1305.1, 

1060.1, 820.7, 753.7, 686.7. 1H NMR (500 MHz, DMSO-d6) δ 9.62 (s, 1H), 8.84 (d, J = 5.2 Hz, 2H), 8.57 

(d, J = 8.6 Hz, 1H), 8.19 (t, J = 7.7 Hz, 1H), 7.94 (d, J = 7.9 Hz, 1H), 7.85 (dd, J = 9.4, 3.0 Hz, 1H), 7.77 

– 7.66 (m, 5H), 7.62 (td, J = 8.6, 7.9, 3.3 Hz, 1H), 7.57 – 7.50 (m, 2H), 7.45 (t, J = 7.7 Hz, 2H), 7.09 (dd, 

J = 9.4, 4.6 Hz, 1H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 159.5, 157.5, 156.1, 155.2, 152.9, 152.6, 

152.5, 141.4, 133.1, 132.8, 132.5, 131.6, 131.0, 130.9, 130.8, 130.3, 127.7, 127.1, 126.9, 126.6, 122.1, 



120.2, 119.5, 119.1, 118.8 ppm. HRMS (ESI): Calcd for C24H18BF5N2OPtS, 683.0801: Found: 596.0700, 

[M-BF4]+. 

C4, 83% yield, reddish orange solid. FT- IR (KBr pellet) cm-1: 3059.1, 2920.3, 1602.0, 1515.8, 1444.0, 

1386.5, 1314.7, 1070.5, 816.0,758.5, 686.7. 1H NMR (500 MHz, DMSO-d6) δ 9.59 (s, 1H), 8.81 (d, J = 

6.0 Hz, 2H), 8.55 (d, J = 8.7 Hz, 1H), 8.23 (s, 1H), 8.18 (t, J = 7.8 Hz, 1H), 7.90 (d, J = 7.9 Hz, 1H), 7.79 

– 7.64 (m, 6H), 7.53 (t, J = 7.6 Hz, 2H), 7.44 (t, J = 7.7 Hz, 2H), 7.03 (d, J = 9.1 Hz, 1H) ppm. 13C NMR 

(125 MHz, DMSO-d6) δ 161.6, 156.3, 152.6, 152.6, 141.5, 140.0, 137.8, 133.2, 132.9, 132.5, 131.7, 

131.1, 131.03, 130.3, 127.8, 127.3, 122.9, 119.7, 108.6 ppm. HRMS (ESI): Calcd for 

C24H18BClF4N2OPtS, 699.0505: Found: 612.0475, [M-BF4]+. 

C5, 88% yield, light solid. FT- IR (KBr pellet) cm-1: 3633.7, 3054.3, 1592.4, 1511.0, 1386.5, 1309.9, 

1161.5, 1060.1, 811.2, 748.9, 686.7. 1H NMR (400 MHz, DMSO-d6) δ 9.61 (s, 1H), 8.81 (d, J = 5.0 Hz, 

2H), 8.55 (d, J = 8.5 Hz, 1H), 8.25 (s, 1H), 8.17 (t, J = 7.6 Hz, 1H), 7.91 (d, J = 7.7 Hz, 1H), 7.72 (dd, J = 

19.5, 9.8 Hz, 6H), 7.52 (t, J = 7.7 Hz, 2H), 7.43 (t, J = 7.3 Hz, 2H), 7.02 (d, J = 9.1 Hz, 1H) ppm. 13C 

NMR (100 MHz, DMSO-d6) δ 161.6, 156.4, 152.6, 141.5, 140.0, 137.8, 133.1, 132.8, 132.5, 131.7, 131.1, 

130.9, 130.38, 127.7, 127.3, 122.9, 119.7, 108.5 ppm. HRMS (ESI): Calcd for C24H18BBrF4N2OPtS, 

743.0000: Found: 656.9966, [M-BF4]+. 

C6, 79% yield, red solid. FT- IR (KBr pellet) cm-1: 3379.9, 3020.8, 1587.6, 1525.4, 1463.1, 1386.5, 

1309.9, 1214.2, 1026.6, 825.5, 758.5, 681.9. 1H NMR (500 MHz, DMSO-d6) δ 9.55 (s, 1H), 8.81 (s, 2H), 

8.58 (d, J = 8.2 Hz, 1H), 8.16 (s, 1H), 7.83 (d, J = 7.3 Hz, 1H), 7.66 (d, J = 6.8 Hz, 5H), 7.50 (q, J = 13.8, 

10.7 Hz, 3H), 7.43 (t, J = 7.4 Hz, 2H), 7.34 (d, J = 8.7 Hz, 1H), 7.03 (d, J = 9.2 Hz, 1H), 3.78 (s, 3H) 

ppm. 13C NMR (125 MHz, DMSO-d6) δ 158.5, 155.8, 153.0, 152.5, 151.1, 141.3, 133.0, 132.8, 132.4, 

131.6, 130.9, 130.6, 130.5, 129.2, 127.7, 121.5, 120.1, 119.4, 114.8, 56.0 ppm. HRMS (ESI): Calcd for 

C25H21BF4N2O2PtS, 695.1001: Found: 608.0967, [M-BF4]+.. 

C7, 85% yield, yellow orange solid. FT- IR (KBr pellet) cm-1: 3059.1, 2925.1, 1606.8, 1467.9, 1329.1, 

1060.1, 753.7, 691.5. 1H NMR (500 MHz, DMSO-d6) δ 9.83 (s, 1H), 9.14 (d, J = 3.0 Hz, 1H), 8.82 (d, J = 

5.6 Hz, 2H), 8.61 (d, J = 8.7 Hz, 1H), 8.38 (dd, J = 9.5, 2.9 Hz, 1H), 8.20 (t, J = 7.8 Hz, 1H), 7.94 (d, J = 

7.8 Hz, 1H), 7.72 (dt, J = 15.6, 7.4 Hz, 5H), 7.55 (q, J = 7.3 Hz, 2H), 7.45 (t, J = 7.7 Hz, 2H), 7.18 (d, J = 

9.4 Hz, 1H) ppm. 13C NMR (125 MHz, DMSO-d6) δ 166.1, 157.8, 152.6, 152.2, 141.7, 138.7, 134.7, 

133.3, 132.8, 132.7, 131.8, 131.7, 131.0, 130.1, 127.9, 127.5, 122.0, 120.9, 120.0 ppm. HRMS (ESI): 

Calcd for C24H18BF4N3O3PtS, 710.0746: Found: 623.0722, [M-BF4]+. 



C8, 87% yield, light orange solid. FT- IR (KBr pellet) cm-1: 3054.3, 1602.0, 1525.4, 1376.9, 1262.0, 

1045.8, 825.5, 744.1, 677.1. 1H NMR (500 MHz, DMSO-d6) δ 9.88 (s, 1H), 8.87 (s, 2H), 8.74 – 8.52 (m, 

2H), 8.26 – 8.07 (m, 2H), 7.94 – 7.79 (m, 2H), 7.70 (d, J = 6.5 Hz, 6H), 7.53 (t, J = 7.4 Hz, 1H), 7.45 (t, J 

= 7.4 Hz, 4H), 7.22 (d, J = 9.1 Hz, 1H) ppm. 13C NMR (125 MHz, DMSO-d6) δ 164.4, 153.7, 152.6, 

149.3, 141.4, 139.2, 133.8, 133.1, 132.7, 132.4, 131.6, 131.0, 130.7, 130.1, 129.6, 129.0, 128.1, 127.8, 

126.3, 124.8, 122.9, 122.3, 120.0, 112.2 ppm. HRMS (ESI): Calcd for C28H21BF4N3O3PtS, 715.1052: 

Found: 628.1028, [M-BF4]+. 

4.2. Biology 

4.2.1. Cell culture 

A549, MCF-7 and HepG2 cancer cells were purchased from ATCC. A549, MCF-7 and HepG2 were 

maintained in DMEM supplemented with 10% FBS and 1% PEST antibiotics. Cells were grown in CO2 

humidifier having 37 °C.  

4.2.2. MTT assay 

A549, MCF-7 and HepG2 cancer cells were treated with indicated compounds for 48 h and then analyzed 

by MTT assay as reported recently by our group [43]. 

4.2.3. TUNEL assay  

A549, MCF-7 and HepG2 cancer cells were treated with indicated compounds for 48 h and then analyzed 

by TUNEL assay to detect apoptosis using our recently reported method [43]. 

4.2.4. Clonogenic assay  

A549, MCF-7 and HepG2 cancer cells were treated with indicated compounds for 48 h and then cells 

were grown for next 7 days in drug free DMEM media supplemented with 10% FBS and analyzed using 

our recently reported method [43]. 

4.2.5. Western blots data 

A549, MCF-7 and HepG2 cancer cells were treated with C8 for 24 h and treated cells were collected as 

pellets. Cell lysis and western blot was performed as described previously [43].  

4.2.6. Mammosphere assay  



A549, MCF-7 and HepG2 cancer cells were grown as tumor sphere/cancer stem cells in ultra-low 

attachment plates. Tumor sphere/cancer stem cells were treated with C2, C6 and C8 complexes for 5 

days. Mammosphere assay reagents and analysis was performed a reported in our previous manuscript 

[43]. 

4.2.7. Invasion assay: Boyden chamber invasion assay 

Invasion assay was performed as described previously [64]. BioCoat Matrigel Invasion Chamber was 

used for A549, MCF-7 and HepG2 cancer cells invasion ability. Briefly, upper chamber were seeded with 

A549, MCF-7 and HepG2 cancer cells after treatment and the lower chamber contained  DMEM 

supplemented with 10% FBS as a chemoattractant. Then the chamber was incubated in a 5% CO2 and 37 

°C for 24 h. After completion of incubation, A549, MCF-7 and HepG2 cancer cells that were attached 

with the upper surface of the membrane were wiped very carefully using swab and the A549, MCF-7 and 

HepG2 invaded cells that were present at the lower surface of the membrane were fixed with 

formaldehyde for 30 min and then fixed cells were stained with stained with the 0.05% crystal violet 

solution for 20 min at rt. The invaded cells at the lower chamber after fixing and staining were 

photographed.  

4.2.8. Wound healing assay: 

A549, MCF-7 and HepG2 cancer cells were plated at a confluence of 90% and next day wound was 

performed with 10 µL sterilize tip. Cells were then treated with C2, C6 and C8 for 24 h and wound 

healing area was determined after 24 h to detect migration ability of cancer cells. 

4.2.9. RT-PCR  

HepG2 cells were treated with 20 µM of C8 for 2 days and then RNA extracted from control and treated 

cells using trizol reagent. RevertAid™ First Strand cDNA synthesis kit was used to synthesize cDNA 

from extracted total RNA using the instructions from manufacture protocol. SYBR Green qPCR (Thermo 

Scientific) was used to analyze mRNA levels by RT-PCR. β-actin: forward: 5-

TGGATCAGCAAGCAGGAGTATG-3, reverse: 5-GCATTTGCGGTGGACGAT-3 [65],  LDLR: 

forward: 5’-CCCGACCCCTACCCACTT-3 ,  reverse: 5-AATAACACAAATGCCAAATGTACACA-3 

[65],  FASN: Forward: 5-CTTCCGAGATTCCATCCTACGC-3,   

Reverse: 5-TGGCAGTCAGGCTCACAAACG-3 [66], HMGCR: Forward: 5-

GTTCTGAACTGGAACATGGGC-3, Reverse: 5-TTCATCCTCCACAAGACAATGC-3 [67].  
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