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ABSTRACT 

The ever-increasing use of plant-derived phytochemicals and thiol rich 

molecules for the synthesis and stabilization of non-toxic metallic 

nanoparticles has gained increasing momentum for anti-cancer drug 

design and bioavailability. In this work, we synthesised a 

nanoformulation using Solanum trilobatum (SN) phytochemicals and 

dihydrolipoic acid (LA) for the production of palladium nanoparticles 

(PDNPs). The synthesized nanoparticles were analyzed by TEM. 

Further, this study evaluates the therapeutic efficacy of SNPDNPs and 

SNPD-LANPs in human lung (A549) cancer cells including cell 

viability comparison, cell morphology analysis and oxidative stress 

parameters. Accordingly, SNPD-LANPs exhibited significant 

cytotoxicity in A549 cells in a dose-dependent manner compared to 

SNPDNPs as determined by MTT and LDH analysis. SNPD-LANPs 

and SNPDNPs treatment also revealed significant (P<0.05) decrease in  

intracellular enzymatic and non enzymatic levels and increased lipid peroxidation status 

(TBARS) when compared to untreated A549 cells. Our result was also demonstrated a 

considerable alteration of apoptotic indices (nuclear morphology change stained with DAPI) 

as viewed through fluorescence microscope in SNPD-LANPs than SNPDNPs treated cancer 

cells. Taken together, the results of the present study which demonstrates that SNPD-LANPs  

might induce metabolic manipulation that significantly generates cell death via apoptosis and 

necrosis without affecting the normal cells.  
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1. INTRODUCTION 

Lung cancer is still a commonly diagnosed cancer as well as the leading cause of cancer 

death in males globally. Among females, it was the fourth most commonly diagnosed cancer 

and the second leading cause of cancer death [1]. Present therapy such as surgery, 

radiotherapy, and chemotherapy are mostly unsuccessful against advanced stages of cancer, 

and are also often associated with severe side effects [2]. To overcome these side effects in 

cancer therapy, efforts have been directed to search for methods to develop therapeutic 

modalities with no or minimal side effects to normal organs.  

 
Progress in therapy of cancer has also received gifts from the development of nanotechnology 

and metallic nanoparticles uses increased for their potential efficacy [3]. Metallic 

nanoparticles (like silver, platinum, gold and palladium) [4, 5] are the emerging nanoproducts 

that have gained interest in the field of nanomedicine due to their unique properties and 

obvious therapeutic potential in treating a variety of diseases. Nanoparticles improve the 

solubility of poorly water-soluble drugs, modify pharmacokinetics, increase drug half-life by 

reducing immunogenicity, increase particularity towards the target cell or tissue (therefore 

reducing side effects), improve bioavailability, diminish drug metabolism and enable a more 

controllable release of therapeutic compounds and the delivery of two or more drugs 

simultaneously for combination therapy [6-8]. Among the nanoparticles, palladium 

nanoparticles are having an extensive application in heterogeneous and homogeneous 

catalysis due to their high surface to volume ratio [9-11]. Synthesis of PDNPs using chemical 

reduction technologies are well explored but, as it involves extreme operational conditions 

like high temperature, pressure and numerous toxic chemicals this has become a non eco-

friendly and high cost technique [12]. 

 
Of late, extensive research effort has been made in utilizing various biological systems and 

plants that was found to be simple and versatile process for the synthesis of different types of 

metal nanoparticles [13-15]. Among them plant extract mediated biological process was 

found to be simple and versatile process for the synthesis of different types of metal 

nanoparticles such as silver, gold and palladium, which has emerged as an alternate to 

conventional physical and chemical methods [16-22]. Reports have shown that the leaf 
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extracts of Diopyros kaki [22], C. Camphora [23] , extracts from the bark of Cinnamon 

zeylanicum [24] , extracts from the tuber of Curcuma longa [12] and extracts from the peel of 

banana [25] played a role as reducing and stabilizing agents for the synthesis of palladium 

nanoparticles. 

 
In addition, the presence of the free radical scavenger, lipoic acid [26] and the addition of an 

alternative energy source palladium [27], led to consider that palladium-lipoic acid complex 

(LAPd) as a non-toxic chemotherapeutic agent for the treatment of various cancers [27,28]. 

Ramachandran and his co-worker in their study, they have complexed silver nanoparticles 

with lipoic acid by means of a surface stabilizing agent, Pluronic F 127 and confirmed the 

feasibility in using the same as a therapeutic adjuvant during cancer radiotherapy [29]. In 

continuation with our previous investigation [30], an attempt was made to synthesize 

palladium nanoparticles using the polyphenols, present in Solanum trilobatum, an anti-cancer 

herb (solanum-nanopalladium-SNPD) and α-lipoic acid (solanum-nanopalladium lipoic acid-

SNPD-LA) as stabilizing agents. However, the primary toxicity and distribution of SNPDNPs 

and SNPD-LA nanoparticles remains unexplored. Here, an effort has been put forth to 

understand various steps in palladium nanoparticles toxicity by studying the effect of 

polyphenols of Solanum trilobatum and lipoic acid coated palladium nanoparticles on cell 

viability, biomarkers for oxidative stress such as glutathione (GSH), malondialdehyde 

(MDA) and lactate dehydrogenase (LDH) and chromosomal aberrations in human lung 

cancer cell line (A549).  

 
2. EXPERIMENTAL METHODS 

2.1.Synthesis of palladium nanoparticles from Solanum trilobatum leaf extracts 

(SNPDNPs) 

The broth used for reduction of PdCl2 ions to palladium was prepared by taking 20g of  

thoroughly washed and finely cut Solanum trilobatum leaves (from local market, Chennai) in 

a 500 ml Erlenmeyer flask with 100 ml sterile distilled water and then boiling the mixture for 

1 min. The process of boiling the leaves leads to rupture of the walls of leaf cells and thus, 

release of intra-cellular material into solution. After boiling, the solution was decanted, 

filtered and 5ml of this broth was added to 100 ml of 0.226 M PdCl2 aqueous solution. 
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2.2. Palladium nanoparticles from Solanum trilobatum leaf extract conjugated with 

Lipoic acid (SNPD-LANPs)  

15 ml of the leaf extract was taken and added 0.226M PdCl2 aqueous solution with 1 ml of 

lipoic acid (Sigma corporation) (15mg lipoic acid was dissolved in 0.5ml of ethanol and 

0.5ml of water) and kept for incubation at room temperature for 24 h. The mixture was 

centrifuged at 4,500 rpm to separate the capped PDNPs. The resulting palladium 

nanoparticles were  purified by repeated centrifugation at 15,000 rpm for 20 min, with the 

pellet produced by this process redispersed in deionised water. The obtained nanoparticles 

were subjected to characterization for their stability (UV-spectroscopy), functional group 

analysis for confirming their involvement in forming a nanocomplex (FTIR) and SEM for 

characterizing the morphology and size in our previous study [30]. Additionally, in this study, 

we have performed TEM to confirm the morphology of the obtained nanocomplexes. 

 
2.3. Cell culture  

The human broncho alveolar carcinoma-derived cell line (A549) was purchased from Pune, 

NCCS. Cells were maintained in Hams F-12 medium supplemented with 10% fetal bovine 

serum (FBS), 100 units/ml penicillin, and 100µg/ml streptomycin, and grown at 37◦C in a 5% 

CO2 humidified environment. The test solution of SNPDNPs and SNPD-LANPs was 

prepared in the culture media and dispersed for 20 min by using a sonicator to prevent 

aggregation. The cells were treated with various concentrations of particles, and a time 

schedule is designated in the following section of each toxicological study. 

 
2.4. Cell viability test 

Cell viability was measured by the MTT (3-(4-5-dimethylthiazol-2-yl) - 2, 5-

diphenyltetrazolium bromide (Sigma) assay. Cells were seeded on 96-well tissue culture 

plates with 5 × 103–2 × 104 cells in 100 µl media per well. Cells were treated with 10, 40, 80, 

120 & 160µg/ml concentrations of SNPDNPs & SNPD-LANPs complexes for 24 and 48 h 

respectively. At the end of exposure, 40µl of MTT solution (2 mg/ml) was added and the 

cells were incubated for 4h at 37 °C. Cells were treated with 150µl of DMSO and absorbance 

was quantified in 540 nm using the micro plate spectrophotometer system (VersaMax, 

Molecular Devices, and Sunnyvale, CA, USA). The viability of the treated group was 

expressed as the percentage of control group that was assumed to be 100%. The conversion 

of lactate to pyruvate was detected using the Cytotoxicity Detection Lactate Dehydrogenase 

kit (Roche Applied Science, IN, USA) following the manufacturer’s instructions. The cells 
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treated with SNPDNPs & SNPD-LANPs complexes were washed twice with ice-cold PBS, 

harvested by centrifugation at 250 g for 10 min at 25°C. The supernatant obtained was used 

for determining the LDH activity. Optical densities resulting from LDH activity were 

measured in a micro plate reader at 490 nm. Results were given as mean ± standard deviation 

of three independent experiments. 

 
2.5. Estimation of oxidative stress parameters 

The human lung cancer cells (A549) were cultured and exposed to SNPDNPs and SNPD-

LANPs at the concentration of 60µg/ml for 24 hours. These cells were washed and harvested 

in ice cold PBS. The harvested cells were then lysed in cell lysis buffer (20mm Tris-HCl [pH 

7.5], 150mm NaCl, 1mm Na2EDTA, 1% Triton and 2.5mm sodium pyrophosphate). The 

lysed cells were then centrifuged and the supernatant was used for the further assays of 

biomarkers of oxidative stress. The extent of Lipid Peroxidation (LPO) was determined by 

the formation of pink chromogen when lipid peroxides reacted with thiobarbituric acid 

(Thiobarbituric acid-2-malondi- aldehyde adduct), and was measured at 532 nm against blank 

using spectrophotometer. The Thiobarbituric Acid Reactive Substance (TBARS) measured 

was expressed as n moles of MDA formed/min/mg protein in samples [31]. The activity of 

SOD was expressed as Units/mg of tissue protein and was assayed by monitoring the 

inhibition of the reduction of nitro blue tetrazolium by the sample at 560nm [32]. The activity 

of CAT was examined as the rate of decrease in the absorbance of H2O2 at 240nm/min/mg 

protein [33]. The activity of GPx in cell extracts was expressed as nmoles of CDNB 

conjugated/min/mg protein. One unit of enzyme activity is the amount of the enzyme that 

converts 1 µmole of GSH to GSSG and recycling of GSSG by GR in excess in the presence 

of H2O2/min [34].  The amount of Protein in the samples was estimated by the method of 

Lowry et al., 1951 [35]. The GSH content was determined according to the method of 

Akkemik, et al., 2011, based on the reaction with 5,5’-dithio-bis (2 nitro benzoic acid) 

(DTNB or Ellman’s reagent) which gave a yellow colour that was measured at 412 nm [36]. 

 

2.6. Analysis of nuclear morphology change 

The cells were treated with 60µg/ml of SNPDNPs & 60µg/ml of SNPD-LANPs, and then 

washed once in phosphate buffer saline (PBS) followed by fixation in cold methonal: acetone 

(1:1) for 5 min. After washing thrice in PBS for 5 min, these cells were treated with 4µg/ml 

4′, 6-diamidine-2′-phenylindole dihydrochloride (DAPI) (Sigma) for 10 min at room 

temperature. Nuclei of the treated and control cell lines were stained with DAPI and 
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visualized using an Olympus fluorescence microscope equipped with an Olympus Cool Snap 

Camera (Tokyo, Japan).Cells were randomly selected for examination at a high magnification 

(×40) and photographed. 

 
2.7. Statistical analysis 

Data represent the mean + SD of triplicates from three independent experiments. Statistical 

differences were obtained using the analysis of variance, and the Dunnett’s and Turkey’s tests 

(SPSS v. 12 programs). 

 
3. RESULTS AND DISCUSSION 

The synthesis of nanoparticles of specific composition and size is a promising area in 

materials science research. New routes to the manufacture of these materials extend the 

choice of properties that can be obtained from nanoparticles. Though, the palladium lipoic 

acid complex is one of the best investigated drugs for their toxicity, there is a paucity of data 

on nanopalladium-lipoic acid complex. The phyto-synthesis of palladium nanoparticles offers 

a new means to develop environmentally benign nanoparticles [37] and also has been briefly 

discussed in our preliminary study [30]. The water-soluble fractions comprised of complex 

polyols in the biomass were believed to have played a major role in the bioreduction of 

palladium ions [38]. Furthermore, the stability of palladium nanoparticles can be attributed to 

the formation of stable bonding between metallic palladium and reducing sugars, the 

phytochemicals such as saponins, tannins, terepenoids, flavonoids, anthocyanins, 

betacyanins, proteins and steroids and phenolic acids present in the leaf broth of Solanum 

trilobatum [39]. 

 
The modification of  the surface of the metallic nanoparticles with some functional groups, 

such as cyano, thiol [40], glutathione [41], and amino groups [42,43] are known to be very 

stable, biodegradable, biocompatible and with high specificity. In the present study, the 

disulfides in lipoic acid are reduced by the palladium chloride ions to two thiol groups, which 

may be involved in the binding of lipoic acid to SNPDNPs [44]. This enabled the weaker PD-

SN bonding interactions, which can easily break from the surface of the Pd nanoparticles 

during a longer reaction time [45]. Studies have evidently illustrated that glutathiones (a thiol 

rich molecule) used for capping gold quantum clusters (AU-n-SG-m) (-SG, glutathione 

thiolate) has been well known for the stability of the AUNPs synthesized chemically [44]. In 

addition,  the binding of such thiol-rich molecules is that they home in to the tumour 

vasculature, which is less dependent on the variability of receptors expressed directly on the 



www.wjpr.net                         

 
 

771 
 

Kanchana M et al.                                               World Journal of Pharmaceutical Research 

tumour cell surface [46] thereby developing a  rapid release without appreciably contributing 

to drug loss during circulation in the central blood compartment. One of our previous studies 

have shown the cytotoxicity and oxidative stress caused by lipoic acid and grape 

phytochemicals stabilized gold nanoparticles in human breast cancer cells [47]. This 

prompted us to investigate the toxicity of solanum palladium nanoparticle (SNPDNPs & 

SNPD-LANPs), which constitutes palladium, lipoic acid and phytochemicals of Solanum 

trilobatum.  

 
We explored the toxic responses of nanopalladium complexes to A549 cells to validate the 

commercially available palladium lipoic acid complex. The effects of nanoparticles on 

cellular processes mainly depend on their size, chemical composition, crystalline, and 

aggregation property. Consequently, we performed TEM (Fig. 1a and 1b) analyses to show 

the size and morphology of the obtained nanopalladium complexes. The TEM image 

represented the polydispersity of the formed palladium nanoparticles that are more or less 

spherical in shape with a size ranging between 40 to 70 nm. Therefore, for a nanoparticle to 

find their application, their shape plays a significant task. Our findings confirm with the study 

of Yong and his co-workers [48] who have reported that the PDNPs synthesized from 

Desulfovibrio desulfuricans had an average size of 50 nm. Also the work by Mallikarjuna et 

al., 2008 [49] who generated a green approach for silver (Ag) and palladium (Pd) 

nanoparticles using coffee and tea extract resulted  with sizes ranging from 20-60 nm. 

 

 
Fig. 1. TEM microscopic images of (1a) SNPDNPs & (1b) SNPD-LANPs 

 
3.1. Effect of SNPDNPs & SNPD-LANPs complexes on Cell Viability and 

Cytotoxicity of A549 cells 

In our present investigation, the foremost challenge in this study is to demonstrate the 

cytotoxicity of  solanum nano-palladium lipoic acid complexes under in vitro conditions in 
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A549 cells using two cytotoxicity markers, including mitochondrial function (MTT 

reduction), and membrane integrity (LDH leakage). These are the basic markers for the 

estimation of toxicity for a wide range of nanoparticles in different kinds of cell lines, at 

which 50% of the cells die in a given time frame (LC50) [50]. To examine the toxic effects of 

SNPDNPs & SNPD-LANPs particles, A549 cells were incubated with different 

concentrations (10-160µg/ml) of nanoparticles for 24 and 48h and the cell viability was 

determined. After 48h, cell viability decreased as a function of nanoparticle concentration to 

30% and 24.7%, upon exposure to 160 µg/ml of SNPDNPs & SNPD-LANPs complex 

respectively and cytotoxicity was not intensified by the increase in concentration up 

to160µg/ml (Fig. 2a). Results of MTT assays clearly revealed that SNPD-LANPs exerted 

slightly better cytotoxic effect than SNPDNPs in a dose-dependent manner towards A549 

cells.  

 
It is apparent that, the rate of glycolysis increases by cancer cells wherein there is conversion 

of pyruvate into lactate which catalyses by LDH, which consumes NADH and regenerates 

NAD. This in turn makes the cell more vulnerable to programmed cell death (apoptosis) and 

decreasing the cell viability indicating that cell death is the primary cause for the cell number 

reduction that is evident by the significant increase in the LDH activity and promoting cell 

membrane damage. The extent of A549 cell membrane rupture was revealed by LDH levels 

in cell medium. The LDH levels in the cell culture were increased in all treatment groups 

after exposure to SNPDNPs & SNPD-LANPs nanoparticles for a period of 48 h by 73.5% 

and 58.1%, respectively (Fig. 2b). The release of LDH in our study can be attributed to the 

excellent viability of the cells treated with SNPDNPs and SNPD-LANPs as proven by LDH 

assay. Nanopalladium complexes pre-treatment at a concentration of 160µg/ml reduced the 

LDH leakage to a minimum, and this concentration is used in subsequent studies. Both these 

assays demonstrated that the solanum nano-palladium lipoic acid complex exert significant 

cytotoxicity to A549 cells in dose-dependent manner in the concentration range of 10-

160µg/ml. The noticeable cytotoxicity is due to the smallest size that can interact readily with 

biomolecules either on the surface of or within cells.  The cytotoxicity results of the present 

study can be attributed to the cytotoxicity induced by chemically synthesized palladium lipoic 

acid in cancer cell lines like colon carcinoma (SW 620 and HCT 116), lung carcinoma (H 

460), and breast carcinoma (MCF-7) [51]. In addition, Lin et al., 2006 established in his 

study that upon treatment with 15nm and 46nm of amorphous silica nanoparticles at 50µg/ml 

for 48 h, to A549, the cell viability decreased significantly but was same for both sizes and 
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found to be 76.0% of control [42, 52]. Thus, with nanoparticles toxicity, it is often expected 

that the smaller the size, the stronger the exerted cytotoxicity [53]. Therefore the sizes of our 

nanoparticles (40-70 nm) as evidenced by TEM hold promise in inducing cytotoxicity to lung 

cancer cells. 

 
Fig. 2. (a) Cell viability of different concentrations of SNPD & SNPD-LANPs on A549 

cells after 48h of treatment, as calculated from the MTT assay. (b) LDH release at 

different concentrations of SNPD & SNPD-LANPs on A549 cells after 48h of treatment. 

The values are represents the mean of three repeat for each treatment. 

 
3.2. Effect of SNPDNPs & SNPD-LANPs complexes on antioxidant enzymes in A549 

cells 

PDLA complex is unique in electronic and redox properties that appear to be the key to their 

physiological effectiveness [27,54]. As previously mentioned, LAPD is not a single molecule 

but a complex and their liquid crystal structure thus provides a continuous stream of redox, 

which is novel to free radical biology. Thus, lipoic acid complexed with nanopalladium and 
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the phytochemicals of Solanum trilobatum have the ability to be a highly effective free 

radical scavenger and their ability to donate electrons to the mitochondria of the cell is 

critical in explaining their dramatic benefits. It was well documented that Oxygen Radical 

Absorbance Capacity (ORAC) analysis of palladium α-lipoic acid formulation demonstrates 

that it is approximately five times more potent antioxidant than α -lipoic acid and acts as both 

an exceedingly active free radical scavenger and alternative energy source to the vulnerable 

hippocampus of the brain [55]. Thus, the foremost biochemical changes in cancer cells after 

treatments with anti-cancer agents is the increase in ROS generation, which is frequently 

considered as a cancer-promoting factor [56]. 

 
One of the consequences of elevated oxidative stress is the production of malondialdehyde, 

an indicator of lipid peroxidation. Many studies have examined the possibility of an 

association between lipid peroxidation and cancer. It increases the peroxidation of PUFA in 

mitochondrial membrane and this effect along with cross-linking of proteins with amino 

groups of phospholipids and nucleic acids induced by MDA causes changes in membrane 

fluidity. Based on the results of cytotoxicity [57] and potential redox property of SNPDNPs 

& SNPD-LA nanoparticles we propose that the cells are adorned with oxidative stress. Since, 

LPO is a sensitive parameter for toxic effects of various environmental pollutants with 

oxidative properties [53]; the authors suspected that solanum palladium lipoic acid 

nanoparticles induced ROS might play a key role in LPO. Being exposed to SNPDNPs & 

SNPD-LANPs composites for 72 h, cellular MDA levels showed a significant (p<0.05) 

increase with the highest (60µg/ml) nanoparticle dosage level when compared to the control 

(Fig. 3a). This increased level was found to be highly significant in the cells treated with 

SNPD-LANPs when compared to the cells treated with SNPDNPs. MDA levels increased by 

39.2%, and 49.1% after 72 h exposure to SNPDNPs & SNPD-LANPs composites 

respectively when compared to the control the groups. Further, LPO caused by exposure to 

nanosized particles has also been observed in other studies of nanoparticle toxicity [58]. 

Since the palladium-lipoic acid complex serves as a potent redox molecule, it may facilitate a 

chain breaking antioxidant effect on the lipid peroxidation process that may appear to be the 

key to their physiological efficiency [27, 28]. 

 
Cellular integrity is affected by oxidative stress when the production of ROS overwhelms 

antioxidant defence mechanism [59]. Toxic substances either suppress the activity of 

antioxidant enzymes or lead to an increased production of ROS, resulting in higher ROS 
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levels in the cell [60]. Cellular defence mechanism against superoxide includes a series of 

linked enzyme reaction to remove superoxide and repair radical induced damage. Catalase 

and glutathione peroxidase play an important role in the cellular protection from oxidative 

stress-induced cell damage. They catalyze the transformation of H2O2 within the cell to 

harmless by-products, thereby curtailing the quantity of cellular destruction inflicted by LPO 

products. Thus, CAT is a hemoprotein that requires NADPH for their regeneration to its 

active form and GPx is required to repair LPO initiated by superoxide in the phospholipid 

bilayer for maintenance of membrane integrity. Our results showing lower activities of SOD, 

CAT and GPx in cancerous lung cells are consistent with the general tendency of 

accumulation of H2O2, and O2 in tumour cells [61]. In fact, a lower capacity to destroy H2O2 

e.g., by catalase, peroxiredoxins, and GSH peroxidases may cause tumour cells to grow and 

proliferate more rapidly than normal cells in response to low concentrations of H2O2. It is 

well known that H2O2 exerts dose-dependent effects on cell function, from growth 

stimulation at very low concentrations to growth arrest, apoptosis, and eventually necrosis as 

H2O2 concentrations increase. Therefore in the present study, activity of SOD (30% and 

62%), CAT (15% and 30%) and GPx, (39% and 56%) decreased upon exposure to SNPDNPs 

& SNPD-LANPs to A549 cells at LD50 concentrations, compared with untreated cells (Fig. 

3b, 3c, 3d).  

 
The changes in the activity of antioxidant enzymes on treatment of SNPDNPs & SNPD-

LANPs may be attributed to the antioxidant effect and the chemoprotective role [62, 63] of 

the solanum phytochemicals such as isoflavonoids, phenols, phenolic acids, xanthones 

enriched in Solanum trilobatum. They reduce the free radical formation by decreasing the 

concentration of cytosolic iron, which plays an important role in oxygen radical formation. 

Besides, lipoate also has an effective role as a scavenger of hydroxyl, singlet, peroxide, and 

superoxide radicals [64] and sufficient evidence indicating the usefulness of the lipoic 

acid/dihydrolipoic acid redox couple as a therapeutic agent [64, 65]. Studies have also 

demonstrated that LA can regenerate or recycle the antioxidants CoQ (ubiquinol), vitamins C 

and E (via glutathione), and glutathione without itself becoming one in the process [66]. In 

addition, the capping agent, lipoic acid has the potential to increase glucose uptake in both in 

vitro and in vivo condition [67]. Enhanced glucose uptake by cells serves as a fuel for both 

pentose phosphate pathway and oxidative phosphorylation thereby bringing up the cellular 

levels of NADPH/NADP+ which in turn alters the activity of CAT.  
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Fig 3. Effect of 60 µg/ml of SNPDNPs & SNPD-LA NPs in A549 cells on the levels of a) 

lipid peroxide (LPO), b) superoxide dismutase (SOD), c) catalase (CAT), d) glutathione 

peroxidase (GPx) and e) reduced glutathione (GSH) . The values are represents the 

mean of three repeat for each treatment. 

 
With increased levels of NADPH, changes in the levels of GSH, a substrate for GPx may 

occur. GSH is vital to antioxidant defences, because besides serving as a substrate in the GPx 

reaction, it also acts as a free radical scavenger and helps regulate the thiol disulfide 

concentration of a number of glycolytic enzymes and Ca2+-ATPases, thus indirectly 
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maintaining intracellular Ca2+ homeostasis [68]. The patterns of the cellular GSH levels 

agree with the  dose-dependent response observed in the cell viability study and a maximum 

decline (P < 0.05) of GSH level of exposure to 60µg/ml of SNPDNPs & SNPD-LANPs 

composites that ranged between 47.8% and 32.0% respectively is highlighted in this study 

(Fig. 3e). The observed decrease in GSH on treatment could be ascribed to the ability of 

lipoic acid to modulate cysteine availability, which is considered as the rate-limiting factor in 

their biosynthesis [65]. Sudheesh et al., 2010, in their study highligted the higher levels of 

antioxidant status (MnSOD, CAT, and GSHPx) with the PDLA treated groups of aged male 

rats group [69]. He also found a similar increase of the antioxidant enzymes levels, GSH and 

LPO levels alloxan induced diabetic group with the PDLA [70]. Although polyphenols of 

Solanum trilobatum [39] and LA display pro-oxidant properties under specific conditions, 

both compounds additionally act as strong antioxidants [71]. They function in various cell 

types to block or prevent oxidative stress-induced apoptosis but promote apoptosis in several 

cancer cell lines [72-77]. Thus it is evident that lipoic acid that acts as a capping agent in 

SNPDNPs could mitigate GSH consumption either by acting as an alternate scavenger of 

ROS or by increasing the levels of GSH by stimulating their biosynthesis. 

 
3.3. Effect of SNPDNPs & SNPD-LANPs on Apoptosis in A549 cells  

Induction of apoptosis in cancer cells is an important focus in the discovery of anticancer 

drugs. Recent research in cancer, propose that  ROS mediated apoptosis is characterized by a 

series of morphological changes such as chromatin condensation, cell shrinkage, membrane 

blebbing, packing of organelles, formation of apoptotic bodies and inter-nucleosomal DNA 

fragmentation. Thus in our present study nuclear condensation events due to stress was found 

to be one of the signatures of cytotoxicity. Analysis of nuclear morphology change in the 

treated and untreated A549 cells was visualized at a magnification range of 40X using an 

Olympus fluorescence microscope. A minimum of 200 cells were counted and classified as 

follows: Both normal cells (Fig. 4) (with big nuclear, dispersion and homogeneous 

fluorescence) and the apoptotic cells (with nuclear shrinkage and hyper chromatic nuclei) 

were counted under each field. Kanchana et al., 2011 observed a similar pattern in breast 

cancer cells after treatment with phytochemicals and lipoic acid coated gold nanoparticles 

[47]. 
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Fig. 4. Fluorescence micrographs of A549 cells stained with DAPI to visualize nuclear 

morphology. The untreated A549 cells contained round nuclei with homogeneous 

chromatin. The cells treated with SNPDNPs & SNPD-LANPs showed chromatin 

condensation, reduction of nuclear size, and nuclear fragmentation. 

 
The cytotoxic effects of palladium are the result of active physicochemical interaction of 

palladium atoms with the functional groups of intracellular proteins, as well as with the 

nitrogen bases and phosphate groups in DNA. Interestingly, the polyphenolic antioxidants are 

scavengers of free radicals and modifiers of various enzymatic functions. Thus, 

phytochemicals of Solanum trilobatum coated on both the nanocomposites are closely 

associated with antioxidant properties that may be involved in the induction of A549 cell 

apoptosis. Moreover, among these molecules, alpha-lipoic acid has gained considerable 

attention since it was able to induce cell cycle arrest and apoptosis in different cancer cell 

lines [78], while it exerted protective effects in normal cells [72, 79]. Furthermore, as Lipoic 

acid, a vital ingredient in the SNPD-LANPs complex and an essential cofactor in the 

conversion of pyruvate to acetyl-CoA, helps the PD-LA complex to directly target the 

mitochondria where acetyl CoA is then channelled into the citric acid cycle to create NADH 

and FADH2 to generate ATP, the cell’s primary energy source.  

 
In conclusion, the lipoic acid coated SNPDNPs might provoke metabolic manipulation that 

drastically generates cell death via apoptosis and necrosis without disturbing the normal cells 

making SNPD-LANPs a valuable entrant lead compound to contradict growing drug 

resistance in lung cancer. 
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