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1.1 Nanomedicine 

Recently, nanotechnology is becoming popular due to the wide application of 

nanoparticles not only in material science but also in medical science [1]. 

Nano-technology, deals with the features as small as 1 billion of a meter. The broad 

application of nanotechnology covered almost all fields of life including nanomaterials, 

nanoscale devices, instrumentation research and biomedical research. The application of 

nanotechnology in the field of medicine is defined as nanomedicine, which deals with 

the biology, chemistry, engineering and medicine. It provides help in the use of 

nanoscale materials and devices for diagnosis and drug delivery, without occluding 

needles and capillaries, improve disease prevention, diagnosis and treatment of 

disorders such as cancer [1- 3].  

 

1.1.1 Platinum nanoparticles 

The medicinal use of platinum (Pt)-based compounds has gained attention 

since the discovery of the antitumor activity of cis-Diamminedichloroplatinum 

(cis-platin; discovered in 1960 and approved for clinical use in 1978) [2]. Platinum 

nanoparticles (Pt-NPs) are known to function as reductive catalysts; and have attracted 

attention in recent years due to the fact that, they may be used as an antioxidants to 

scavenge ROS persistently and catalytically in living organisms [1]. In fact, Pt-NPs 

possess the ability to scavenge superoxide and peroxide, showing that they act as 

superoxide dismutase (SOD)/catalase mimetics [3]. Pt-NPs have also been shown to 

induce DNA damage and p53-mediated growth arrest [4].  

Platinum-based therapeutic drugs, notably cisplatin and carboplatin, have been 
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exploited in chemotherapy to kill cancer cells [2]. On the other hand, NPs of some noble 

metals, including platinum, function as reducing catalysts due to the large surface area 

[1]. The large surface area of small particles can potentiate the catalytic activity of 

metals, whose colloidal forms contribute to efficient catalysis with high electron 

holding at the surface [1,5,6]. In biological systems, this ability has been regarded as 

superoxide dismutase (SOD)/catalase mimetic activity, which could be useful for the 

prevention of a number of oxidative-stress associated pathologies [7,8]. Therefore, it is 

quite evident that Pt-NPs in a biological system can exert differential effects including 

cancer prevention and treatment.  

Previously it was reported that Pt-NPs effectively protects against UV-induced 

inflammation and apoptosis by decreasing ROS production [7]. In our previous study 

we have found that the treatment of Pt-NPs in combination with hyperthermia was able 

to reverse the HT-induced apoptosis through a suppression of all the involved 

micro-molecular pathways [3]. The Pt-NPs used in this study were capped with 

polyacrylate (PAA), which make them stable in their colloidal solution [6]. These 

PAA-capped Pt-NPs have been reported to be superior to EUK-8, a well known 

SOD/catalase mimetic [9]; in addition their in vivo activity has also been well 

established [8]. 

 

1.2 X-irradiation 

X-irradiation (X-rays) is well known to induce apoptosis over a certain dose. 

Two types of actions occur in the result to contribute for typical biological effects of 

ionizing radiation that are direct and indirect action. Cell damage due to the direct 
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ionization of macromolecules due to interaction between photons and DNA molecules 

refer to direct action of X-rays whereas in indirect action; radiolysis of water molecules, 

such as .OH radicals react with DNA in the cells [10, 11]. It has been known that most 

of X-rays induced cell death is due to indirect action. On the other hand, 

mitochondria-dependent generation of reactive oxygen species (ROS) plays a central 

role in X-rays induced apoptosis, G2/M arrest, release of caspase activators and 

regulation of Bcl-2 family proteins [12, 13]. One of the most important ROS is hydroxyl 

radical; if this ROS will not be scavenged then it plays a cardinal role in the cell damage 

by inducing oxidative injuries of DNA and protein and lipid peroxidation of membranes 

[14-16, 11]. To overcome the harmful effects of X-rays catalase mimetics have been 

suggested to be co-administered in order to reduce the ROS mediated damage to normal 

tissues. 

 

1.3 Cold atmospheric Plasma 

Plasma medicine is a rapidly growing interdisciplinary field combining 

engineering, physics, biochemistry and life sciences [17]. Plasma, which has been 

regarded as the “fourth state of matter,” is a partially neutral ionized gas, which contains 

a mixture of electrons, photons, atoms, positive and negative ions, radicals, and various 

excited and non-excited molecules [18]. Plasma is classified into two categories on the 

basis of the temperature application, namely “thermal” and “non-thermal” or “cold” 

atmospheric plasma. In general, non-thermal or cold atmospheric plasma (CAP) is 

produced by applying a high voltage electric field at low pressures and power. 

Theoretically, it has been mentioned that any gas can be used to generate CAP [19]. 
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However, intensive research has been focused on the use of helium and argon because 

these noble gases are monatomic and chemically inert, which results in the production of 

a stable plasma [20]. The use of helium has advantages over that of argon, it induces 

ionization at lower voltages and generates more ROS [21].  

CAP has been found to be highly effective for biological and medical purposes 

including cancer treatment [22-27]. Several studies have shown the efficacy of CAP for 

cancer treatment and suggest that non-thermal plasma can induce apoptosis of cancer 

cells in a dose-dependent manner [27]. However, the exact molecular-mechanisms and 

signaling pathways are still not clear. CAP plasma can generate ROS mainly superoxide, 

peroxide, oxygen, and hydroxyl radicals. Therefore, mounting evidence suggests that the 

effects of CAP plasma are mainly mediated via generation of ROS [28] and lead to 

apoptosis [27], cellular necrosis [29], and senescence [30]. Although, cancer cells are 

particularly sensitive to ROS, in real clinical situations, it is very difficult to treat cancer 

with a single modality. Rather, multi-modality therapeutic strategy is adopted, one such 

possible application is the use of nanoparticles in combination with He-CAP. To date, 

there has been no report on the effects of nanoparticles on He-CAP-induced ROS 

generation and apoptosis. 
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2.1 Preparation of Pt-NPs 

Pt-NPs were prepared by the citrate reduction of H2PtCl6, according to a 

previous report with minor modifications [1]. The original molarity of platinum was 1 

mM. To make require concentration diluted with RPMI 1640 medium containing 10% 

fetal bovine serum to a final concentration of 100, 200, 300 and 500 μM.  

2.2 Cell culture 

Human myelomonocytic lymphoma U937, Hela, HCT-116, Molt-4 and Jurkat-T 

cell lines were obtained from Human Sciences Research Resource Bank (Japan Human 

Sciences Foundation, Tokyo, Japan). The U937, Molt-4 and Jurkat-T cells were grown in 

RPMI 1640 culture medium, Hela and HCT-116 cells were grown in DMEM 

supplemented with 10 % heat-inactivated fetal bovine serum (FBS) at 37 °C in 

humidified air with 5 % CO2. 

2.3 X-irradiation system 

A 6-cm diameter plastic culture dish that containing 2 ml of the sample was 

prepared for X-rays with or without pre-treatment with Pt-NPs for 24 h at 37 °C. X-rays 

was carried out at room temperature by X-rays apparatus (MBR-1520R- 3, Hitachi 

Medico Technology Co., Kashiwa, Japan) operating at 150 kV and 20 mA, at a dose 

rate of 5 Gy/min as determined by Fricke dosimetry. After treatment, the cells were 

incubated at 37 °C with 5 % CO2 and then harvested after 6 h for apoptosis evaluation. 

2.4 Cold atmospheric helium plasma irradiation system 

A cold atmospheric plasma system (PN-120TPG, NU Global, Japan) consisted 

of a gas flow controller, a voltage power supply and a hand-piece of the plasma jet, 

constructing an inner micro-hollow-type electrode and an outer dielectric barrier 
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electrode. The inner and outer diameter of dielectric tube was 1 and 2 mm, respectively. 

A high voltage power with a frequency of 60 Hz and a peak-to-peak voltage of 7 kV 

was supplied to the two electrodes. Helium gas with a gas flow rate of 2L/min was 

applied in this study for the generation of a plasma jet. The line-averaged electron 

density in the plasma source is approximately 2 x 1015 cm-3. The length of the plasma jet 

was approximately 20 mm in atmospheric ambient. The gas temperature of the plasma 

jet was below 350 K. 

2.5 Electron microscopy 

The sample was collected and fixed with Karnovsky fixative in 0.1 M 

cacodylate buffer for two hours and 1 % osmium tetroxide for one hour at 41°C. The 

tissues were dehydrated through a graded ethanol series and embedded in Epon 812. 

Ultrathin sections were cut using an ultramicrotome (Reichert Ultracut S, Reichert, 

Vienna, Austria), stained with saturated uranyl acetate and lead citrate and observed 

under a transmission electron microscope (Hitachi H-7100, Hitachi Co. Ltd., Tokyo, 

Japan). The disruptions area of the basal lamina were counted under the electron 

microscope at a magnification of ×12,000 and expressed as the mean number in ten 

random fields. 

2.6 DNA Fragmentation assay 

For the detection of apoptosis the percentage of DNA fragmentation was 

assessed 6 h post treatment using the method of Sellins and Cohen [31] with minor 

modifications. Briefly, approximately 3 x 106 cells were lysed using 200 μl of lysis 

buffer (10 mM Tris, 1 mM EDTA and 0.2 % Triton X- 100, pH 7.5) and centrifuged at 

13,000g for 10 min. Subsequently, each DNA sample in the supernatant and the 
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resulting pellet was precipitated in the 25 % trichloroacetic acid (TCA) at 4 °C 

overnight and quantified using a diphenylamine reagent after hydrolysis in 5 % TCA at 

90 °C for 20 min. The percentage of fragmented DNA in each sample was calculated as 

the amount of DNA in the supernatant divided by total DNA for that sample 

(supernatant plus pellet). 

2.7 Annexin V-FITC/ PI staining 

To determine early apoptosis and secondary necrosis, phosphatidylserine (PS) 

externalization of apoptosis was determined by analysis of propidium iodide (PI) and 

fluorescein isothiocyanate (FITC)-labeled annexin V (Immunotech, Marseille, France) 

using Flow cytometry (Epics XL, Beckman-Coulter, Miami, FL) according to the 

instruction of the manufacturer. After the treatments, the remaining intact cells were 

incubated at 37 °C for 6 h, collected, washed with cold PBS at 4 °C and centrifuged at 

1,200 rpm for 3 min. The resulting pellet was mixed with the binding buffer of the 

Annexin V-FITC kit. FITC labeled annexin V (5 μl) and PI (5 μl) were added to the 490 

μl suspension and mixed gently. After incubation at 4 °C for 20 min in the dark, the 

cells were analyzed with a flow cytometry. 

2.8 Morphological detection of apoptosis 

The morphological changes in the cells were examined by Giemsa staining. 

After 6 and 24 h of incubation at 37 °C, the cells were harvested by centrifugation and 

washed by PBS. Then the cells were fixed with methanol and acetic acid (3:1) and 

spread on the glass slides. After drying, staining was performed with 5% Giemsa 

solution (pH 6.8) for 5 min. 
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2.9 Cell viability 

The trypan blue exclusion test was performed by mixing 50 μl of a cell 

suspension with an equal amount of 0.3 % trypan blue solution (Sigma, St. Louis, MO) 

in PBS. After 3 min of incubation at room temperature, the numbers of stained cells and 

unstained cells were counted using a Burker Turk hemocytometer to estimate the 

number of intact non-viable cells and viable cells, respectively. 

2.10 Cell counting 

Cells were counted to determine the increase in cell count post-treatment. 

Samples of each treatment were collected and counted using a Burker Turk 

hemocytometer. 

2.11 Mitochondrial transmembrane potential: 

The cationic fluorophore, tetramethylrhodamine methyl ester (TMRM) 

(Molecular Probes, Eugene, OR), accumulated electrophoretically in mitochondria in 

response to MMP and was released upon loss of MMP. After the treatments, the cells 

were incubated at 37 °C for 6 h collected, washed with PBS and centrifuged at 1,200 

rpm for 3 min. Then the cells were stained with the 10 nM TMRM for 15 min at 37 °C 

in 1 ml of PBS, followed by the immediate flow cytometry of red TMRM fluorescence 

(excitation at 488 nm; emission at 575 nm). 

2.12 Detection of intracellular free calcium ions 

Changes in intracellular free Ca2+ were determined after different treatments. 

[Ca2+]i was measured using the calcium probe Fluo-3/AM (Dojindo Laboratories Co., 

Ltd., Kumamoto, Japan). The cells were harvested and then loaded with 5 µM 

Fluo-3/AM for 30 min at 37 °C. Excess Fluo-3/AM was removed by washing three times 
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with PBS. The fluorescence intensity of free Ca2+ level was measured by flow cytometry. 

2.13 Assessment of intracellular ROS: 

Evaluation of intracellular ROS in U937 cells was performed by flow 

cytometry using the fluorescence generate in the cells loaded with the sensitive 

fluorescent probes, a H2O2 sensitive dye, dichlorofluorescein diacetate (DCFH-DA) 

(Molecular probes, Eugene, OR). DCFH-DA rapidly diffuses in to the cytosol of cells 

where it is hydrolyzed to the non-fluorescent, oxidation sensitive DCFH. In the 

presence of cytosolic peroxide, DCFH is rapidly oxidized to the non-diffusible, 

fluorescent DCF [32]. Hydroethidine (HE) (Molecular Probes, Eugene, OR) was used to 

determine superoxide generation O2
- by using the method of Gorman et al. HE is a 

reduced non-fluorescent precursor that, in the presence of superoxide anion species is 

readily oxidized intracellularly which intercalates into DNA and can be detected owing 

to its red fluorescence. 2-[6-(4/ -hydroxy)phenoxy-3H-xanthen-3-on-9-yl] benzoic HPF 

and 2-[6-(4/ -amino)phenoxy-3H-xanthen-3-on-9-yl] APF (Seikisui medical co., Tokyo, 

Japan) fluorescence probes are used to determine some species of ROS (OCl-, ONOO, 

NO, .OH) in terms of an increase fluorescence and that are highly resistant to 

autoxidation [33]. The DCFH-DA was added at final concentration of 10 μM, HE, APF 

and HPF were added at final concentration of 5 μM and incubated for 15 min at 37 °C 

then cells were harvested 0, 3 and 6 h after post-treatment and the fraction of 

fluorescence positive cells was measured by flow cytometry as the proportion of cells 

containing intracellular ROS. 

2.14 Cell cycle analysis 

For flow cytometry, cells were fixed with 70 % ice cold ethanol, stored 
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overnight at −20 °C, and subsequently treated with 0.25 mg/ml RNase A (Nacalai 

Tesque, Kyoto, Japan) and 50 μg/ml PI to obtain the distribution of PI-based cell-cycle 

phases. The samples were finally run on an Epics XL flow cytometer (Beckman Coulter, 

Fullerton, CA). 

2.15 Detection of Fas on cell surface 

Cells (1 x 106) were washed twice with ice cold PBS, re-suspended in 20 μl of 

washing buffer containing 2.5 μg/ml of FITC conjugated anti-Fas monoclonal antibody 

(clone: UB3, MBL, Nagoya, Japan) and incubated for 30 min at room temperature. 

After staining cells were washed again with ice cold PBS and re-suspended in PBS. 

Data were analyzed by using the flow cytometry. 

2.16 Measurement of caspase-8 activity 

To measure caspase-8 activity, a FLICE/caspase-8 colorimetric protease assay kit 

(MBL, Nagoya, Japan) was used according to the manufacturer’s instructions. The assay 

was based on the spectrophotometric detection of chromophore p-nitroanilide (pNA). The 

cells were harvested, lysed, and the protein lysate was collected. The protein samples 

(100 μg) were mixed with 50 μl of 10 mM dithiothreitol (DTT) at a final concentration of 

200 μM. The mixtures were then incubated at 37 °C for 5 h and then the activity was 

measured at 400 nm using a spectrophotometer (Beckman Instruments Inc., Fullerton, 

CA). 

2.17 Western blotting 

Cells were collected and washed with cold PBS. They were lysed at a density 

of 2.5 x 106 cells ⁄ 70 μl of RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 1 % Nonidet 

P-40 (v ⁄ v), 1 % sodium deoxycholate, 0.05 % SDS, 1 μg of each aprotinin, pepstatin 
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and leupeptin and 1mm phenylmethyl sulfonyl fluoride) for 20 min. Following brief 

sonification, the lysates were centrifuged at 12,000 g for 10 min at 4 °C, and the protein 

content in the supernatant was measured using the Bio- Rad protein assay kit (Bio-Rad, 

Hercules, CA). Protein lysates were denatured at 96 °C for 5 min after mixing with 2 μl 

SDS-loading buffers, applied on an SDS-polyacrylamide gel for electrophoresis, and 

transferred to nitrocellulose membrane. Western blot analysis was performed to detect 

caspase-3, XIAP, Bid, Bax, Bcl-2, Bcl-xl and Fas expressions using specific antibodies. 

Antibodies were obtained from Cell Signaling technology (Danvers, MA). Blots were 

then probed with either secondary horseradish peroxide (HRP)-conjugated anti-rabbit or 

anti-mouse IgG antibodies obtained from Cell Signaling. Band signals were visualized 

on a luminescent image analyzer (LAS 4000, Fujifilm Co., Tokyo, Japan) by using 

chemi-luminescence ECL detection reagents (Amersham Biosciences, Buckinghamshire, 

UK). 

For the preparation of cytosolic extracts, 5 x 107cells were harvested and wash 

with 10 ml ice-cold PBS then centrifuge at 600 g for 5 min and remove supernatant. 

Re-suspend cells with 300 μl of 1x Cytosol Extraction Buffer Mix containing DTT and 

a Protease inhibitor according to the manufacturer`s instruction then incubate on ice for 

10 min. Homogenize cells in an ice-cold dounce tissue grinder and then centrifuge at 

3,000 rpm for 10 min at 4 °C to remove nuclei and debris, collect supernatant and 

centrifuge again at 13,000 rpm for 30 min at 4 °C. The resulting supernatant was used 

as the soluble cytosolic fraction. Protein contents in cytosolic fraction were determined 

(see above). Following SDS-PAGE, Western blotting was performed to detect 

cytochrome-c release to cytosol using anti cytochrome-c pAb (Santa Cruz 

Biotechnology Inc., Santa Cruz, CA) and anti-β-actin mAb (Sigma) 
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2.18 Statistical analysis 

The results are expressed as the mean ± standard deviation. All experiments 

were performed in triplicate. Significance was assessed with Student’s t-test and was 

assumed for p-values<0.05. 
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3.1 Summary 

Since polyacrylic acid capped platinum nanoparticles (Pt-NPs) are known to have a 

unique ability to quench superoxide (O2
-) and hydrogen peroxide (H2O2), the 

anti-oxidant activity of Pt-NPs against apoptosis induced by X-irradiation in human 

lymphoma U937 cells was investigated. DNA fragmentation assay, Annexin V-FITC/PI 

by flow cytometry and Giemsa staining revealed a significant decrease in apoptosis 

induced by 10 Gy, when cells were pre-treated with Pt-NPs in a dose-dependent manner. 

Pre-treatment with Pt-NPs significantly decreased X-rays-induced reactive oxygen 

species (ROS) production, Fas expression and loss of mitochondrial membrane potential 

as determined by flow-cytometry. Furthermore, western blot analysis also showed that 

the expression of cleaved caspase-3, Bid and cytosolic cytochrome-c were significantly 

reduced in Pt-NPs pretreated cells. Due to the catalase mimitic activity of Pt-NPs, these 

results indicate that pre-treatment of U937 cells with Pt-NPs significantly protect 

X-rays-induced apoptosis by inhibiting intracellular ROS (mainly H2O2), which plays a 

key role in the induction of apoptosis, because of no practical observation of 

intracellular O2
- formation. 
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3.2 Specific research work 

3.2.1 Effects of Pt-NPs on x-irradiation-induced apoptosis 

To investigate whether Pt-NPs have an ability to protect against apoptosis 

induced by X-rays, U937 cells were exposed to (10 Gy) resulted in a large percentage of 

apoptotic cell death as manifested by DNA fragmentation which reaches up to 40.0 + 

5.0 %. This apoptotic percentage had decreased significantly in a dose dependent 

manner, when cells were pre-incubated with Pt-NPs at various concentrations (100, 200, 

300 and 500 μM) for 24 h (Fig. 1A). Further, the intracellular uptake of Pt-NPs by U937 

cells was confirmed by electron microscopy (Fig. 1B). 

To observe the changes in cell morphology after treatment with Pt-NPs, X-rays 

alone and in combination of both were examined by Giemsa staining under a light 

microscope. When the cells were treated with the X-rays alone, typical morphological 

changes such as chromatin condensation and nuclear fragmentation occur (Fig 2D). The 

percentage of cells containing fragmented nuclei was significantly decreased after the 

combined treatment (Fig. 2E, F). 

 The flow cytometric analysis of the membrane changes indicative of different 

stages of apoptosis progression using annexin V-FITC and PI showed that the 

percentage of early apoptotic cells significantly decreased from 25.5 + 2.0 % following 

X-rays treatment to 3.8 + 2.0 % in the presence of 500 μM in U937 cells (Fig. 2G). On 

the other hand the percentage of secondary necrotic cells decreased from 0.7 + 0.2 % to 

0.5 + 0.1 % respectively. 

3.2.2 Suppression of intracellular ROS by Pt-NPs 

We examined the effects of Pt-NPs on X-rays-induced ROS production in 
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U937 cells. Pt-NPs exert differential inhibition on X-rays induced ROS. The inhibitory 

effects of Pt-NPs on X-rays induced ROS; are plotted in (Fig. 3A, B & C). U937 cells 

were post-treated with X-rays with or without Pt-NPs at 500 μM for 24 h. Flow 

cytometry with DCFH-DA, APF and HPF staining were used to detect certain species of 

intracellular ROS production in treated cells [33]. A marked increase in the production 

of ROS was observed immediately after X-rays treatment in the cells. Pt-NPs at 500 μM 

concentration significantly inhibited X-rays induced ROS production.  

3.2.3 Suppression of Fas receptor externalization by Pt-NPs 

To examine the effects of Pt-NPs on Fas externalization, cells were exposed to 

X-rays with or without pre-incubation with 300 and 500 μM of Pt-NPs for 24 h. A 

significant decrease in Fas externalization was observed at 6 h after X-rays 9.2+0.2 % to 

5.1+0.2 % and 4.6+0.2 % (Fig. 4A). 

3.2.4 Assessment of intracellular caspase 8 activities 

To determine whether the activated pathway to protect cells from apoptosis 

induced by X-rays is intrinsic or extrinsic, we studied the activity of caspase-8. 

Although the increase in activity is not significant in cells treated with X-rays alone, but 

in cells pre-treated with Pt-NPs, caspase-8 activities is significantly decrease 

approximately about 50 % (Fig. 4B).  

3.2.5 Effects of Pt-NPs on the mitochondrial pathway 

We determine whether the mitochondrial apoptotic pathway is related to 

decrease X-rays induced apoptosis by Pt-NPs. We found that the loss of  mitochondrial 

membrane potential (△Ψm) which is the end point of apoptosis was significantly 

decreased in cells pre-treated with Pt-NPs for 24 h at 300 and 500 μM as compare to the 
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cells treated with X-rays alone (Fig. 5). 

3.2.6 Effects of Pt-NPs on expression of apoptotic related proteins: 

To investigate the mechanism of cell death, we also evaluated the expression 

level of apoptotic marker proteins as a result of X-rays and exposure to Pt-NPs (300 and 

500 μM). Within the Bcl-2 family, the Western blotting revealed that the expression of 

t-Bid was significantly increased time dependently in alone x-irradiated treated U937 

cells, whereas the pre-incubation with Pt-NPs resulted in decrease in its expression. 

However, no significant changes in the expression of Bax and Bcl-2 were observed after 

either treatment (Fig. 6A). Moreover, the Pt-NPs pre-treatment resulted in a significant 

decrease in cleaved caspase-3 expression compared to X-rays alone. Cytochrome-c was 

released in large amounts at X-rays (10 Gy) alone, although this was significantly 

decreased when cells pre-treated with Pt-NPs for 24 h (Fig. 6B). 
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3.3 Discussion 

In this study we observed that Pt-NPs were able to suppress radiation-induced 

apoptosis in a concentration-dependent manner. Nanotechnology now has more 

importance for the development of new research to approach cancer treatment. [34]. The 

cytotoxic effects of platinum based drugs are well established therefore, it is very 

important to acknowledge the toxicity of platinum such as cisplatin, a platinum-based 

type of chemotherapy and is one of the cytotoxic agents commonly used in cancer 

chemotherapy. Cisplatin exerts its activity by interfering with transcription and other 

DNA-mediated cellular functions [2]. Further, it was reported that Pt-NPs have 

anti-tumor activity, affecting DNA integrity [35]. In contrast, the inhibitory effects of 

Pt-NPs on X-rays induced apoptosis were observed in the present study. However, this 

discrepancy with the findings of previous reports can be resolved by accounting the fact 

that the antitumor activity of Pt-NPs may be due to the lethal DNA damage effects 

caused by soluble Pt ion species, resulting in DNA strand breaks and formation of Pt–

DNA complexes [4]. Furthermore, our results are consistent with the previous report, 

which showed that various sizes of Pt-NPs (<20, <100, >100 nm) exert no influence on 

proliferation or growth inhibitory effects indicating that Pt-NPs do not exhibit any 

serious cytotoxicity even at higher concentrations [4, 36]. 

 X-rays induces oxidative injuries to DNA, membrane damage and cell death 

mostly due to the formation of intracellular ROS arising from radiolysis of water. 

X-rays initially generate .OH which immediately recombine with another .OH to form 

H2O2 (.OH + .OH = H2O2), whereas to form O2
.- both aqueous electron and hydrogen 

atom react with O2 (H・+ O2   O2
.- ) and (eaq. + O2   O2

.-), these free radicals 

contribute the indirect action of X-rays [37, 38]. Hydroxyl radical is the most important 
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ROS produced by X-rays, because of very high reaction rate constant and plays a 

crucial role in the induction of cell killing [39, 40] estimated by colony formation assay. 

This cell killing indicates mitotic cell death or reproductive cell death where cell death 

occurs after the cell division [41]. On the other hand cell death occurs before mitosis is 

called interphase death. During this phase mostly the cell death is characterized by 

apoptosis [42]. The prevention of radiation-induced apoptosis by an antioxidant is not 

simply associated with its scavenging ability for hydroxyl radicals and that the role of 

hydroxyl radicals in radiation induced apoptosis is relatively low [43, 44]. Therefore, in 

this study we focused on the scavenging activity of Pt-NPs on hydrogen peroxide.  

 Hydrogen peroxide has also been reported to induce apoptosis by Fas 

up-regulation [45]. Activation of Fas/FasL and their receptor on the cellular membrane 

implicated by X-rays induced apoptosis represent the involvement of extrinsic pathway 

[46]. Moreover, Fas/TNF-R1 activation can cause apoptosis via recruitment of the 

caspase cascade or via the mitochondria by activating caspase-8 and Bid [47, 48]. The 

intrinsic pathway involves the disruption of mitochondrial membrane, release of 

mitochondrial protein including cytochrome-c, action of Bcl-2 family members and p53 

[49]. Both pathways ultimately trigger the effector caspase, and could be interconnected 

by the caspase-8 cleavage of Bid which activates the mitochondrial pathway [50, 45]. 

According to above discussion, it is considered that the mechanism of X-rays induced 

apoptosis may involve the activation of Fas on the cell membrane resulted from the 

changes in intracellular ROS, particularly peroxide (H2O2), induced by X-rays.  

In the present study the result show positive correlation between the ROS 

scavenging activity of Pt-NPs and their anti-apoptotic effects. Because Pt-NPs 

significantly inhibited X-rays induced peroxide (H2O2) formation, which is well known 
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as one of the most reactive free radical involve in X-rays induced apoptosis [51]. This 

finding indicates that ROS scavenging activity of Pt-NPs is involved in their 

anti-apoptotic effects. It was reported that Pt-NPs protects against UV-induced 

inflammation by decreasing ROS production and inhibit apoptosis in HaCaT 

keratinocytes [7]. Several other studies also reported the ROS scavenging activity of 

Pt-NPs both vitro [37, 52] and in-vivo [7, 9, 53]. Recently our group has demonstrated 

that treatment with 100 μM of Pt-NPs was able to reverse the hyperthermia induced 

apoptosis in the same cell line [7]. While, higher concentration of Pt-NPs was used in 

this study. The reason behind this discrepancy between two studies is well known that 

the mechanism involved in apoptosis induced by X-rays is different from hyperthermia 

[39].  

 Caspases, a family of intracellular cysteine proteases, are also an important 

executor of apoptosis and play a central role in morphological changes associated with 

apoptosis. In all the caspases, caspase-3 is the most common executor of apoptosis 

whereas; caspase-8 is known to be located at upstream in the caspase cascade; which is 

capable of inducing the release of cytochrome-c in the cytosol from the damaged 

mitochondria [54]. Another family of proteins, the Bcl-2 family, is involved in pro or 

anti apoptotic process by interacting with the mitochondria [55]. Bid a pro-apoptotic 

Bcl-2 family member containing BH3 domain, can be cleaved by caspase-8, and the 

cleaved Bid, the carboxyl-terminal fragment, translocate to the mitochondria to induce 

the release of cytochrome-c [56, 57]. 

This study affirmed the previous findings that irradiation activates caspase-3 

and caspase-8 and induces loss of MMP associated with the release of cytochrome-c to 

the cytosol and decreased Bid. Our results demonstrated the reduction in Fas expression 
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and restoration of the decreased MMP in the presence of Pt-NPs. No significant changes 

in the expression of Bcl-2 family proteins Bax and Bcl-2 were observed. However, 

Pt-NPs treatment significantly inhibited the t Bid (activated form of Bid) and release of 

cytochrome-c from the cytosol induced by X-rays. Furthermore, our data clearly 

showed the caspase-3 activation by x-irradiation and its inhibition in the presence of 

Pt-NPs. Therefore, taken together these findings confirmed the involvement of 

mitochondrial caspase pathway and its modulation by intracellular peroxide in X-rays 

induced apoptosis. 

 

3.4 Conclusion 

In summary we conclude that Pt-NPs suppresses X-rays induced apoptosis 

mainly by scavenging of ROS which inhibit the activation of Fas receptor so that the 

activity of caspase-8 and caspase-3 were decreased and does not allow to change the 

mitochondrial membrane potential in result the level of cytochrome-c in cytosol remain 

lower which ultimately inhibit X-rays induced apoptosis (Fig. 7). 
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3.5 Figures and Illustrations 
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Fig. 1A 

Effects of Pt-NPs on X-rays induced DNA fragmentation.  

 

 

 

 

 

 

 

 

 

Cells were post-treated with X-rays at a dose of 10 Gy with or without pre-incubation 

with Pt-NPs at different concentrations for 24 h. DNA fragmentation assay was carried 

out at 6 h post X-rays exposure. Data are presented as mean + SD. *P < 0.01, **P < 

0.005. Data shown are representative of three independent experiments 
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Fig. 1B 

Intracellular uptake of Pt-NPs by U937 cells were determined by electron microscopy at 

high magnification (500.0nm).  

 

 

 

 

 

 

 

The black dots spread in the cell are Pt-NPs, some Pt-NPs were pointed out with black 

arrow heads. 
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Fig. 2A - F 

Assessment of morphological changes in X-rays induced apoptosis. 

 

 

 

 

 

 

 

 

U937 cells were treated with X-rays (10 Gy) with or without pre-treatment with Pt-NPs 

for 24 h, and the cells were harvested 6 h after X-rays treatment. Apoptotic features of 

U937 cells in response to the combined treatment with X-rays and Pt-NPs. Sign of 

apoptosis were detected by Giemsa staining and then examined under a microscope at 

x400 magnification. 
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Fig. 2G   

Effects of Pt-NPs on X-rays induced early apoptosis and secondary necrosis. 

 

 

 

 

 

 

 

 

 

Cells were treated with X-rays with or without Pt-NPs (500 μM) for 24 h. Percentage of 

early apoptosis and secondary necrosis were analyzed 6 h after X-rays treatment by 

flow cytometry. Data are presented as mean + SD. *P < 0.005. Data shown are 

representative of three independent experiments 
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Fig. 3A, B & C 

Effects of Pt-NPs on X-rays induced intracellular ROS production. 
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The percentages of cells with elevated some species of ROS (H2O2, .OH, NO, OCl-, 

ONOO) were analyzed immediately after X-rays with flow cytometry. The results are 

presented as mean + SD. *P < 0.05, **P < 0.005. Data shown are representative of three 

independent experiments 
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Fig. 4A 

Effects of Pt-NPs on X-rays induced Fas externalization. 

 

 

 

 

 

 

 

 

 

U937 cells were pre-treated with Pt-NPs (500 μM) for 24 h and then harvested 6 h after 

X-rays (10 Gy). Then the fraction of cells externalization Fas was analyzed by Flow 

cytometry using anti-Fas FITC-conjugated antibody. Data are presented as mean + SD. 

*P < 0.01, **P < 0.005. Data shown are representative of three independent experiments 
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Fig. 4B 

Activation of caspase-8 in U937 cells 

 

 

 

 

 

 

 

 

 

Activation of caspase-8 in U937 cells with and without pre-treatment with Pt-NPs was 

measured by FLICE/Caspase-8 colorimetric protease kit. The results are presented as 

mean + SD. *P < 0.05. Data shown are representative of three independent experiments 
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Fig. 5 

Effects of Pt-NPs on X-rays induced loss of MMP. 

 

 

 

 

 

 

 

 

 

 

Cells were treated with X-rays (10 Gy) with or without 24 h pre-treatment with (300 

and 500 μM) of Pt-NPs. At 3 h and 6 h following different treatments, the percentage of 

MMP loss was analyzed by Flow cytometry using TMRM staining. The results are 

presented as mean + SD. *P < 0.05, **P < 0.005. Data shown are representative of three 

independent experiments 
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Fig. 6A & B 

Western blotting for changes in the expression of apoptosis related proteins. 
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Cells were pre-incubated with or without Pt-NPs (300 and 500 μM) for 24 h and then 

harvested 3 and 6 h after X-rays. (A) Western blot analysis of Bcl-2 family and 

caspase-3. (B) Western blot analysis of cytosolic cytochrome c. Data shown is 

representative of three independent experiments 
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Fig. 7 

Graphical scheme of the pathways involved in the protective effects of Pt-NPs against 

ionizing radiation induced apoptosis in U937 cells 
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Chapter 4 

Platinum nanoparticles prevent from Helium 

based cold atmospheric plasma-induced apoptosis 

via suppression of ROS generation 
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4.1 Summary 

Plasma is generated by ionizing gas molecules. Helium (He)-based cold atmospheric 

plasma (CAP) was generated using a high-voltage power supply with low-frequency 

excitation (60 Hz at 7 kV) and He flow at 2 L/min (Fig. 8). Platinum nanoparticles 

(Pt-NPs) have an anti-tumor activity and the ability to scavenge superoxides and 

peroxides. These features make them useful for the protection against oxidative 

stress-associated pathologies. However, the combined use of Pt-NPs with other 

therapeutic modalities remains unclarified. Here, the effects of Pt-NPs on 

He-CAP-induced apoptosis and the underlying mechanism were examined. The results 

indicate that the Pt-NPs substantially scavenge He-CAP-induced superoxides and 

peroxides and inhibit all the pathways involved in apoptosis execution. This might be due 

to the SOD/catalase mimetic effects of Pt-NPs. These results showed that the Pt-NPs can 

induce He-CAP desensitization. 
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4.2 Specific research work  

4.2.1 Effects of He-CAP on cell viability and apoptosis 

 Human lymphoma U937 cells were treated with He-CAP for 1, 2, 3 and 4 min 

then trypan blue exclusion dye assay was performed to assess the viability of cells at 12, 

18 and 24 h. As shown in (Fig. 9A) dose and time-dependent decreased in the viability of 

cells was observed in the cells treated with He-CAP as compare to control. Furthermore, 

to determine the effects of He-CAP on apoptosis, the cells were subjected to annexin 

V-FITC and PI double staining. Flow cytometry revealed that the He-CAP treatment 

significantly increased the percentage of apoptotic cells in a dose and time-dependent 

manner (Fig. 9B).  Since, increased apoptosis was observed at He-CAP treatment for 4 

min, we used He-CAP 4 min exposure in the subsequent experiments. 

4.2.2 Effects of Pt-NPs on He-CAP-induced apoptosis 

To investigate whether Pt-NPs have an ability to protect against apoptosis 

induced by He-CAP, U937 cells were treated with He-CAP for 4 min in the presence or 

absence of Pt-NPs at 300 μM, and the trypan blue exclusion dye was used to assess cell 

viability. As shown in (Fig. 9C) the percentage of dead cells was significantly decreased 

upon combine treatment at 24, 48 and 72 h compare to the cells treated with He-CAP 

alone. Further, to confirm the growth of U937 cells, U937 cells were counted under a 

microscope using a haemocytometer at 24, 48 and 72 h after post-treatment. Cell count in 

combine treatment showed significantly increased in no of cells as compare to alone 

He-CAP treated cells (Fig. 9D).  

U937 cells treated with He-CAP resulted in a large percentage of apoptotic cell 

death as manifested by the increased in the percentage of DNA fragmentation, a hallmark 
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of apoptosis which reaches up to 28.0 + 2.0 %. This increase in the DNA fragmentation   

was significantly decreased, in the presence of Pt-NPs at 300 μM (Fig. 10A).  

Furthermore, to distinguish between the early and late phase of apoptosis, cell 

were subjected to annexin V-FITC and PI double staining. The flow cytometry revealed 

that the percentage of early apoptotic cells decreased from 13.5 + 1.0 % following 

He-CAP treatment to 7.0 + 1.0 % in the presence of Pt-NPs at 300 μM. On the other hand 

the percentage of secondary necrotic U937 cells significantly decreased from 40.5 + 

3.0 % to 5 + 1.0 %, respectively (Fig. 10B). Moreover, giemsa staining showed that 

typical morphological changes related to apoptosis such as chromatin condensation and 

nuclear fragmentation were more prominent in the cells treated with He-CAP alone (Fig. 

10C (iii)). However, these morphological changes were significantly decreased in the 

presence of Pt-NPs. (Fig. 10C (iv)). 

4.2.3 Effects of Pt-NPs on He-CAP-induced cell cycle distribution  

U937 cells were treated with He-CAP in the presence or absence of Pt-NPs at 

300 μM. The effects of combined treatment on cell cycle distribution are shown in (Table. 

1) the percentage of cells in the sub G1 was increased following He-CAP treatment. 

However, in the combined treatment the percentage of cells in sub G1 significantly 

decreased from 24.0 + 2.5 to 9.8 + 0.5 respectively, than the He-CAP alone treated cells. 

This increase in the percentage of sub G1 population was determined by a decrease of 

cells in the G1 and G2/M phases, which may be caused by apoptosis. 

4.2.4 Effect of Pt-NPs on He-CAP-induced reactive oxygen species (ROS) generation 

Because, ROS generation plays an important role in He-CAP induced apoptosis, 

we examined the effects of Pt-NPs on He-CAP-induced ROS production in U937 cells. 
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The effects of Pt-NPs on He-CAP induced ROS generation; are plotted in (Fig. 11A & B). 

U937 cells were pre-treated with Pt-NPs at 300 μM for 3 and 6 h before He-CAP 

treatment. Flow cytometry with DCFH-DA and HE staining was used to detect certain 

species of intracellular ROS production in treated cells. A marked increase in the 

production of ROS was observed immediately after He-CAP treatment in the cells. 

However, Pt-NPs at 300 μM significantly inhibited He-CAP-induced ROS production 

(p<0.05 vs He-CAP alone). 

4.2.5 Measurement of mitochondrial membrane damage 

To assess the involvement of the mitochondrial apoptotic pathway in the 

inhibition of He-CAP-induced apoptosis by the combined treatment, the effects of the 

treatments on mitochondrial membrane potential (MMP) were evaluated. It was found 

that the MMP loss (△Ψm), which is the end point of apoptosis was significantly 

decreased in the cells treated with Pt-NPs immediately before He-CAP treatment at 300 

μM as compare to the cells treated with He-CAP alone (Fig. 12A and B). The percentage 

of MMP loss was analyzed by Flow cytometry using TMRM staining. 

4.2.6 Effect of Pt-NPs on intracellular [Ca2+]i levels  

Changes in [Ca2+]i levels were assessed by flow cytometry. The results showed 

that intracellular [Ca2+]i levels were increase by approximately twentyfold of the basal 

levels following He-CAP treatment alone. On the other hand, Pt-NPs significantly 

suppressed the He-CAP- induced increased [Ca2+]i level (Fig. 13).  

4.2.7 Expression of apoptosis-related proteins 

Western blot analysis revealed that the increased expression level of the 

pro-apoptotic Bcl-2 family protein, truncated Bid (tBid, an active form of Bid) was 
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observed following He-CAP treatment alone. However, in the presence of Pt-NPs the 

expression level of tBid was markedly decreased. While, no significant changes in the 

expression levels of pro-apoptotic Bax and anti-apoptotic Bcl-2, Bcl-xl were observed 

after treatment either with He-CAP alone or in combination with Pt-NPs (Fig. 14A).  

Caspases play a key role in the apoptosis and considered as the main executioner 

of apoptosis signaling pathways. The effects of combined treatment on the activation of 

caspase-3 were evaluated. Following He-CAP treatment, the expression level of the 

active form of caspase-3 (cleaved caspase 3) was markedly increased. However, the 

combined He-CAP treatment with Pt-NPs strongly suppressed the expression of the 

caspase-3 active form. Furthermore, to confirm the activation of the caspase cascade, the 

expression level of the x-linked inhibitor of the apoptosis protein XIAP was determined 

by western blot analysis. Since XIAP has been known as the potent inhibitor of caspase-3 

and stop apoptotic cell death, it was found that following combined treatment, the XIAP 

expression level was higher than that following the He-CAP treatment alone (Fig. 14B). 

4.2.8 Effect of Pt-NPs on He-CAP-induced FAS externalization and caspase-8 

activation 

The Fas receptor is a death receptor on the surface of cells that leads to one of 

the apoptotic pathways, i.e; the extrinsic pathway, through DISC assembly and 

subsequent caspase-8 activation. The Fas externalization and caspase-8 activity were 

detected in U937 cells at 18 h after He-CAP treatment. The results showed that Pt-NPs 

significantly suppressed He-CAP-induced Fas externalization and caspase-8 activation 

(Fig. 15A & B).  
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4.2.9 Effects of Pt-NPs on He-CAP-induced apoptosis in other cancer cell lines  

The effects of Pt-NPs in combination with He-CAP were also determined in 

other cancer cell lines namely Molt-4, Jurkat, Hela and HCT-116 cells. In Hela and 

HCT-116 cells the percentages of early apoptosis and secondary necrotic cells after 24 h 

were significantly decreased in the presence of Pt-NPs 300 μM then in He-CAP treatment 

alone (Fig. 16A and B).  

Similarly, in Molt-4 and Jurkat cells PI staining 6 h after He-CAP treatment 

showed a significant increase in the percentage of apoptotic cells in the absence of 

Pt-NPs, which was inhibited in the presence of Pt-NPs (Fig. 17A & 18A). In addition, 

trypan blue assay at 6 h also showed the protective effects of Pt-NPs on He-CAP-induced 

apoptosis (Fig. 17B & 18B). 
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4.3 Discussion 

In this study, it was demonstrated that treatment with Pt-NPs suppressed 

He-CAP-induced apoptosis. Therefore, the assumptions regarding the usefulness of 

Pt-NPs in combination with He-CAP seem to be true. It has been demonstrated that the 

electromagnetic, optical, and catalytic properties of noble-metal nanocrystals are 

strongly influenced by their shape and size [58, 59]. However, the toxicity of platinum 

based compounds is also well established. [60]. One such commonly used cytotoxic 

agent in cancer chemotherapy is cisplatin, which exerts its effects by interfering with 

transcription and other DNA-mediated cellular functions [2]. Further, it was reported 

that Pt-NPs are capable of inducing DNA damage and p53-mediated growth arrest [4]. 

Considering the facts mentioned above, one may speculate that the combined treatment 

of Pt-NPs with He-CAP may enhance the effect of He-CAP on inducing apoptosis. 

However, our study showed that Pt-NPs inhibit He-CAP-induced apoptosis.  

 Several studies concerning the antioxidant effects of Pt-NPs showed that 

Pt-NPs can reverse the hyperthermia (HT) induced apoptosis through the suppression of 

all the involved micro-molecular pathways particularly via suppression of intracellular 

ROS [3], as well as protects mouse RAW24.7 macrophages from LPS-induced 

inflammation by scavenging ROS [36]. The Pt-NPs used in this study were believed to 

quench ROS, owing to their large surface area of smaller particles [1, 61].  

Growing evidence indicates that CAP has the potential to be a safe anticancer 

therapy that can be used for selective killing of various cancer cells, such as breast [62] 

liver [63] ovarian [64] leukemia [65]. It is well known that He-CAP-induced cell death 

is mainly mediated by the generation of ROS, including .OH, H2O2 and O2
-. CAP- 

induced ROS (or their reaction products) in the liquid phase, then diffuse through the 
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plasma membrane or react with the plasma membrane to produce intracellular ROS 

through lipid peroxidation [66, 67], resulting in the release of growth factors in 

proliferating cells [68], which cause damage to intracellular components or promote or 

inhibit of intracellular signaling pathways [69, 70] and DNA damage in cancer cell lines 

[27, 28]. It was reported that H2O2 and O2
- are the major species involved in the 

apoptosis and cell death induced by CAP. In this study, it was demonstrated that 

treatment with Pt-NPs protects against He-CAP-induced apoptosis in U937 cells, which 

is mainly due to the scavenging effect of Pt-NPs on He-CAP-induced H2O2 and O2
- 

generation, suggesting the SOD/catalase mimetic activity of Pt-NPs. These findings are 

consistent with the observation that treatment of cells with H2O2 and O2
- scavengers can 

reverse the biological effects of plasma [71]. Because, He-CAP-induced extracellular 

ROS, might be scavenged immediately in the presence of Pt-NPs, thereby preventing its 

further interaction with the plasma membrane, resulting in the reversal of 

He-CAP-induced effects in U937 cells. Therefore, the role of Pt-NPs or He-CAP at the 

cell membrane level might exist and also the intracellular effects on the protein level 

may prevent cells from undergoing He-CAP-induced apoptosis.  

ROS activate the intrinsic apoptotic pathway due to their interaction with 

proteins with the mitochondrial permeability transition complex [72]. In addition, ROS 

specifically H2O2 has also been reported to induce apoptosis by Fas up-regulation [45]. 

Furthermore, FAS/TNF-R1 can cause apoptosis via the direct recruitment of the caspase 

cascade or via the mitochondria by activating caspase-8 and Bid [47, 48]. The intrinsic 

pathway involves the disruption of the mitochondrial membrane, release of 

mitochondrial proteins including cytochrome-c, increase in [Ca2+]i, activation of Bcl-2 

family members and p53 [49]. These two apoptotic pathways ultimately trigger the 
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effector caspase which results in cellular shrinkage and DNA fragmentation which 

could be interconnected by the caspase-8-mediated cleavage of Bid, which triggers the 

activation of the mitochondrial pathway. In this study, it was demonstrated that the 

fraction of cells with decreased MMP were substantially increased following the 

He-CAP treatment with the concurrent increases in [Ca2+]i and activation of caspase-3. 

These findings suggest the involvement of the caspase-dependent mitochondrial 

pathway in the He-CAP-induced apoptosis in U937 cells. Moreover, the involvement of 

the extrinsic pathway was confirmed from the increased FAS and caspase-8 activation 

following He-CAP treatment, which might result from the changes in intracellular ROS 

generation. Furthermore, increased Bid activation was observed following He-CAP 

treatment. Bid can be cleaved by caspase-8 and the cleaved Bid as the carboxyl-terminal 

fragment translocates to the mitochondria to induce the release of cytochrome-c [54, 55]. 

Previously, in the HeLa cell line, it was demonstrated that the atmospheric-pressure 

plasma jet-induced apoptosis was mediated through the mitochondria-dependent 

pathway via the generation of free radicals, without any involvement of death receptors 

[73]. In contrast, our findings showed the involvement of both the intrinsic and extrinsic 

pathways and the Ca2+-dependent pathway of apoptosis following He-CAP treatment in 

U937 cells. This discrepancy is may be due to the induction of different cellular 

pathways induced by CAP depending on the target and cell line used. Therefore, it can 

be assumed that the caspase-8-mediated activation of Bid also contributed in the 

mitochondrial pathway during apoptosis induced by He-CAP treatment in U937 cells. 

However, in the presence of Pt-NPs the suppression of both the extrinsic and intrinsic 

pathways was observed via the reduction in Fas expression level and restoration of the 

decreased MMP. Taken together, this study showed positive correlation between the 
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ROS scavenging activity of Pt-NPs and their anti-apoptotic roles against 

He-CAP-induced apoptosis.  

 

4.4 Conclusion 

In conclusion, this study is the first to demonstrate that Pt-NPs mainly 

scavenged He-CAP-induced ROS, resulting in the inhibition of the ROS-mediated 

release of [Ca2+]i and activation of the Fas receptor, so that the activity of caspase-3 and 

caspase-8 was decreased, which prevent the loss of MMP and ultimately inhibit 

He-CAP-induced apoptosis (Fig. 18). 
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4.5 Table, Figures and Illustrations 

 

 

 

 

 

 

 

 

 



55 
 

Fig. 8 

Helium based cold atmospheric plasma (He-CAP) device 
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Fig. 9 

He-CAP-induced cell death in U937 cells.  
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Cells were treated with He-CAP at a dose of (1, 2, 3 and 4 min). (A) Cell viability 

assessment and (B) annexin V-FITC/PI assay were carried out at 12, 18 and 24 h after 

He-CAP treatment. (C) Viability of cells in the presence or absence of Pt-NPs. (D) Cell 

growth or cell proliferation. Cells were harvested after treatment with He-CAP in the 

presence or absence of Pt-NPs. The number of cells/ml was counted at 24, 48 and 72 h to 

assess proliferation. Data are presented as mean ± SD. *P<0.05, **P<0.005. Data shown 

are representative of five independent experiments. 
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Fig. 10: 

Effect of Pt-NPs on apoptosis induced by He-CAP in U937 cells.  
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(A) DNA fragmentation assay (B) Percentages of early apoptotic and secondary necrotic 

cells were analyzed 24 h after He-CAP treatment with or without Pt-NPs by flow 

cytometry. Data are presented as mean ± SD. *P<0.05, **P<0.005. Data shown are 

representative of five independent experiments. (C) Morphological features of apoptosis 

in U937 cells following treatment with He-CAP in the presence or absence of Pt-NPs; 

cells were harvested 24 h after treatment, signs of apoptotic features in response to 

He-CAP were detected by Giemsa staining and then examined under a microscope at 

x400 magnification.  
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Fig. 11 

Effect of Pt-NPs on He-CAP-induced ROS formation in U937 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

U937 cells were treated with He-CAP for (4 min) in the presence or absence of Pt-NPs. 

The percentage of cells with elevated level of ROS species were analyzed by flow 

cytometry immediately after He-CAP. (A) DCFH staining, (B) HE staining. Data are 

presented as the mean ± SD. *P<0.05 as compared with He-CAP treatment alone. Data 

shown are representative of five independent experiments. 
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Fig. 12  

Effects of Pt-NPs on He-CAP-induced MMP loss in U937 cells, as determined by flow 

cytometry using TMRM staining 

 

 

 

 

 

 

 

 

 

 

 

(A) Representative flow cytometric histogram of MMP loss. (B) Increased loss of MMP 

was observed in the cells treated with the He-CAP alone. Which was decreased in the 

presence of Pt-NPs. Data are presented as mean ± SD. **P<0.005 as compared with 

He-CAP treatment alone. Data shown are representative of five independent experiments. 
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Fig. 13 

Effects of Pt-NPs on He-CAP-induced [Ca2+]i levels.  

 

 

 

 

 

 

 

 

Cells were treated with He-CAP for (4 min) and then harvested 18 h after treatment. 

Cells were loaded with 5 μM calcium probe Fluo-3/AM for 30 min, and [Ca2+]i level 

was measured by flow cytometry. Data are presented as mean ± SD. **P<0.005, 

compared with the He-CAP alone. Data shown are representative of five independent 

experiments. 
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Fig. 14 

Assessment of apoptosis related proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cells were treated with or without Pt-NPs and, then harvested 18 h after He-CAP 

treatment. (A) Western blot analysis of Bcl-2 family proteins (B) Changes in the 

expression levels of caspase-3 and Xiap as detected by western blot analysis. 
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Fig. 15 

Effects of Pt-NPs on He-CAP-induced Fas externalization and caspase-8 activation. 
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(A) Expression of Fas detected by western blot analysis. Changes in the fraction of 

U937 cells with Fas externalization were analyzed by flow cytometry using an anti-Fas 

FITC-conjugated antibody after treatment with He-CAP (4 min) for 18 h in the presence 

or absence of Pt-NPs. (B) Caspase-8 activity in U937 cells induced by the He-CAP 

treatment with or without Pt-NPs was also measured with a FLICE/caspase-8 

colorimetric protease kit. Data are presented as mean ± SD. *P<0.05, **P<0.005 

compared with the He-CAP alone. Data shown are representative of five independent 

experiments. 
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Fig. 16 

Effect of Pt-NPs on He-CAP-induced apoptosis in other cell lines.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Evaluation of early apoptosis and secondary necrosis by annexin V-FITC/PI staining (A) 

HeLa cells (B) HCT-116 cells. Data are presented as mean ± SD. **P<0.005 compared 

with He-CAP alone. Data shown are representative of five independent experiments.  
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Fig. 17 

Assessment of apoptosis in Molt-4 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 (A) PI staining was carried out 6 h after He-CAP treatment using flow cytometry (B) 

Viability of cells assessment by using trypan blue exclusion dye. Data are presented as 

mean ± SD. **P<0.005. Data shown are representative of five independent experiments. 
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Fig. 18 

Assessment of apoptosis in Jurkat-T cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) PI staining for flow cytometry and (B) Viability of cells assessment using trypan blue 

exclusion dye at 6 h after He-CAP treatment in the presence or absence of Pt-NPs at a 

dose of 300 μM. Data are presented as mean ± SD. **P<0.005. Data shown are 

representative of five independent experiments. 
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Fig. 19 

Graphical scheme of the pathways involved in the protective effects of Pt-NPs against 

He-CAP-induced apoptosis. 
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Table. 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Indictae statistical significance compared to He-CAP 
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