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 Abstract
Platinum nanoparticles (Pt-NPs) are known to possess anti-tumouric activity and the ability to scavenge superoxides and 
peroxides indicating that they can act as superoxide dismutase (SOD)/catalase mimetics. These potentials seem useful in the 
protection and/or amelioration of oxidative stress-associated pathologies, but, when they are combined with a therapeutic 
modality that depends upon the mediation of reactive oxygen species in cell killing induction, the effect of Pt-NPs might be 
questionable. Here, the effects of polyacrylic acid-capped Pt-NPs (nano-Pts) on hyperthermia (HT)-induced apoptosis and 
the underlying molecular mechanisms were investigated in human myelomonocytic lymphoma U937 and human cutane-
ous T-cell lymphoma HH cells. The results showed that the pre-treatment with nano-Pts signifi cantly inhibited HT-induced 
apoptosis in a dose-dependent manner. Superoxide, but not peroxides, was suppressed to varying extents. All pathways 
involved in apoptosis execution were also negatively affected. The results reveal that the combination of nano-Pts and HT 
could result in HT-desensitization.   

Keywords:  Platinum nanoparticles  ,   apoptosis  ,   ROS  ,   lymphoma cells 

  Abbreviations:  HH, cutaneous T-cell lymphoma (CTCL) cell line; HT, hyperthermia; nano-Pts, platinum nanoparticles; 
ROS, reactive oxygen species.  
       Introduction 

 The medicinal use of platinum (Pt)-based compounds 
has been prompted by the discovery of the anti-
tumour activity of  cis -Diamminedichloroplatinum 
(cis-platin; discovered in 1960 and approved for clin-
ical use in 1978) [1]. Nanomedicine, which aims at 
improving the effi cacies of existing therapeutics, has 
extended its scope to include Pt in nanoparticles 
(NPs) in order to promote its innate activity [2]. A 
recent study showed that platinum nanoparticles (Pt-
NPs) were capable of inducing DNA damage and 
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p53-mediated growth arrest [3]. Also, FePt@CoS 2  
yolkshell NPs were shown to be more potent in killing 
HeLa cells compared to  cis -platin [4]. 

 On the other hand, NPs of some noble metals, 
including Pt, behave as reducing catalysts owing 
to their large surface area [5]. In biological systems, 
this ability imparts a superoxide dismutase (SOD)/
catalase mimetic activity to these preparations which 
could be useful in the prevention and/or the ameli-
oration of a number of oxidative stress-associated 
pathologies (e.g. infl ammatory reactions, cellular 
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transformation) [6 – 8]. Moreover, in the real situation 
cancer is hardly treated with a single modality. Rather, 
a multimodality therapeutic protocol is usually 
adopted in which one modality is physical in nature 
such as hyperthermia or X-irradiation. Physical ther-
apy, as well as some chemotherapeutics, is known to 
induce an elevation in intracellular reactive oxygen 
species (ROS) non-selectively in tumour and sur-
rounding normal tissues resulting in post-exposure 
pathologies. SOD/catalase mimetics have been sug-
gested to be co-administered in such cases to mini-
mize ROS-induced damage to normal tissues and 
thus alleviate some of the side-effects [1]. Therefore, 
it is implied from the previous discussion that the 
presence of Pt-NPs in a biological system can exert a 
number of effects with positive impact in cancer pre-
vention and treatment. Yet, the knowledge that cell 
killing is mediated in many cases by an elevation in 
intracellular ROS raises skepticism about the use of 
NPs in combination with other modalities. In aug-
mentation, the addition of exogenous free radical 
scavengers is widely accepted as an ordinary labora-
tory maneouvre to confi rm the role of ROS in the 
execution of cell killing following different treatments, 
as manifested by a proportional increase in the fi nal 
percentage of cell viability. Then it might be that Pt-
NPs as potent free radical scavengers and SOD/cata-
lase mimetic [9] result in the reversal of cell killing to 
an extent detrimental to adjuvant therapy. 

 To resolve this concern, we have undertaken this 
study to investigate the effect of Pt-NPs at different 
concentrations in combination with hyperthermia 
(44 ° C, 30 min) on the extent of apoptosis induction 
since hyperthermia induces apoptosis due to intracel-
lular superoxide formation [10]. Furthermore, we 
have tried to trace the effect on the micromolecular 
level through analysing the changes in markers of 
both the intrinsic and extrinsic pathways. The changes 
in intracellular ROS formation were also monitored. 
The Pt-NPs used in this study are capped with poly-
acrylate (PAA) imparting more stability to their col-
loidal solution [11]. PAA-capped Pt-NPs (nano-Pts) 
have been shown to be superior to EUK-8, a well-
known SOD/catalase mimetic [12], and their  in vivo  
activity has been reported [8].   

 Materials and methods  

 Materials 

 Human myelomonocytic lymphoma U937cell line 
was obtained from Human Sciences Research 
Resource Bank (Tokyo, Japan); cutaneous T-cell lym-
phoma (CTCL) HH cell line was obtained from 
American Tissue Culture Corporation (Manassas, 
VA). Hydroethidine (HE), dichlorofl uorescein diac-
etate (DCFH-DA) and dihydrorhodamine 123 (DHR 
123) were purchased from Molecular Probes (Eugene, 
OR). BES-So-AM was from Wako (Tokyo, Japan) and 
2-[6-(4-Hydroxy) phenoxy-3H-xanthen-3-on-9-yl] 
benzoic acid (HPF) was from Daiichi Pure Chemicals 
Co. (Tokyo, Japan). Anti-Bcl-2 monoclonal antibody 
(mAb), anti-Bax polyclonal antibody (pAb), anti-Bid 
pAb and anti-  β  -actin Ab were purchased from Santa 
Cruz Biotechnology Inc. (Santa Cruz, CA); Fura-
2-AM was from Dojindo Lab (Kumamoto, Japan). 
Nano-Pts were prepared as described previously [9]. 
All other reagents were of analytical grade.   

 Cell culture 

 Cultured cells were maintained in RPMI 1640 
medium (Sigma-Aldrich, Tokyo, Japan) supplemented 
with 10% heat-inactivated foetal bovine serum (FBS) 
(SAFC Biosciences, Lenex, KA) at 37 ° C in humidi-
fi ed air with 5% CO 2 . Cell viability before treatment 
was always over 95%, as evaluated by Trypan blue 
dye exclusion test. On the day of experiment, cells 
were collected and suspended in fresh culture medium 
at a concentration of 1  �  10 6  cells/ml. The cells 
were divided into six groups: a control group, group 
receiving 100  μ M of nano-Pts, group treated with 
hyperthermia (HT; 44 ° C, 30 min) and another three 
groups treated with the combination at increasing 
concentrations of nano-Pts; namely, 10, 50 and 100 
 μ M. The nano-Pts were fi rst added to cells 24 h 
before HT was applied to designated groups after 
which analysis was performed at specifi c time sched-
ules as mentioned for each test.   

 DNA fragmentation assay 

 For the detection of apoptosis, the percentage of 
fragmented DNA was assessed 6 h post-treatment 
using the method of Sellins and Cohen [13] with 
minor modifi cations. In brief,  ∼  3  �  10 6  cells were 
lysed using 200  μ l of lysis buffer (10 mM Tris, 1 mM 
EDTA, 0.2% Triton X-100, pH 7.5) and centrifuged 
at 13 000 g for 10 min. Subsequently, DNA from 
each sample in the supernatant and the pellet 
was precipitated in 12.5% trichloroacetic acid (TCA) 
at 4 ° C overnight and quantifi ed using the diphe-
nylamine reagent after hydrolysis in 5% TCA at 90 ° C 
for 20 min. The percentage of fragmented DNA for 
each sample was calculated as the amount of DNA 
in the supernatant divided by the total DNA for that 
sample (supernatant plus pellet).   

 Assessment of early apoptosis and secondary necrosis 

 To determine the proportion of early apoptosis and 
secondary necrosis, cells were collected 6 h post-
treatment and stained simultaneously with fl uores-
cein isothiocyanate (FITC)-labelled Annexin V and 
propidium iodide (PI) according to the instructions 
of the Annexin V-FITC kit (Immunotech, Marseille, 
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France) and fi nally analysed with a fl ow cytometer 
(Epics XL, Beckman-Coulter, Miami, FL).   

 Assessment of intracellular reactive oxygen 
species (ROS) 

 Intracellular ROS levels were measured fl ow 
cytometrically using a number of fl uorescent probes 
with different affi nities to reactive oxygen species. 
Thus, Hydroethidine (HE) and BES-So-AM were 
used to confi rm the production of superoxide (O 2  

 � . ) 
anion and its involvement in apoptosis mediation 
[14,15], whereas dichlorofl uorescein diacetate (DCFH 
-DA) and dihydrorhodamine 123 (DHR 123) were 
used to evaluate the involvement of peroxides includ-
ing hydrogen peroxide (H 2 O 2 ) [16 – 18]. In addition, 
2-[6-(4-Hydroxy) phenoxy-3H-xanthen-3-on -9-yl] 
benzoic acid (HPF) was also employed to evaluate intra-
cellular hydroxyl (OH . ) and peroxynitrite (ONOO  −  ) 
radicals [18]. After 30 min incubation following hyper-
thermic treatment, cells were stained with 2  μ M HE, 
50  μ M BES-So-AM, 5  μ M DCFH-DA, 10  μ M HPF 
or 1  μ M DHR 123 and incubated for 15 – 30 min at 
37 ° C in the dark [19,20]. Finally, cell samples were 
injected into a fl ow cytometer for analysis.   

 Measurement of mitochondrial membrane 
potential ( Δ  Ψ m) 

 To measure changes in  Δ  Ψ m, control cells and cells 
treated with nano-Pts (100  μ M), HT and the combi-
nation were collected at 1, 3 and 6 h post-treatment. 
The cells were then stained with 10 nM tetramethyl-
rhodamine methyl ester (TMRM) (Molecular Probes, 
Eugene, OR) for 15 min at 37 ° C in PBS containing 
1% FBS. The fl uorescence of TMRM was analysed 
using fl ow cytometry [21].   

 Flow cytometric detection of Fas on cell surface 

 Cells (2  �  10 5 ) were washed twice with phosphate 
buffer saline (PBS), suspended in 20  μ l of washing 
buffer containing 2.5  μ g/ml FITC-labelled anti-Fas 
monoclonal antibody (clone: UB3, MBL, Nagoya, 
Japan), incubated for 30 min at 37 ° C and then anal-
ysed by fl ow cytometry [22].   

 Assessment of intracellular caspase-3 activities 

 The CaspGlow TM  Fluorescein Active Caspase-3 
Staining Kit (MBL, Nagoya, Japan) was used to 
monitor the intracellular caspase-3 activity following 
the manufacturer ’ s recommendations. Briefl y, the 
cells (1  �  10 6 /ml) were subjected to treatment, 
300  μ l of each of the samples and control cultures 
was aliquoted into a microtube after 6 h incubation 
and 1  μ l of FITC-DEVD-FMK was added into each 
tube followed by incubation for 30 min at 37 ° C in a 
5% CO 2  incubator. The samples were fi nally analysed 
by fl ow cytometry [23].   

 Determination of intracellular concentration 
of calcium ions ([Ca 2 �  ] i ) in single cells 

 The determination of intracellular free calcium ions 
([Ca 2 �  ] i ) was basically carried out according to the 
method described previously [24]. Immediately after 
different treatments, the cells were collected by cen-
trifugation and washed with HEPES-buffered Ringer 
(HR) solution (118 mM NaCl, 4.7 mM KCl, 2.5 mM 
CaCl 2 , 1.13 mM MgCl 2 , 1 mM Na 2 HPO 4 , 5.5 mM 
glucose, 10 mM HEPES- KOH, pH 7.4). The supple-
mented HR buffer contained 0.2% bovine serum 
albumin, Eagle ’ s minimal essential amino acids and 
2 mM L-glutamine. For dye loading, the cells were 
suspended at a density of 1  �  10 5  cells/ml of the 
supplemented HR and loaded with 5 mM Fura-2-AM 
for 30 min at 25 ° C. After washing, digital images of 
Fura-2 fl uorenscence were acquired and analysed 
using a digital image processor (Argus 50/Ca, Hana-
matsu, Japan) coupled to an inverted fl uorescence 
microscope. The ratio of 510 nm emission fl uores-
cence at 340 nm excitation to that at 380 nm excita-
tion,  F (340/380), was used as an indicator of [Ca 2 �  ] i  
in single cells.   

 Western blot analysis 

 Cells were collected 6 h post-hyperthermic exposure 
and washed with cold PBS. The cells were lysed at a 
density of 1  �  10 6  cells/50  μ l of RIPA buffer (1 M 
Tris-HCA, 5 M NaCl, 1% Nonidet P-40 (v/v), 1% 
sodium deoxycholate, 0.05% SDS, 1 mM phenylm-
ethyl sulphonyl fl uoride) for 20 min. After brief soni-
cation, the lysates were centrifuged at 12 000 rpm for 
10 min at 4 ° C and the protein content in the super-
natant was measured using a Bio-Rad Protein Assay 
kit (Bio-Rad, Hercles, CA). The protein lysates were 
denatured at 96 ° C for 5 min after mixing with 5  μ l 
of sodium dodecyl sulphate (SDS)-loading buffer, 
applied on an SDS polyacrylamide gel for electro-
phoresis and transferred to nitrocellulose mem-
brane. Western blot analysis was carried out to 
detect the expressions of Bcl-2, Bax and Bid using 
specifi c antibodies, respectively. Band signals were 
visualized on X-ray fi lm using chemiluminescence 
ECL detection reagents (Amersham Biosciences, 
Buckinghamshire, UK).   

 Measurement of intracellular Pt content 

 The cells (1  �  10 7  cells) treated for 24 h with or 
without nano-Pts (100  μ M) were collected by 
centrifugation and the pellets were frozen. After thaw-
ing, each sample was placed in a glass vessel and 
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reconstituted in nitric acid and hydrogen peroxide 
(1:1). The solutions were evaporated to dryness on a 
hot plate and then the residues were dissolved in 
dilute aqua regia (4 vol.%). Quantitative analysis of 
Pt for each solution was performed using inductively 
coupled plasma mass spectrometry (ICP-MS, Model 
ELAN DRC II: Perkin Elmer SCIEX. Perkin Elmer 
Inc., Wellesley, MA).   

 Statistical analysis 

 The results are expressed as the mean  �  standard 
deviation (SD) of at least three independent 
replicates. Statistical signifi cance ( p   �  0.05) was eval-
uated by one-way ANOVA followed by Bonferroni 
post-hoc test.    

 Results  

 Effect of nano-Pts on HT-induced apoptosis 

 The exposure of U937 and HH cells to hyperthermic 
treatment (44 ° C, 30 min) resulted in a large percent-
age of apoptotic cell death as manifested by DNA 
fragmentation which reached up to 56.7  �  5.9% and 
43.4  �  9.8%, respectively. These percentages had 
decreased in a concentration-dependent manner 
upon pre-incubation with nano-Pts at various con-
centrations (10  ∼  100  μ M) for 24 h (Figure 1). The 
24 h pre-incubation period was chosen based upon 
preliminary investigation of the effect of pre-incuba-
tion period from 60 min to 24 h in the presence of 
nano-Pts (100  μ M) (data not shown). 

 In augmentation, the fl ow cytometric analysis of 
the membrane changes indicative of different stages 
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of apoptosis progression using annexin V-FITC and 
PI showed that the percentage of early apoptotic cells 
decreased from 32.2  �  2.0% and 24.0  �  0.6% fol-
lowing HT treatment to 11.0  �  4.4% and 4.8  �  2.1% 
in the presence of 100  μ M in U937 cells and HH 
cells, respectively (Figure 2). On the other hand, the 
percentage of secondary necrotic cells was unaffected 
with nano-Pts pre-treatment in both cell lines.   

 Nano-Pts exert differential inhibition on 
HT-induced ROS 

 The inhibitory effects of nano-Pts on HT-induced 
ROS, namely; O 2   − .  and peroxides, are plotted in 
Figure 3. The plots represent the data acquired at 30 
min post-hyperthermic treatment based upon time-
dependent analyses of ROS at 30 min, 1 and 2 h 
which showed that ROS peaked at 30 min followed 
by a time-dependent decrease in both cell lines (O 2  

 − . : 
89.1  �  3.3% in U937 and 77.8  �  3.7% in HH at 30 
min; 55.0  �  1.9% in U937 and 40.0  �  4.8% in HH 
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  Figure 1.     Effects of nano-Pts on HT-induced DNA fragmentation. Cells were treated with HT (44 ° C, 30 min) with or without a 24-h 
pre-incubation with nano-Pts at different concentrations. DNA fragmentation assay was carried out at 6 h post-HT exposure. Data are 
presented as mean  �  SD ( n   �  5).  ∗  p   �  0.05,  ∗∗  p   �  0.01.  
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  Figure 3.     Effects of nano-Pts on HT-induced intracellular ROS production. The percentages of cells with elevated (A) O 2  
 � . , and (B) 

peroxides analysed at 30 min after HT with fl ow cytometry. Data are presented as mean  �  SD ( n   �  5).  ∗  p   �  0.01.  
  Figure 2.     Flow cytometric detection of early apoptosis and secondary necrosis. Cells were treated with HT (44 ° C, 30 min) with or without 
a 24-h pre-incubation with nano-Pts at different concentrations. The percentages of early apoptosis (FITC-annexin V � /PI –  cells) and 
secondary necrosis (FITC-annexin V � /PI �  cells) were assessed 6 h after HT using fl ow cytometry. Data are presented as mean  �  SD 
( n   �  5).  ∗  p   �  0.05,  ∗∗  p   �  0.01.  
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the extent of OH .  and ONOO  −   radicals production 
was very small and unaffected by the presence 
of nano-Pts (control; 4.8  �  0.3% in U937 and 
5.0  �  0.3% in HH, HT; 12.3  �  2.5% in U937 and 
12.4  �  2.0% in HH, HT with nano-Pts (100  μ  M  )   
12.0     �  3.1   %  in U937 and 12.2  �  1.7% in HH) while 
emphasizing the low affi nity of HPF to peroxides and 
O 2  

 − . . Conclusively, it is shown the inhibitory effects 
of nano-Pts on HT-induced ROS are most likely spe-
cifi c to O 2  

 − . .   

 Suppression of Fas receptor externalization 
by nano-Pts 

 To examine the effects of nano-Pts on Fas externaliza-
tion, cells were exposed to HT with or without pre-
incubation with 100  μ M of nano-Pts. A signifi cant 
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decrease in Fas externalization was observed at 1 h in 
both cell lines and persisted for 3 h (Figure 4).   

 Effects of nano-Pts on the mitochondrial pathway 

 The effect of nano-Pts pre-treatment on the loss of 
mitochondrial membrane potential ( Δ  Ψ m) was inves-
tigated. Figure 5 reveals that the pre-incubation 
with nano-Pts (100  μ M) resulted in a conservation of 
 Δ  Ψ m in cells exposed to HT as manifested by the 
decreased percentage of cells showing loss of  Δ  Ψ m at 
1, 3 and 6 h in both cell lines.   

 Analysis of the Ca 2 �  -dependent pathway 

 It has been reported that the induction of apoptosis in 
U937 cells is mediated, in part, via a Ca 2 �  -dependent 
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  Figure 5.     Effects of nano-Pts on HT-induced loss of MMP. Cells were treated with HT (44 ° C, 30 min) with or without a 24-h pre-
incubation with 100  μ M nano-Pts. At 1, 3 and 6 h following different treatments, the percentage of MMP loss was analysed by fl ow 
cytometry using TMRM staining. Data are presented as mean  �  SD ( n   �  5).  ∗  p   �  0.05,  ∗∗  p   �  0.01.  
  Figure 4.     Effects of nano-Pts on HT-induced Fas externalization. The fraction of cells externalizing Fas was analysed by fl ow cytometry 
at 1, 3 and 6 h following different treatments. The results are presented as the mean  �  SD ( n   �  5).  ∗  p   �  0.01.  



332  Y. Yoshihisa et al.  

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
pathway, specifi cally through the Ca 2 �  /Mg 2 �  -dependent 
DNase and calpain activation [25,26]. Thus, it was 
speculated that the role of nano-Pts in the reduction 
of HT-induced apoptosis might involve changes in the 
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intracellular [Ca 2 �  ] i . Therefore, the [Ca 2 �  ] i  in a single 
cell was measured by a digital image analysing tech-
nique using Fura-2 in U937 and in HH cells as well 
after HT treatment and/or nano-Pts. The pseudocolour 
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  Figure 6.     Effects of nano-Pts on HT-induced [Ca 2 �  ] i  concentration. Cells were stained with Fura-2-AM immediately after different 
treatments. (A – D) HT-induced [Ca 2 �  ] i  concentration in U937 cells. (E – H) HT-induced [Ca 2 �  ] i  concentration in HH cells . (A) and (E) 
Untreated controls; (B) and (F) nano-Pts alone; (C) and (G) HT; (D) and (H) nano-Pts (100  μ M)  �  HT. The data shown are representatives 
of fi ve independent experiments.  
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images of [Ca 2 �  ] i  in individual cells shown in Figure 6 
(insets) show an increase in [Ca 2 �  ] i  following HT, 
whereas a decrease was observed when a combination 
of HT and nano-Pts was used. These effects were 
observed in both cell lines, indicating that nano-Pts 
could reverse HT-induced apoptosis.   

 Measurement of intracellular Pt content 

 When the intracellular content of Pt in samples was 
measured by ICP-MS, the values were 5.6  �  0.1 ng 
for treated cells and  �  0.05 ng for untreated control 
cells. Thus, signifi cant intracellular incorporation of 
Pt was observed.   

 Expression of apoptosis-related proteins 

 The western blotting revealed that the expression of 
Bid was decreased post-HT treatment in U937 and 
HH cells, whereas the pre-incubation with nano-Pts 
resulted in an increase in its expression. However, no 
apparent change in the expression of Bax and Bcl-2 
was found in both cell lines (Figure 7A). Moreover, 
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the nano-Pts pre-treatment resulted in a signifi cant 
decrease in caspase-3 activity compared to HT alone 
in both cells (Figure 7B).    

 Discussion 

 As the results showed, the concern raised upon 
using nano-Pts in combination with HT turned out 
to be valid in concept. Nano-Pts were able to sup-
press the HT-induced apoptosis in both cell lines in 
a concentration-dependent manner. Moreover, the 
data unveiled a number of fi ndings that need sophis-
ticated efforts to explain in the future. For example, 
it has been reported that similar PAA-protected Pt-
NPs were able to accumulate cells in the S-phase 
48 h post-treatment, accompanied by an increase in 
the sub-G1 cells indicative of apoptotic cell death. 
Based on this, it would have been expected that HT 
should increase the exerted lethal effect owing to 
the knowledge that S-phase cells are more heat-
sensitive [27], especially that G2/M cells did not 
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  Figure 7.     Western blotting of apoptosis-related proteins. Cells were pre-incubated with or without nano-Pts (100  μ M) for 24 h before HT 
treatment and then allowed to incubate for a further 6 h. (A) Western blot analysis of Bax, Bcl-2 and Bid proteins (30  μ g protein in each 
group). (B) CaspGlowTM Fluorescein Active Caspase-3 Staining Kit used to evaluate caspase-3 activity. The data shown are representatives 
of three independent experiments. Data are presented as mean  �  SD ( n   �  5).  ∗  p   �  0.01.  



334  Y. Yoshihisa et al.  

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
show any change in presence of nano-Pts. In our 
case, there was a reversal of HT lethal effect in the 
presence of nano-Pts at relative concentrations. 
Although this could be explained by the differences 
in the time point analyses performed in the two 
studies, it might be more comprehensive that the 
low percentage of the S-phase arrest shown (ca. 6%) 
was not enough to counteract the potent scavenging 
activity of nano-Pts. 

 We reported that nano-Pts effectively protects 
against UV-induced infl ammation by decreasing ROS 
production and inhibiting apoptosis in keratinocytes 
[7]. Another fi nding, which is concerned with the 
antioxidant potential of these preparations previously 
reported in a number of studies, is that they were only 
able to decrease the O 2  

. −   elevation and not the perox-
ides, regardless of the cell line. Added to this discre-
pancy is the reported durability of nano-Pts in 
scavenging ROS. Not only does this phenomenon 
raise questions about the exact mechanism of action 
exerted by nano-Pts in combination with HT, but also 
about the differential signifi cance of both ROS spe-
cies for the execution of apoptosis. Concerning the 
later aspect, it has been shown that HT-induced apop-
tosis in HL-60 cells was partially inhibited by catalase 
and not by SOD [28]. On the other hand, O 2  

. −   was 
reported to be involved with HT-induced apoptosis 
in U937 cells [29]. Thereupon, the selective changes 
in ROS might refl ect that the O 2  

. −   suppression, as well 
as the suppression of both extrinsic and intrinsic 
pathways and the Ca 2 �  -dependent pathway, was a 
consequence of the pre-treatment with nano-Pts prior 
to HT rather than a causative of the reversal observed. 
In line with this postulation is the trial to encapsulate 
Pt-NPs in apoferritin in order to reduce the stress on 
cellular membrane caused by the adsorbed NPs [30]. 
Also a recent discovery reported on the reconstruc-
tion of phospholipid membranes where the phase 
transition temperature can deviate by  ‘ tens of degrees ’  
as a consequence of the interaction with NPs depend-
ing on their charge [31]. Thereupon, a role on the cell 
membrane level might exist whereas an intracellular 
role on the protein level cannot yet be excluded in the 
desensitization of cells to HT. 

 According to the previous discussion, though not 
explicit, our fi ndings might not relate to the SOD/
catalase activity of nano-Pts. If it were the antioxidant 
activity that justifi es for the partial reversal of 
HT-induced apoptosis, one might think that the 
same effect should be observed with X-irradiation. In 
contrast, Porcel et al. [2] have found that DNA 
damage was more prone in the presence of Pt. Fur-
thermore, the group showed that DNA samples 
loaded with PAA – capped Pt-NPs exhibited increased 
damage with a sensitizing factor for double strand 
breaks (DSBs) higher than that for single strand 
breaks (SSBs) indicative of more complex breaks in 
the presence of NPs compared to Pt atoms. Despite 
lacking the complete biological environment required 
for accurate judgement, these results basically high-
light the fl aw in generalizing multimodality cancer 
therapy protocols. Furthermore, they add to the sig-
nifi cance of our study being devoted to HT and nano-
Pts combination. 

 In conclusion, we have shown, for the fi rst time, 
that the pre-treatment with nano-Pts prior to HT 
exposure was able to reverse the HT-induced apop-
tosis through a suppression of all the involved micro-
molecular pathways. Moreover, there was selective 
suppression in ROS elevation in both cell lines indic-
ative of other modes of action exerted by nano-Pts 
that are apart from their SOD/catalase activity.   
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