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Abstract: The temperature sensitive liposomal formulations are a promising tool to improve the therapeutic in-
dex of the drugs with minimal toxicity. The aim of this study was to investigate the potential of concomitant deliv-
ery of cisplatin (Cis) and doxorubicin (Dox) containing thermosensitive liposomes (TSLs) with mild hyperthermia 
against cancer in vitro and in vivo. The polyethylene glycol coated DPPC/DSPC, thermosensitive and DSPC, non-
thermosensitive liposomes incorporating Cis and Dox were prepared and characterized. A conventional Differential 
Scanning Calorimetry (DSC) technique and Fourier Transform Infrared Spectroscopy (FT-IR) were applied to study 
drug-phospholipid interaction and compatibility. The chemotherapeutic efficacy of these formulations was evalu-
ated in benzo[a]pyrene (BaP) induced fibrosarcoma under hyperthermic condition. The size diameter of prepared 
thermosensitive liposomes was measured to be 120 ± 10 nm. The DSC data exhibited the changes in the curves of 
DSPC + Dox and DSPC + Cis while comparing the pure DSPC and drugs. However, the FITR showed same spectrum 
of phospholipids and drugs individually and in the mixture as well. The data showed higher efficacy of Cis-Dox-TSL 
as 84% inhibition in tumor growth was recorded in this group of animals in hyperthermic condition. The Kaplan-Meir 
curve revealed, 100% and 80% survival of the animals in the groups treated with Cis-Dox-TSL under hyperthermia 
and Cis-Dox-NTSL without hyperthermia, respectively. However, Cis-TSL as well as Dox-TSL exhibited 50% survival, 
while only 20% survival was recorded in the groups of animals treated with Dox-NTSL and Cis-NTSL. The flow cytom-
etry analysis revealed that Cis-Dox-NTSL augments the induction of apoptosis in the tumor cells which was recorded 
as 18%. As expected, Cis-Dox-TSL showed great potential as 39% of cells were measured as apoptotic cells, sig-
nificantly very high in comparison to Cis-Dox-NTSL, Dox-TSL and Cis-TSL as well. The apoptotic analysis of the cells 
by flow cytometry clearly indicated the effect of hyperthermia during the treatment while Cis-Dox-TSL formulation 
was administered. Finally, the immunohistochemical analysis of the tumor tissues by confocal microscopy exhibited 
several fold increases in the expression of pAkt in the animals treated with vehicles in Sham-NTSL as well as Sham-
TSL. However, Cis-Dox-TSL showed great reduction in the expression of Akt, as it declined by 11-fold. The results 
of the present study directed the role of concomitant delivery doxorubicin and cisplatin containing thermosensitive 
liposomes under hyperthermic conditions for the development of a novel therapeutic strategy for the treatment of 
cancer.
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Introduction

The chemotherapy using a single drug often 
fails to achieve complete regression of cancer 

due to the rapid development of drug resis-
tance in tumor cells [1-3]. Therefore, most clini-
cal regimens comprise multiple non-cross-
resistant anticancer agents [4-7]. Among all 
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available chemotherapeutic agents, the most 
commonly used are arguably anthracycline and 
platinum-based drugs [8-15]. The reports sug-
gested that the use of concomitant administra-
tion of two classes of drugs, improve their 
potential, while treating different types of can-
cer i.e. ovarian cancer, advanced breast can-
cer, endometrial carcinoma etc. [16-19]. Se- 
veral in vitro as well as in vivo studies also 
explained the amplification in the activity of 
drugs due to the synergism, using the co-
administration of doxorubicin and cisplatin, 
while comparing the effects of these drugs 
administered alone [20-24]. Irrespective of 
improved therapeutic efficacy with the co-
administration of cisplatin and doxorubicin, the 
reports from the phase III clinical trials in endo-
metrial carcinoma, restrict the use of this com-
bination due to their adverse side effects [17, 
18].

The use of lipid-based nanocarriers for the 
delivery of chemotherapeutic agents has sh- 
own great impact in the development of drug 
formulations against different types of cancer. 
However, there are some principal issues that 
should be addressed, while optimizing liposo-
mal anti-cancer drug formulations. The high 
entrapment efficiency with pertinent stability, 
prolonged circulation with retention of the pay-
load until its delivery to the tumor site, are the 
key requirements for these liposomes [25-28]. 
Numerous studies suggest that the coating of 
liposomes with polyethylene glycol (PEG) makes 
them long circulating sterically stabilized, and 
protects from the accessibility of the enzym- 
es. Furthermore, the preparation of nanosized 
PEGylated liposomes, around 200 nm size, 
increases their extravasation in solid tumors 
due to the discontinuous vasculature associat-
ed with angiogenesis [29-32]. The current 
developments in the field of nanomedicine are 
the intravascular triggered drug delivery sys-
tems (IV-DDS), that can be triggered through 
the internal (pH, enzymes etc.) or external stim-
uli (e.g., temperature, light, ultrasound, electro-
magnetic fields, X-rays) [33, 34].

As evident from several reports, the heat trig-
gered stimuli at hyperthermic conditions sh- 
owed great potential in cancer chemotherapy. 
The temperature sensitive liposomal formula-
tions of chemotherapeutic agents in hyperther-

mia increase the release of their payloads to 
the tumor cells due to enlarged extravasation 
and the accumulation of formulations in the 
heated site of the tumor [35-38]. Interestingly, 
the hyperthermia on the tumor site also has 
been reported to inhibit the cancer cells follow-
ing the induction of stress, due to high acidic 
condition with hypoxia, and the scarcity of the 
nutrients as well, in tumor microenvironment 
[39]. Several reports suggested the presence 
of dipalmitoyl phosphocholine (DPPC) in the 
phase transition of 41-42°C with addition of 
other phospholipids, mainly distearoyl phos-
phatidylcholine (DSPC), in the preparation of 
thermosensitive liposomes improve heat medi-
ated release. However, the molar ratio of differ-
ent lipids and PEG plays the significant role in 
the development of effective thermosensitive 
liposomes [40-42]. Previously we, prepared 
and characterized doxorubicin and cisplatin 
encapsulated thermosensitive liposomes indi-
vidually, comprising DPPC, DSPC, DPPE-PEG in 
the molar ratio of 95:5:0.05 W/W. The DSPC 
and DPPE-PEG (99.95:0.05 W/W) was used in 
the preparation of non-thermosensitive lipo-
somes. We demonstrated that the cumulative 
release of the drug by Dox-THL was measured 
to be 95% after 1 hour of incubation at 42°C, 
while it was only 6% at 37°C. The Dox-NTSL 
showed less than 70% release at 37°C, where-
as less than only 7.78% at 42°C. Similarly, Cis-
TSL exhibited 93% release of the drugs, though 
it was recorded only 5.83% by the same at 
37°C [43].

Keeping these facts into consideration, the 
liposomes mediated delivery of chemothera-
peutic agents in various combinations at hyper-
thermal condition may amplify the potential 
entrapped of drugs, rather than administered 
alone. The present study focused on the con-
comitant delivery of doxorubicin and cisplatin 
through liposome-based thermosensitive na- 
noparticles as a perspective in the treatment  
of cancer in animal models. The efficacy of the 
doxorubicin and cisplatin combinations in these 
liposomes were investigated in vitro as well as 
in vivo.

Materials and methods

Materials

Distearoyl phosphatidylcholine (DSPC), 1,2- 
dipalmitoyl-sn-glycero-3-phosphatidyl choline 
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(DPPC), and 1,2-dipalmitoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(poly ethylene gl- 
ycol)-5000 (DPPE-PEG5000)], were procured 
from Sigma-Aldrich (St. Louis, MO, USA). Do- 
xorubicin hydrochloride and Cisplatin were pro-
cured from Tocris Bioscience (Bristol, UK). The 
Annexin V-FITC/PI, Cell Cytotoxicity Assay kits, 
α-Akt rabbit monoclonal, α-pAkt mouse mono-
clonal antibodies, Goat α-rabbit, α-mouse IgH 
H&L (Alexa Fluor 488 and 647), Benzo[a]Pyrene 
(BaP) were, purchased from Abcam (Cambrid- 
ge, USA). MDA-MB-231 (ECACC 92020424), 
LNcaP (ECACC 89110211), PC-3 (ECACC 90- 
112714), were commercially purchased from 
ECACC (European Collection of Cell Cultures), 
Salisbury, UK. SKBR3 (ATCC HTB30) was pro-
cured from ATCC (American Type Culture Co- 
llection), VA, USA.

Methods

Thermosensitive and non-thermosensitive lipo-
some preparation and drug encapsulation 

The thermosensitive liposomes composed of 
DPPC:DSPC:DPPE-PEG 5000 (95:5:0.05 W/W) 
and non-thermosensitive liposomes composed 
of DSPC containing doxorubicin and cisplatin 
were prepared by thin-film hydration method. 
The estimated amounts of phospholipids were 
dissolved in chloroform in a round bottom flask 
(RBF) followed by the evaporation using a rota-
ry evaporator in N2 environment. Subsequently, 
the dried thin films of lipids were hydrated by 
doxorubicin and cisplatin individually using ro- 
tary at room temperature for 2-3 hours keeping 
the N2 environment. In the preparation of sham 
liposomes, the lipid film was hydrated with nor-
mal saline. The suspension of multilamellar 
liposome vesicles was then treated by freeze-
thaw for ten cycles. The preparation was subse-
quently extruded ten times each through 800, 
400, and 100 nm decreasing pore sized poly-
carbonate membranes with 10 cycles for each 
size of polycarbonate membrane using an ex- 
truder device Lipex Biomembranes Inc, heated 
at 50°C. The drug containing liposomal formu-
lations were centrifuged at 30,000 rpm fol-
lowed by the discard of the supernatant as 
unentrapped drugs. The supernatant was dilut-
ed in distilled water and the amount of drug 
present in the supernatant was determined by 
reverse phase automatic HPLC system equi- 

pped with UV/Vis detector 2489 (Waters, USA). 
Entrapment efficiency was calculated as the 
difference between the initial amount of drug 
added and that present in the supernatant as a 
free drug, according to the following formula. 

% Entrapment Efficiency (EE) of the drug = 

Total drug
Liposome entrapped drug

100#

Characterization of the prepared liposomes

The size diameter of the prepared thermosensi-
tive: The size diameter of thermosensitive lipo-
somes was measured using a laser particle 
size analyser (SLAD-400 from Shimadzu, Ja- 
pan).

Differential scanning calorimetry: A conven-
tional differential scanning calorimetry (DSC) 
technique was applied to study the effect of cis-
platin and doxorubicin in DSPC phospholipids 
as well as to study the thermotropic properties 
of prepared liposomes using a Shimadzu DSC-
60 calorimeter. DPPC, DSPC, DPPE-PEG 5000 
separately was dissolved in chloroform. The 
solvents were then evaporated by a rotary 
evaporator under vacuum at temperatures 
above the transition temperature of the phos-
pholipids. For measurements, the dry residue 
of phospholipid or dry thermosensitive lipo-
somes composed of DPPC:DSPC:DPPE-PEG 
5000 was dispersed in appropriate amounts of 
double distilled water by vortexing. An aliquot 
(approximately 5 mg) was sealed into stainless 
steel capsules obtained from Shimadzu. DSC 
curves were obtained on a Shimadzu DSC-60 
calorimeter. Prior to scanning, the samples 
were held above their phase transition temper-
ature for 1-2 minutes to ensure equilibration.  
All samples were scanned at least twice until 
identical curves were obtained using a scan-
ning rate of 5°C/minute for all samples.

Fourier transform infrared spectroscopy (FT-
IR): Fourier transform infrared spectroscopy 
(FT-IR) (BRUKER, OPTIK GmbH, Germany) was 
used to study the compatibility of cisplatin and 
doxorubicin with phospholipids by comparing 
the spectra showing the functional groups for 
all ingredients before and after the preparation 
of the liposomes. The FT-IR spectra were col-
lected from 4000 to 400 cm-1.
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or observed by a lack of sustained purposeful 
response to gentle stimuli. None of the mice 
died during the experiment before euthanasia.

Histopathological analysis of the tumor tissues 
for the confirmation of the development of can-
cer: Three mice were sacrificed when the size 
of the tumor reached 200 mm3 after the admin-
istration of BaP for approximately 100 days, fol-
lowed by the excision of tumor tissues for the 
histopathological study. Briefly, the formalin-
fixed tumor tissues were processed, sectioned, 
and subjected to hematoxylin and eosin (H & E) 
staining following the standard method. The H 
& E staining of the tumor tissues was studied 
under the light microscope at 100× magnifica-
tion, bar = 100 µm.

Treatment: When the tumor size reached ≈200 
mm3, the animals were treated intravenously 
(i.v) with various formulations thrice a week for 
three weeks, as illustrated in Figure 1. The 
doses of Dox and Cis were chosen as 5 mg/kg 
b.w, as described in our previous studies [3, 
44]. The mice randomly divided into eight 
groups, with twenty animals in each group. The 
mice (5 animals from each group) were sacri-
ficed 4 weeks after the first dose of treatment. 
The observational study of survival was contin-
ued for 16 weeks after the first dose of treat-
ment for the rest of 15 mice in each group. 

Water bath hyperthermia: The water bath 
hyperthermia was conducted as described by 
Willerding et al. 2016 and followed all the safe-
ty protocol for animals stated in the ‘Ethical 
Approval Section’ [45]. The animals that be- 
longed to the hyperthermia groups were placed 
in a covered water bath with a constant tem-
perature of 42°C. The tumor bearing part of the 
mice was submerged into the water bath and 
heated to the target temperature for 60 min-
utes after the injection. The tumor was kept 
covered with the plastic foil during the hyper-
thermia to avoid any damage to the skin. 

Assessment of tumor volume: The tumor 
growth of each mouse was monitored every 
week during the experiment. The tumor volume 
was calculated in cubic millimeters by measur-
ing in two directions with the help of a digital 
calliper according to the formula V = D × d2 × 
π/6, where ‘D’ and ‘d’ are large and small 
dimensions, respectively.

Cell cytotoxicity assay

To see the combined effect of Dox and Cis, we 
took the IC10 of all the formulations of Dox and 
Cis determined by cell cytotoxicity assay as 
described earlier in our previous published 
study [44]. All the formulations were evaluated 
in four types of cancer cells lines (SKBR3 & 
MDA-MB-231, breast cancer and PC-3% LNcaP, 
prostate cancer) at 37°C as well as 42°C as 
described in Supplementary Table 1. Briefly, 
the cells were seeded following 80% confluency 
into 96-wells cell culture plates (10,000 cells/
well) for 24 hours. The cells were then treat- 
ed with various formulations as stated in 
Supplementary Table 1, and incubated at 37°C 
and 42°C accordingly in 5% CO2 atmosphere 
for 48 hours. Then, the reagent (20 μl) from the 
cell cytotoxicity assay kit was added in each 
well and incubated at 37°C followed by the 
measurements at 590 nm in a microplate read-
er. The viability of the cells was measured using 
the following formula.

% 100
( )
( )

Cell Viability
A A
A A

0

0

Ctrl

sample=
-
-

#

Asample is the absorbance of FSE treated cells.

Actrl is the absorbance of untreated cells.

A0 is the absorbance of the background of non-
cell control (only media).

In vivo studies

Considering the 5-10% accidental mortality 
due to the long duration of the experimental 
plan, a total of 180 female Swiss mice (age of 
8-10 weeks) were obtained from the animal 
house facility of College of Pharmacy, Qassim 
University, Saudi Arabia. The experiments in- 
volving the animals were performed after the 
approval of the animal ethical committee of the 
College, following with the National Research 
Council (USA) Guide for the Care and Use of 
Laboratory Animals. All the animals were ex- 
posed to Benzo-a-Pyrene (BaP) with 1 mg/kg 
b.w subcutaneously in the corn oil (200 µl/
mouse). All the surviving animals were eutha- 
nized by CO2 inhalation at the end of the study 
following approved procedure. However, the 
mice were also euthanized in a CO2 chamber 
within 2-4 hours, whether they were moribund, 
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Figure 1. Schematic illustration 
of In Vivo treatment plan vari-
ous formulations.

Tissue processing: After the sacrifice of the 
mice, tumor tissues were excised into 3-4 piec-
es for various examinations. One piece of the 
tissue from each mouse was taken in tissue 
cassettes in the preparation of tissue slides for 
immunofluorescence analysis, in 10% buffered 
neutral formalin, whereas the rest of the tis-
sues were stored at -80°C.

Annexin V-FITC/PI apoptotic assay by flow 
cytometry: The changes in the proportion of 
cells in the viable, necrotic, early, and late 
apoptotic stages were evaluated using the 
Annexin V-FITC/PI apoptosis staining kit (Mil- 
tenyi Biotec, Germany), by the flow cytometry. 
Briefly, the single-cell suspension of tumor tis-
sues was prepared using the gentle MACS tis-
sue dissociator (Miltenyi Biotec, Germany), fol-
lowed by filtering the cells with a 70 µm mesh 
cell strainer. The filtered cells were centrifuged 
at 300 g for 10 minutes and suspended in the 
binding buffer. The cells were incubated with 
Annexin V-FITC for 30 minutes at room temper-
ature followed by the addition of PI before the 
acquisition of samples. The samples were me- 
asured on MACSQuant Analyzer 10 (Miltenyi 
Biotec, Germany) and analyzed using FlowJo 
software v10.7.

Statistical analysis

The mean values and standard errors for all 
samples were calculated for different treated 
groups. The significant difference between the 
groups was measured by the One-way and Two-
way ANOVA, Tukey’s multiple comparison tests 
using Prism 9. P-value <0.05 was considered 
statistically significant.

Results

Schematic diagram (Figure 2) representing the 
process of preparation of thermosensitive lipo-
somes and the in vitro/in vivo pharmacological 
evaluation for the concomitant delivery of doxo-
rubicin and cisplatin through liposome-based 
thermosensitive nanoparticles. The develop-
ment of the fibrosarcoma in the untreated mice 
was ascertained by the histopathological analy-
sis as described in Supplementary Figure 2. 

Characterization of thermosensitive liposome

The particle size distribution data revealed the 
size of multilamellar vesicles of TSLs within the 
range of 0.05 to 50 µm in diameter. However, 
the continuous reduction in size of TSLs was 
measured with the sequential extrusion using 



Concomitant delivery of doxorubicin and cisplatin

384	 Am J Cancer Res 2023;13(2):379-393

Figure 2. Schematic diagram representing the process of preparation of thermosensitive liposomes and the in vitro/
in vivo pharmacological evaluation for the concomitant delivery of doxorubicin and cisplatin through liposome-based 
thermosensitive nanoparticles.

varying size of polycarbonate 
membranes, which was finally 
analysed as 120 ± 10 nm 
(Figure 3). In our previous 
study, we reported the entrap-
ment efficiency of Dox and Cis 
in the TSLs as 41 ± 1.8% and 
28.7 ± 1.3%, correspondingly 
[43]. We also demonstrated in 
vitro release kinetics of DOX-
TSL and Cis-TSL, that were me- 
asured as 93-95% at 42°C, 
while it was recorded 4.7-6.5% 
at 37°C. The trapping efficien-
cy for doxorubicin and cisplatin 
was 41 ± 1.8% and 28.7 ± 
1.3%, respectively [43].

The DSC curves from our  
previous study exhibited en- 
dothermic peaks for DPPC-
DSPC:DPPE-PEG 5000 in the 
molar ratio of 95:5:0.05 W/W 

Figure 3. Particle size distribution (A) before extrusion, after extrusion from 
(B) 800 nm (C) 400 nm, and (D) 100 nm polycarbonate membrane.
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re doxorubicin at 216.8°C, 243.2°C and 
265.8°C (Figure 4G) while pure cisplatin 
showed two endothermic peaks at 286.5°C 
and 322.4°C followed by the peak at 337.3°C 
(Figure 4F). The curves for pure DSPC showed 
pretransition and main transition peaks at 
52.3°C and 54.8°C respectively (Figure 4C). 
However, these were affected due to the pres-
ence of hydrophilic Dox (0.3%) as the main tran-
sition peak was shifted from 54.8°C to 50.1°C 
(Figure 4A). At higher concentration of Dox 
(0.6%), the pre-transition peak was disap-
peared and the width of the main peak was 
increased, while the height of the peak was 
decreased due to the incorporation of hydro-
philic doxorubicin close to the hydrophilic part 
of phospholipid (head polar group) (Figure 4B). 
The incorporation of lipophilic cisplatin showed 
a physical interaction with the alkyl chain of 
phospholipids. The presence of cisplatin 0.3% 
into DSPC produces a shift of the main peak 
from 54.8°C to 46.2°C and complete disap-
pearance of the pre-transition peak (Figure 
4D). At a higher concentration of cisplatin 
(0.6%), the main peak was widely broadened 
(Figure 4E). As showed in Figure 5, the FTIR 
spectrum for DPPC and DSPC with and without 
doxorubicin and cisplatin showed no change  
in the FTIR spectrums while comparing pure 
phospholipids and pure drugs with mixture of 
drug-phospholipids.

Effect of various formulations of Cis and Dox 
on tumor growth in BaP induced fibrosarcoma

The tumor size measuring data revealed the 
superior efficacy of Cis and Dox co-administra-
tion containing thermosensitive liposomes in 
hyperthermic conditions as more than 84% 
growth inhibition was calculated in G8 (Figure 
6A, 6B). The animals from the G5 (Cis-Dox-
NTSL) groups showed more than 72% tumor 
growth inhibition clearly indicates the potential 
of the combination. Interestingly, Dox-TSL (G6) 
and Cis-TSL (G7) administered alone showed 
nearly 65% reduction in tumor growth. However, 
the tumor growth inhibition was recorded less 
than 42% in the animals treated with Dox-NTSL 
(G3) and Cis-NTSL (G4) (Figure 6A, 6B). As 
depicted in Figure 6A, the tumor growth was 
reduced more than 10% in week 4, one week 
after the last dose in G8. Interestingly all the 
animals from thermosensitive liposomal treat-

Figure 4. The DSC curves (A) DSPC + 0.3% Doxoru-
bicin, (B) DSPC + 0.6% Doxorubicin, (C) DSPC, (D) 
DSPC + 0.3% Cisplatin, (E) DSPC + 0.6% Cisplatin, 
(F) Cisplatin, (G) Doxorubicin.

at 42.1°C [43]. As depicted in Figure 4, three 
endothermic peaks were measured for pu- 
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Figure 5. The FTIR spectrum (A) DPPC, DSPC, Doxorubicin and DPPC + Doxo-
rubicin, (B) DSPC + Doxorubicin, Cisplatin, DPPC + Cisplatin and DSPC + 
Cisplatin.

ed groups prevented the tumor growth as 
196.6 mm3, 190.0 mm3, and 80 mm3 were esti-
mated in G6, G7, and G8, respectively.

The Kaplan-Meir curve (Figure 6C) showed the 
100% survival of the animals in G8 groups 
while it was found 50%, in G6 & G7, but 20% in 
G3 & G4. The survival data revealed that 80% 
survival in the G5, clearly indicates the efficacy 
of the co-administration, which is escalated by 
the treatment with thermosensitive liposomes 
during hyperthermia. The results also showed 
the 100% survival of the animals in G5 and G6 
after 12 weeks (Figure 6C).

Effect of various formulations of Cis and Dox 
formulations in the induction of apoptosis by 
flow cytometry in the cells from the tumor tis-
sues of the treated animals

The flow cytometry analysis revealed that G1, 
G2, and G4 induced no significant apoptosis in 
the tumor cells as clearly indicates that sham 
liposomes, as well as CIS-NTSL, had no effect 
on the induction of apoptosis. Though Dox-
NTSL showed a significant number of apoptotic 
cells but very low as observed to be 2.3% 
(Figure 7A, 7B). The co-administration of Cis-

Dox-NTSL augments the induc-
tion of apoptosis in the tumor 
cells as found 18% in G5. The 
co-administration of Cis-Doxo 
in TSL showed great potential 
as 39% of cells were measured 
as apoptotic cells in G8, signifi-
cantly very high in comparison 
to G5, G6 and G7 as well. The 
flow cytometry data clearly 
indicated the effect of hyper-
thermia during the treatment 
while administered in combi-
nation in thermosensitive lipo-
somes (Figure 7A, 7B).

Effect of various formulations 
of cisplatin and doxorubicin 
on the expression Akt and 
pAkt by immunofluorescence 
analysis under a confocal 
microscope

The immunohistochemical an- 
alysis of the tumor tissues by 

confocal microscopy revealed several fold 
increases in the expression of pAkt in G1 and 
G2 which was reduced 11-fold by G8 (Figure 
8A, 8B). The data also showed the poten- 
tial of G5 as it downregulated the pAkt 3.7-fold 
in comparison to G1 and G2 (Figure 8A, 8B). 

Discussion

To date various strategies have been explored 
to utilize the tumor microenvironment for acti-
vating the drug release from the liposomes as 
thermal, magnetic, ultrasonic, chemical, elec-
tric etc. Some of the approaches exploit the 
presence of endogenous physiological signal 
as acidic pH, glutathione (GSH) redox potential, 
certain enzymes, hypoxia, adenosine triphos-
phate (ATP). However, the studies revealed the 
advantage of exogenous triggering over endog-
enous as required accuracy in the control of 
stimuli could be possible in the latter, while 
inter-patient changes have been observed by 
the former [38, 46-52]. The therapeutic poten-
tial of thermosensitive liposomes at mild hyper-
thermia (above the physiological temperature 
but below 42°C) has shown the great impact in 
the development of novel formulation in the 
treatment of cancer. Therefore, the hyperther-
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Figure 6. Effect of various formulations of Cis and Dox on tumor growth in 
BaP induced fibrosarcoma. (A) Tumor size during the treatment, (B) Tumor 
inhibition relative to G1/G2, (C) Frequency of survival of the animals. The 
values are expressed as mean ± SD of 5 mice from each group. NSNo sig-
nificance within the groups, ****Significant difference between the treated 
groups P<0.0001, ***Significant difference between the treated groups 
P<0.001.

mia not only inhibit the tumor growth directly, 
but also augment the effect of chemotherapeu-
tic agents. Moreover, this strategy amplifies the 
potential of drug, while entrapped in heat sen-
sitive liposomes by maximizing the delivery of 

payloads at the tumor site [40, 
43, 53]. In the current study, 
we evaluated the concomitant 
delivery of thermosensitive li- 
posomal formulations of doxo-
rubicin and cisplatin in hyper-
thermia against fibrosarcoma. 
As evident from several stud-
ies, the use of 16-carbon satu-
rated fatty acid chains DPPC 
with phase transition tempera-
ture (Tc) more than 41°C is 
ideal strategy in the prepara-
tion of TSLs. But the ratio of 
phospholipids and the meth-
ods of preparation of lipo-
somes play the significant role 
in the development of effective 
formulation according to the 
requirements. The addition of 
DSPC with DPPC has been 
shown great effect on cellular 
uptake and the release of the 
drugs [36, 41, 54]. Besides, 
the coating of the liposomes 
with PEG can decrease their 
uptake to reticular endothelial 
system (RES), and prolong the 
circulation [55, 56]. The pre- 
paration of liposomes by thin 
layer hydration method us- 
ing DPPE-DSPC-PEG500 as 
95:5:0.05 W/W was measur- 
ed as most suitable phospho-
lipid ratio with a transition 
onset at 41°C and the DSC 
peak at 42.1°C as thermosen-
sitive liposomes [43]. Due to 
the physical interaction ob- 
served in the DSC curves 
between phospholipids and 
drugs (Cis and Dox), it was 
important to investigate for 
any possible chemical interac-
tion between drugs (cisplatin 
and doxorubicin) and phospho-
lipids, to achieve that, FTIR 

spectrum was employed. However, no shift or 
appearance in the new peak was detected 
which direct the absence of any chemical in- 
teraction between phospholipids and drugs 
(Figures 4, 5). Li et al. 2020 showed the cyto-
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Figure 7. Effect of various formulations on 
induction of apoptosis by flow cytometry 
analysis (A) representative images of flowjo 
analysis of the cells (B) Detailed analysis of 
apoptotic cells. The values are expressed 
as mean ± SD of 5 mice from each group. 
NSNo significance within the groups, *Signifi-
cant difference between the treated groups 
but in reverse order, #Significant difference 
between the treated groups.

toxic potential of oxaliplatin entrapped DPPC-
DSPE-PEG2000 (10:1) TSLs in RKO colonic can-
cer and 4T1 breast cancer cells [57]. The Ml1 
loaded DPPC-MSPC-DSPE-PEG2000 contain-
ing TSLs have been demonstrated to inhibit  
the cell viability upon hyperthermia treatment 
in CT6 colon carcinoma cells [58]. Earlier we 
reported the efficacy of Cis-TSL and Dox-TSL at 
42°C, while the cell viability at 37°C against 
these cell lines [43]. The concomitant delivery 
of TSLs entrapping Cis and Dox in this ratio of 

lipids exhibited high sensitivity in tested breast 
cancer (SKBR3 & MDA-MB-231) and prostate 
cancer (PC-3 & LNcaP) cell lines at 42°C 
(Supplementary Figure 1).

The treatment of melphalan encapsulated TSLs 
in combination with hyperthermia and radiation 
in B16F10 transplanted murine melanoma 
exhibited 33% decline tumor size with 70% sur-
vival [59]. The intraperitoneal administration of 
gemcitabine loaded TSLs with mild hyperther-
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Figure 8. Effect of various formulations of Doxorubicin and Cisplatin on Akt and pAkt expres-
sion by immunohistochemical analysis of the tissues under a confocal microscope (A) repre-
sentative immunofluorescence image of tumor with Akt (A488), pAkt (A647), nucleus/DNA 
(DAPI) (B) Detailed analysis of fluorescence integrated density as an expression of Akt and 
pAkt. The values are expressed as mean ± SD of 5 mice from each group. NSNo significance 
within the groups, *Significant difference between the treated groups but in reverse order, 
#Significant difference between the treated groups.
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mia revealed significant decrease in tumor vol-
ume in MiaPaCa-2 cells implanted xenografts 
[60] Recently, oxaliplatin encapsulated TSLs 
treatment at hyperthermia were shown to re- 
duce 60% in the growth of 4T1 inoculated 
tumor xenograft, while survival was recorded to 
be 42.8% [57]. Earlier we reported 64% tumor 
growth inhibition following the administration  
of Dox-TSL in combination with hyperthermia. 
This study extended our analysis as the Cis- 
TSL inhibited 72% tumor size while comparing 
sham-TSLs. Remarkably, the concomitant deliv-
ery of Cis and Dox TSL showed 84% inhibition in 
tumor growth as the tumor volume was mea-
sured to be 80 mm3 (Figure 6A, 6B). The effi-
ciency of these also could be noticed in the 
Kaplan Meier curve as 100% survival of the 
animals was recorded, while treated with Cis-
Dox-TSL (Figure 6C).

The phosphorylated Akt (pAKT) also called pro-
tein kinase B (PKB) is the major downstream 
effector of PI3K pathway, plays the significant 
role in the initiation, promotion and progression 
of chemically induced cancer [61, 62]. Several 
studies suggested the downregulation of pAKT 
leading to the apoptosis in cancer cells treated 
with chemotheraptic agents including Dox. The 
immunofluorescence analysis of tumor tissues 
showed several fold decreases in the expres-
sion of Akt in the animals treated with Cis-Dox-
TSLs in combination with HT (Figure 8). The 
apoptotic cell analysis by flow cytometry also 
supported the efficacy of Cis-Dox-TSL with HT 
as it triggered 39% cancerous cells into pro-
grammed cell death (Figure 7). The results 
clearly revealed the potential of concomitant 
delivery of doxorubicin and cisplatin containing 
thermosensitive liposomes with hyperthermia 
in the sensitization of cancer cells.

Conclusion

The in vitro and in vivo results of the present 
study directed the role of drug combinations of 
thermosensitive liposomes containing doxoru-
bicin and cisplatin and hyperthermic conditions 
for the development of a novel therapeutic 
strategy for the treatment of cancer.
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Supplementary material

Effect of IC10 of Dox and Cis in free form, NTSLs and TSLs at 37°C, 42°C in SKBR3, MDA-MB-231, PC-
3, LNcaP cancer cells

The data revealed the instantaneous decline in the cell viability as observed as 23% in SKBR3 and MDA-
MB-231, 27.33% in PC-3, and 26.33% in LNcaP cells, while treated with Dox-TSL + Cis-TSL and incu-
bated the cells at 42°C. However, this combination in NTSLs showed 51% cell viability in SKBR3 and 
MDA-MB-231 cells, 47% in PC-3, and 50% in LNcaP cells, when incubated at 37°C. The combination of 
Dox and Cis in TSLs and treatment at hyperthermia, showed the synergistic effect, also indicating the 
use of the chemotherapeutic drug in minimal concentration to avoid any side effect (Supplementary 
Figure 1).

Confirmation of the development of cancer by histopathological analysis of the tissues using H&E 
staining

As the therapy was started after the tumor size reached to 200 mm3, the development of the fibrosar-
coma in the untreated mice was also ascertained by the histopathological analysis at this stage. The 
representative photomicrograph of H & E-stained slides exhibited the pleomorphic spindle shaped cells 
with wavy nuclei admixed with rounded epithelioid cells in fibrous stroma (Brown Arrow). The photomi-
crograph also revealed the angiogenesis (Green arrow) along with necrosis and hemorrhage in the tis-
sue that were marked with stars (Supplementary Figure 2).

Supplementary Table 1. Breast cancer cells (SKBR3 and MDA-MB-231), Prostate cancer cells (PC-3 
and LNcaP) were treated with the combination of Dox and Cis by the IC10 Concentrations at 37°C and 
42°C separately as follows
Group Name Type of formulations
F Free Dox + Free Cis 
NTSL Dox-NTSL + Cis-NTSL
TSL Dox-TSL + Cis-TSL
(A) SKBR3 Breast Cancer Cells: Dox 0.05 µM, Cisp 0.5 µM, (B) MDA-MB-231 Breast Cancer Cells: Dox 0.1 µm, Cis 0.3 µM, (C) 
PC-3 prostate Cancer Cells: Dox 0.03 µM, Cis 0.5 µM and (D) LNcaP prostate Cancer Cells: Dox 0.03 µM, Cis 2.0 µM.
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Supplementary Figure 1. Effect of combination of Doxorubicin IC10 and Cisplatin IC10 formulations on cell viability 
at 37°C and 42°C in (A) SKBR3 breast cancer cells (B) MDA-MB-231 breast cancer cells (C) PC-3 prostate cancer 
cells (D) LNcaP prostate cancer cells. The values are expressed as mean ± SD of three independent experiments. 
NSNo significance within the groups, ****Significant difference between the treated groups p-value <0.0001.

Supplementary Figure 2. The representative image for the confirmation cancer progression by hisotopathological 
analysis of the tumor tissues following H&E staining, 100×, bar = 100 µm.


