
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 3

/6
/2

02
6 

4:
54

:0
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Cisplatin combin
aDepartment of Chemistry, Zhejiang Unive

fwjun@zju.edu.cn; qei@zju.edu.cn; Fax: +8
bSchool of Medicine, Zhejiang University, Ha

† Electronic supplementary information
3-MA and cisplatin (Fig. S1); cell viab
different concentrations for 24 h or 48
lights of green and red on HeLa cells t
combination drugs (Fig. S4–S7); autopha
RAPA from MDC staining assay ob
(Fig. S8–S10); Stern–Volmer curves of t
drugs to HSA (Fig. S11); CI values for
combination drugs (Table S1); Stern–Vol
combination drugs binding to HSA and
change (DHo), and entropy change (DSo

determined from CD at 298 K in the
combination drugs (Table S3); and a t
drugs (Table S4). See DOI: 10.1039/c7ra00

Cite this: RSC Adv., 2017, 7, 22270

Received 3rd January 2017
Accepted 6th April 2017

DOI: 10.1039/c7ra00056a

rsc.li/rsc-advances

22270 | RSC Adv., 2017, 7, 22270–2227
ation drugs induce autophagy in
HeLa cells and interact with HSA via electrostatic
binding affinity†

Xuerui Chen,a Li Zhang,a Shiping Ding,b Qunfang Lei*a and Wenjun Fang *a

Cisplatin, as a significant chemotherapeutic drug for the treatment of cancers, was combined with

rapamycin (RAPA), an autophagy inducer, or 3-methyladenine (3-MA), an autophagy inhibitor, and

these cisplatin combination drugs were tested with HeLa cells to explore their specific effects on

autophagy by cell viability assay, mitochondria membrane potential (MMP) determination, transmission

electron microscopic (TEM) observation, dansylcadaverine (MDC) staining, and western blotting

analysis. Results revealed that cisplatin combination drugs enhanced formation of autophagosomes,

and morphological and biochemical markers of autophagy in HeLa cells can be clearly determined

with the formation of enlarged acidic vesicles and conversion of light chain 3 (LC3) protein. Cisplatin

combination drugs induce stronger effects on autophagy than either of the components does.

Combination drug-induced autophagy inhibits the growth of HeLa cell in a dose-dependent manner

and subsequently sensitizes the cells to apoptosis and cell death. Furthermore, interactions between

cisplatin combination drugs and human serum albumin (HSA) were investigated under fluorescence,

synchronous fluorescence, and circular dichroism analysis. Results suggest that cisplatin combination

drugs can bind to HSA and induce conformation and microenvironmental changes of HSA via

electrostatic binding affinity. These investigations can provide useful and fundamental information,

which could be used in cytotoxic chemotherapy to dramatically increase efficacy in pharmaceutical

and biotechnology fields.
Introduction

Dying cells can generate amounts of autophagic vacuoles (AVO)
and clear a lot of cytoplasm.1,2 The components are sequestered
to form a double-membrane autophagosome before the cells
ultimately die. The resultant autolysosomes encompass enzymes
(i.e., acid hydrolases) which can break down membranes of
autophagosome and the inner lysosomal compartments.3,4
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Therefore, autophagy is regarded as a defense strategy, which can
adaptively adjust nutrient recycling and maintain minimal
homeostasis.5–8

Nowadays, accumulating evidence on autophagy suggests
that cancer cells tend to have reduced autophagy with reference
to their normal counterparts and premalignant lesions. Auto-
phagy triggers cancer cell death in response to various anti-
cancer agents.9 Hence, a study on autophagy in cancer cells with
exposure to new drugs is an important step in new anti-cancer
drug research.10

On one hand, rapamycin (RAPA) has been found to be an
autophagy inducer in bio-medical elds, which increases
sensitivity of cancer cells to anti-cancer drugs.11,12 A RAPA
modulated signal transduction pathways is involved in the cell
cycle process from G1 to S-phase and it is currently under
evaluation in phase III clinical trials for various cancers. 3-
Methyladenine (3-MA) has been demonstrated to be an auto-
phagy inhibitor of class III PI3K which plays a pivotal role in
the process of autophagy.13,14 On the other hand, cisplatin has
been treated as an effective anti-cancer drug in clinical medi-
cine, but the use of it is oen limited by its intolerable side
effects and inevitable chemoresistance.8,15–17 Numerous
chemotherapeutic drugs are known to induce autophagic cell
death. For example, cisplatin exerts cytotoxic effects via
This journal is © The Royal Society of Chemistry 2017
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disrupting the DNA structure in cells from formation of
intrastrand adducts and interstrand cross-links.18–21 Thus, it's
meaningful to combine cisplatin with other drugs to induce
autophagy of cancer cells.

Before targeting receptor cells, cisplatin combination drugs
bind to proteins in blood when they enter veins.11 Human
serum albumin (HSA), which acts as the major transporter of
many drugs in blood circulation, can interact with many
organic and inorganic molecules.22 Albumin binding affects
transportation, distribution, and metabolism of the cisplatin
combination drugs, and further inuences availability and
toxicity during chemotherapy. Low binding affinity of a drug to
protein may result in poor distribution and short life-span in
blood, whereas high binding affinity interferes with desired
drug efficacy.23

The goal of this work is to elucidate the inuence of two series
of cisplatin combination drugs on the autophagic process of HeLa
cells and interactions between the drugs and HSA. We hope these
investigations will provide valuable information on cytotoxic
chemotherapy of cisplatin combination drugs and help develop
potential anti-cancer drugs against cervical cancer cells.
Experimental and methods
Reagents

Cisplatin, rapamycin (RAPA), 3-methyladenine (3-MA), trypsin/
EDTA solution (1.7� 105 U L�1 of trypsin and 0.2 g L�1 of EDTA),
phosphate buffered saline (PBS), fetal bovine serum (FBS), anti-b-
actin antibody, dimethyl sulfoxide (DMSO), cacodylate, Dulbec-
co's modied eagle medium (DMEM), mitochondrion membrane
potential analysis kit, [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide] (MTT), 5,50,6,60-tetrachloro-1,10,3,30-tetrae-
thylbenzimidazolcarbcyanine iodide (JC-1) and human serum
albumin (HSA) were purchased from Sigma-Aldrich (USA) and
used as received. The LC3-II primary antibodies were purchased
from Cell Signaling Technologies (USA). HeLa cell line, HEK 293
cell line, and FL cell line were provided by the Institute of
Immunology, School of Medicine, Zhejiang University (China).
Ultrapure water with a resistivity higher than 1.82� 106 Um at 25
�C was produced from aMillipore Q3 system (USA). Drug samples
of cisplatin, RAPA, 3-MA and their combinations were prepared by
dissolving them in DMSO and diluting with DMEM to the indi-
cated concentrations before exposing to HeLa cells, respectively.
The stock solution of HSA was prepared by dissolving solid HSA in
Tris–HCl buffer (0.05 M Tris–HCl/0.1 MNaCl, pH 7.40) and stored
at 0–4 �C.
Cell culture

HeLa cell line, HEK 293 cell line, and FL cell line were main-
tained in DMEM supplemented with 10% FBS and 50 U mL�1

penicillin and 50 mg mL�1 streptomycin. Cell cultures were
maintained at 37 �C in a humidied 5% CO2 atmosphere. All
the incubations with cisplatin combination drugs were carried
out under the same conditions of temperature, humidity, and
CO2 percentage.
This journal is © The Royal Society of Chemistry 2017
Transmission electron microscopy observation

A transmission electron microscope (TEM, JEM-1200EX, JEOL,
Japan) was used to detect existence of autophagy vesicles, which
are the morphological evidence of autophagy. Aer HeLa cells
were incubated for 24 h with different combination drugs, they
were washed with PBS and then centrifuged at 1000 rpm for 5
min. Resulting cell pellets were xed with a solution containing
2.5% glutaraldehyde plus 2% paraformaldehyde in 0.1 mol L�1

cacodylate buffer, pH ¼ 7.3, for 1 h, aer the supernatants were
removed. Then, the samples were immersed in 1% OsO4 in the
same buffer for 30 min and TEM was used to observe the
ultrathin sections at 100 kV.
Cell viability by MTT assay

The effects of cisplatin combination drugs on viability of HeLa
cells was measured by the MTT assay. Median-effect plot anal-
ysis and calculation of the multiple medicines effect/Combi-
nation Index (CI) were performed using a well-established
method via a commercial soware package obtained from
Calcusyn (Bioso). MTT can give a water-soluble formazan
product in the presence of DMSO and be used in the micro-
culture screening assay for cell cultures. The ratio absorbance at
570 nm of sample versus control colored products is propor-
tional to cell viability. HeLa cells were seeded in 96-well plates (1
� 104 cells per well) and then exposed to cisplatin at concen-
trations from 1 mg mL�1 to 50 mg mL�1, to RAPA at concentra-
tions from 0.02 mg mL�1 to 1.0 mg mL�1, and to 3-MA at
concentrations from 0.2 mg mL�1 to 50 mg mL�1 for 4 h, 24 h,
and 48 h, respectively. The cells were also treated with combi-
nation drugs of RAPA/3-MA with 2 mg mL�1 or 40 mg mL�1

cisplatin for 4 h, 24 h, and 48 h, respectively. For each well, the
medium was removed and replaced with MTT which was
diluted from 5 mg mL�1 in PBS to 0.5 mg mL�1 with DMEM
medium. Then, the cells were incubated at 37 �C for 4 h. The
MTT reaction product was extracted with DMSO before absor-
bance at 570 nm was measured.
Mitochondrial membrane potential measurement

Mitochondrial membrane potential (MMP) was studied as
a cellular functional assay, which was estimated from a uo-
rescent probe, JC-1, that accumulated in the mitochondria.
Aer treating with the drugs for 24 h, the cells were washed with
PBS and exposed to JC-1 (10 mg mL�1). The mitochondria with
low MMP had green uorescence (485 excitation/535 emission),
while at a high MMP, the aggregated JC-1 molecules exhibited
red-shied uorescence (535 excitation/590 emission). Hence,
a loss of MMP was detected by a red to green shi. Aer 20 min
incubation at 37 �C, the changes inMMP were measured by ow
cytometry.
Detection of autophagic vacuoles by MDC

A confocal microscope was used to identify the formation of
autophagic vacuoles during autophagy. The uorescent dye
dansylcadaverine (MDC) as the marker for autophagy could
specically stain autophagosomes to detect the occurrence of
RSC Adv., 2017, 7, 22270–22279 | 22271
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AVO.24 Cells were seeded in 24-well plates and treated with
different combination drugs. Aer 24 h, the cells were
stained with 0.05 mmol L�1 MDC at 37 �C for 10 min.
Subsequently, the cells were washed three times to remove
MDC in PBS and observed under confocal microscopy (Zeiss
Lsm710nlo).
Western blotting analysis

Hallmarked by accumulation of vacuoles that sequester and
target cytoplasmic components for lysosomal degradation, the
autophagic process is dependent on autophagy proteins,
including LC3, p62, and Beclin-1. The change of microtubule-
associated protein light chain 3 (LC3) is usually used to
monitor the autophagic process. During the activation of
autophagy, LC3 is converted from LC3-I (18 kDa) to LC3-II (16
kDa), which accumulates on the autophagosome membrane.
Becline-1 is one of the necessary factors in an autophagic
process, and it can regulate the formation of AVO through
mediating the location of autophagic protein in a phagophore.
For western blotting analysis, HeLa cells were seeded at
a concentration of 3 � 106 cells per well in 6-well plates and
incubated overnight, then exposed to cisplatin combination
drugs for 24 h. The cells were washed and put in ice-cold lysis
buffer [50 mmol L�1 Tris–HCl (pH 7.5), 150 mmol L�1 NaCl,
1.0% Triton X-100, 20 mmol L�1 EDTA, 1 mmol L�1 Na3VO4, 1
mmol L�1 NaF, and protease inhibitors], then the same
volume of loading buffer [10% SDS, 5% sucrose, 0.1% bro-
mophenol blue, and 5% 2-mercaptoethanol] was added. Then
samples were put on ice for 15 min and denatured at 95 �C for
15 min. Finally, the samples were subjected to western blotting
analysis, and the band densities were analyzed using
AlphaEaseFC or Quantity One soware.
Fluorescence measurement

Fluorescence intensities of drug–HSA aggregates were
measured with an FP-6500 uorescence spectrophotometer
(JASCO, Japan). The uorescence spectra were taken with HSA
concentration of 0.9396 mM. Different volumes of the buffer
were added to stock cisplatin combination solutions to
obtain the desired concentrations. Intrinsic uorescence was
measured by exciting the HSA solution at 280 nm, and emission
spectra were scanned from 250 to 400 nm. The excitation and
emission slits were set at 5 nm. A quartz cell with 1.0 cm path
length was used and the measurements were carried out at 288
K, 298 K, and 310 K, respectively.
Circular dichroic measurement

The secondary structure of HSA in the presence of cisplatin
combination drugs was analyzed by circular dichroic (CD)
spectroscopy (Biologic MOS-450, France). All CD measurements
were recorded on a circular dichroic polarimeter by scanning
the samples from 190 to 250 nm at 298 K. Spectra were collected
at a protein concentration of 1.575 nM using a path length of 1
mm.
22272 | RSC Adv., 2017, 7, 22270–22279
Statistical analysis

Statistical analysis on synergy was used to evaluate the effects of
cisplatin combination drug treatments. Results from the MTT
assays were calculated by CalcuSyn for Windows computer
program (Bioso, Cambridge, the United Kingdom) to deter-
mine the presence of synergy between cisplatin and RAPA or 3-
MA. The soware uses a median-effect method, which is a well-
established procedure to quantify the effects of drug combina-
tions and to determine whether they produce greater effects
together than expected from simple summation of their indi-
vidual effects. Combination index (CI) values were obtained,
and they reect the nature of interactions between cisplatin
combination drugs and HSA: CI < 1, synergistic activity; CI ¼ 1,
additive; CI > 1, antagonism.25 All of the above measurements
were repeated at least three times and the data were presented
as means � SD. Statistical signicance (p < 0.05) was evaluated
by using Student t-test when only two groups were compared.
Results and discussion

To investigate the toxicity of cisplatin combination drugs, 3-
(40,50-dimethylthiazol-20-thiazolyl)-2,5-diphenyltetrazolium
bromide (MTT) assay and mitochondrion membrane potentials
(MMP) were measured. HeLa cells as human cancer cells, HEK
293 cells, and FL cells as human normal cells were chosen with
MTT assays. The cell viabilities of HEK 293 cells and FL cells are
higher than those of Hela cells which suggests that cisplatin
combination drugs are more effective for cancer cells. Cell
viability decreased in an obviously dose-dependent manner
when HeLa cells were exposed to 3-MA combination drugs.
Simultaneously, various doses of RAPA in combination with 2
mg mL�1 cisplatin using HeLa cell lines resulted in a signicant
synergistic antiproliferative effect, with a Combination Index
(CI) of <1, at a range of 0.01 to 0.19 (ESI Table S1†).25–30 However,
antagonism effects on cell proliferation were observed with a CI
> 1 when different concentrations of RAPA were combined with
higher concentration of cisplatin (40 mgmL�1) in HeLa cell lines
(ESI Table S1†).25 HeLa cells exposed to different concentrations
of cisplatin and RAPA have a time-dependent decrease of
viability (Fig. 1b).21 Antagonism has been found in HeLa cell
lines treated with cisplatin and 3-MA (CI > 1; range, 1.19–5.68).
Using different doses of drugs, results show that cell prolifera-
tion decreases slightly against time (Fig. 1b and e). Therefore,
MTT results demonstrated that cisplatin combination drugs
inhibit HeLa cells proliferation not only in a dose-dependent
manner, but also in a time-dependent manner.31–34

The MMP level of HeLa cells treated with cisplatin combi-
nation drugs is shown in Fig. 1g and h in which mitochondrial
depolarization is detected by JC-1 staining. With increasing
concentrations of RAPA, a higher uorescence shi from green
to red can be observed in HeLa cells treated with the RAPA
combination drugs. Previous studies have shown that the
mitochondrial depolarization is related to early stages of
apoptosis, which indicates that the cytotoxicity of drugs has
inuence on MMP.35–37 Cisplatin can weaken the effect of RAPA
decreasing MMP (Fig. 1g). However, HeLa cells treated with 3-
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a, b) Cell viability of HeLa cells exposed to cisplatin combined with RAPA, cisplatin wt% ranging from 90.00 to 50.00 (cisplatin 2.0 mgmL�1

+ RAPA ranging from0.2 mgmL�1 to 2.0 mgmL�1). (d, e) Cell viability of HeLa cells exposed to cisplatin combinedwith 3-MA, cisplatin wt% ranging
from 50.00 to 3.846 (cisplatin 2.0 mg mL�1 + 3-MA ranging from 2.0 mg mL�1 to 50 mg mL�1). The comparisons of cell viabilities between HeLa
cells, HEK 293 cells and FL cells exposed to 2 mg mL�1 cisplatin combined with (c) RAPA and (f) 3-MA, cisplatin wt% ranging from 90.00 to 50.00
(cisplatin 2.0 mgmL�1 + RAPA ranging from 0.2 mgmL�1 to 2.0 mgmL�1), cisplatin wt% ranging from 50.00 to 3.846 (cisplatin 2.0 mgmL�1 + 3-MA
ranging from 2.0 mg mL�1 to 50 mg mL�1). The ratio of green/red fluorescence of HeLa cells treated with (g) RAPA combination drugs and (h) 3-
MA combination drugs for 24 h, 99.00 wt% cisplatin combined with RAPA (cisplatin 2.0 mg mL�1 + RAPA 0.02 mg mL�1), 90.00 wt% cisplatin
combined with RAPA (cisplatin 2.0 mg mL�1 + RAPA 0.2 mg mL�1), 66.67 wt% cisplatin combined with RAPA (cisplatin 2.0 mg mL�1 + RAPA 1.0 mg
mL�1), 90.90 wt% cisplatin combined with 3-MA (cisplatin 2.0 mg mL�1 + 3-MA 0.2 mg mL�1), 50.00 wt% cisplatin combined with 3-MA (cisplatin
2.0 mgmL�1 + 3-MA 2 mgmL�1), 0.091 wt% cisplatin combined with 3-MA (cisplatin 2.0 mgmL�1 + 3-MA 20 mgmL�1). Data are presented asmean
� SD of five independent results.
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MA exhibit a lower green/red ratio than those treated with 3-MA
combination drugs.38 It follows that combination drugs can
decrease the MMP (Fig. 1h). Relatively, 3-MA combination drugs
have serious effects on organelles and show strong toxicity,
while the RAPA combination drugs have a mild impairment to
organelles.39–41

In order to observe the formation of autophagosomes, the
morphologies of HeLa cells treated with cisplatin combination
drugs were revealed by transmission electron microscopy (TEM)
analysis andMDC staining (Fig. 2 and 3).42 HeLa cells incubated
This journal is © The Royal Society of Chemistry 2017
with RAPA combination drugs show an increasing number of
lysosomes and disappearance of some cytoplasmic organelles
(Fig. 2b–d). Fluorescence intensity of MDC with the combina-
tion drugs is up-regulated in comparison with that of the
control group (Fig. 3). Some cellular materials have been
found in characteristic double membrane vesicles, which are
typical features of autophagosomes. For HeLa cells treated
with 3-MA combination drugs, various cytoplasmic organelles
were aggregated in large intracellular cytoplasmic vacuoles
(Fig. 2i–k).
RSC Adv., 2017, 7, 22270–22279 | 22273
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Fig. 2 TEM images of HeLa cells treated with cisplatin combination drugs for 24 h with different concentrations (scale bars, 0.5 mm). (a, e)
control; (b, f) 99.00 wt% cisplatin combined with RAPA (cisplatin 2.0 mg mL�1 + RAPA 0.02 mg mL�1); (c, g) 90.00 wt% cisplatin combined with
RAPA (cisplatin 2.0 mgmL�1 + RAPA 0.2 mgmL�1); (d, h) 66.67 wt% cisplatin combined with RAPA (cisplatin 2.0 mgmL�1 + RAPA 1.0 mgmL�1); (i, m)
90.90 wt% cisplatin combined with 3-MA (cisplatin 2.0 mg mL�1 + 3-MA 0.2 mg mL�1); (j, n) 50.00 wt% cisplatin combined with 3-MA (cisplatin
2.0 mg mL�1 + 3-MA 2 mg$mL�1); (k, o) 0.091 wt% cisplatin combined with 3-MA (cisplatin 2.0 mg mL�1 + 3-MA 20 mg mL�1), and (l, p) cisplatin.
White arrows indicate autophagosomes.

Fig. 3 Autophagic vesicles in HeLa cells treated with cisplatin combination drugs fromMDC staining assay observed under confocal microscopy
(scale bars, 20 mm) (a) control; (b) 99.00 wt% cisplatin combined with RAPA (cisplatin 2.0 mg mL�1 + RAPA 0.02 mg mL�1); (c) 90.00 wt% cisplatin
combined with RAPA (cisplatin 2.0 mg mL�1 + RAPA 0.2 mg mL�1); (d) 66.67 wt% cisplatin combined with RAPA (cisplatin 2.0 mg mL�1 + RAPA 1.0
mg mL�1); (e) 90.90 wt% cisplatin combined with 3-MA (cisplatin 2.0 mg mL�1 + 3-MA 0.2 mg mL�1); (f) 50.00 wt% cisplatin combined with 3-MA
(cisplatin 2.0 mg mL�1 + 3-MA 2.0 mg mL�1); (g) 0.091 wt% cisplatin combined with 3-MA (cisplatin 2.0 mg mL�1 + 3-MA 20 mg mL�1), and (h)
cisplatin.

22274 | RSC Adv., 2017, 7, 22270–22279 This journal is © The Royal Society of Chemistry 2017
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Fig. 4 LC3 lipidation, Becline-1, and p62 assayed by immunoblotting on HeLa cells treated with cisplatin combination drugs for 24 h and the
effects on expression of LC3 measured by western blotting analysis. (a, c) RAPA combination drugs, 99.00 wt% cisplatin combined with RAPA
(cisplatin 2.0 mg mL�1 + RAPA 0.02 mg mL�1), 90.00 wt% cisplatin combined with RAPA (cisplatin 2.0 mg mL�1 + RAPA 0.2 mg mL�1), 66.67 wt%
cisplatin combined with RAPA (cisplatin 2.0 mg mL�1 + RAPA 1.0 mg mL�1); (b, d) 3-MA combination drugs, 90.90 wt% cisplatin combined with 3-
MA (cisplatin 2.0 mg mL�1 + 3-MA 0.2 mg mL�1), 50.00 wt% cisplatin combined with 3-MA (cisplatin 2.0 mg mL�1 + 3-MA 2.0 mg mL�1), and 0.091
wt% cisplatin combined with 3-MA (cisplatin 2.0 mg mL�1 + 3-MA 20 mg mL�1).
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Drug induced biochemical markers of autophagy in HeLa
cells were analyzed by western blotting. RAPA combination
drugs caused slight increase of LC3-II and Becline-1 and slight
decrease of p62 in HeLa cells compared to the control cells
(Fig. 4). HeLa cells exposed to RAPA combination drugs show
lower expression of p62 than cells treated with cisplatin or RAPA
alone (Fig. 4a).43 These results reveal that addition of RAPA
enhances the autophagy resulting from cisplatin.

Furthermore, HeLa cells treated with 3-MA combination
drugs were used to determine the change of LC3-II, Becline-1,
and p62. Cisplatin with 3-MA can increase LC3-II level
compared with cisplatin or 3-MA alone. The relative band
densities of LC3-I/LC3-II decrease with an increase in RAPA
concentration (Fig. 4a and c). In correspondence with the TEM
images (Fig. 2), it's known that treatments with cisplatin
combination drugs can activate an autophagic response in
HeLa cells through ATG pathways.41,44,45

Fluorescence emission spectra of HSA in the presence of
cisplatin combination drugs with different concentrations at
288 K, 298 K, and 310 K are shown in Fig. 5. To discuss the
uorescence sensitizing effect, the Stern–Volmer eqn (1) was
used to calculate the binding constant (KSV). The free-energy
change (DGo), enthalpy change (DHo), and entropy change (DSo)
This journal is © The Royal Society of Chemistry 2017
for the interaction between cisplatin combination drugs and
HSA were determined as based on the Van't Hoff equation.

F0

F
� 1 ¼ KSVC ¼ kqs0C (1)

ln

�
K2

K1

�
¼ DHo

R

�
1

T1

� 1

T2

�
(2)

DG� ¼ DH� �TDS� ¼ �RT ln K� (3)

In the Stern–Volmer equation, F0 and F are the uorescence
intensities of HSA in the absence and presence of cisplatin
combination drugs, respectively. C is the concentration of the
cisplatin combination drugs (mol L�1), and KSV is the Stern–
Volmer binding constant, s0 is the average lifetime without
drugs (s0 ¼ 10�8 s). The values of KSV for different cisplatin
combination drugs were obtained from correlations in Fig. S11
(ESI†), and are listed in Table S2 (ESI†). Results are consistent
with the electrostatic binding affinity between the drugs and
amino acid residues.

HSA possesses intrinsic uorescence resulting from trypto-
phan (Trp), tyrosine (Tyr), and phenylalanine (Phe) residues;
RSC Adv., 2017, 7, 22270–22279 | 22275
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Fig. 5 Emission spectra of HSA at an excitation wavelength of 280 nm in the presence of (a–c) RAPA combination drugs, cisplatin wt% ranging
from 100 to 72.73 ([RAPA] ¼ 0, 0.02, 0.05, 0.1, 0.3, 0.5, 0.7, or 0.75 mg mL�1 and cisplatin 2 mg mL�1) and (d–f) 3-MA combination drugs, cisplatin
wt% ranging from 100 to 9.64 ([3-MA]¼ 0, 2, 6, 8, 10, 12, 16, or 18.75 mgmL�1 and cisplatin 2 mgmL�1) at 288 K, 298 K, and 310 K. [HSA]¼ 9.396�
10�7 M.
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however, it is almost all contributed by Trp alone (more than
95%).46,47 Fluorescence of Trp at the UV region may be changed
as a result of interactions between other molecules with HSA.
The uorescence intensity increased and a slight blue shi of
HSA, especially for 3-MA combination drugs, was observed with
growing concentrations of combination drugs (Fig. 5d–f).
Because a uorescence sensitizing effect usually happens when
biomacromolecules coexist with certain ligands, the binding of
cisplatin combination drugs to HSA can alter the microenvi-
ronment of tryptophan residues to render them in a more
hydrophobic environment.

From the Van't Hoff equation, thermodynamic parameters
were obtained and they are listed in Table S2 (ESI†). For
22276 | RSC Adv., 2017, 7, 22270–22279
cisplatin combination drugs, DHo < 0 and DSo > 0, so an elec-
trostatic interaction plays the main role.47 A negative value of
DGo shows the protein–drug interaction occurs spontaneously.
It's known that different driving forces play roles in the
unfolding of a protein during a series of binding processes.48

The oxygen atoms in –C]O, –C–O–C, –OH of RAPA can display
strong electronegativity (ESI Fig. S1†). The carboxyl group in
amino acid residues may reduce electron density of a nitrogen
atom, causing it to be more positively-charged. Thus, RAPA
molecules can interact with amino acid residues through strong
electrostatic forces. This kind of preferable affinity and the
noncovalent interactions with HSA are favorable for delivering
anticancer drugs to cancer cells.
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Synchronous fluorescence spectra of cisplatin combination drug–HSA solutions at 298 K. [HSA]¼ 9.396� 10�7 M. (a, b) Dl¼ 15 nm; (c, d)
Dl¼ 60 nm. (a, c) RAPA combination drugs, cisplatin wt% ranging from 100 to 72.73 ([RAPA]¼ 0, 0.02, 0.05, 0.1, 0.3, 0.5, 0.7, or 0.75 mgmL�1 and
cisplatin 2 mg mL�1); (b, d) 3-MA combination drugs, cisplatin wt% ranging from 100 to 9.64 ([3-MA] ¼ 0, 2, 6, 8, 10, 12, 16, or 18.75 mg mL�1 and
cisplatin 2 mg mL�1).
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To further explore the effects of cisplatin combination drugs
on the conformation of HSA, such as the characteristic changes
of tyrosine (Tyr) or tryptophan (Trp) residues, synchronous
uorescence was performed through adjusting excitation and
emission wavelength intervals (Dl) at corresponding charac-
terized values of 15 and 60 nm, respectively (Fig. 6). The
maximum emission wavelengths (lmax) of Tyr residue (about
312 nm) in HSA exhibits no notable blue shi at the investigated
concentration range when Dl ¼ 15 nm. Results reveal that the
microenvironment around the Tyr residue undergoes no
obvious change during the binding process. However, the lmax

changes from 355 to 352 nm when Dl ¼ 60 nm, and it follows
that the conformation of HSA is altered to be loosened, and Trp
residues in solution with cisplatin combination drugs show
stronger hydrophobicity than those in solution without the
drugs. The obvious increase of uorescence intensity suggests
that Trp contributes remarkably to a change of the microenvi-
ronment of HSA. Interaction between cisplatin combination
drugs and HSAmay occur mainly in domain II of HSA where the
Trp residues are located.

Circular dichroic (CD) spectroscopy was then used to
monitor the secondary structural change of HSA upon inter-
acting with cisplatin combination drugs from examining the
This journal is © The Royal Society of Chemistry 2017
alterations in a-helical content of the protein.49 As seen from
Fig. 7, binding of the combination drugs to HSA causes
decreasing intensity without apparent shis of the peaks which
demonstrates that binding of the combination drug induces
slight decrement of the a-helix and increment of b-turn struc-
ture of HSA. Therefore, combination drugs can lead to struc-
tural changes of HSA with loss of helical structure stability and
conformational destruction. Secondary structural contents
calculated from the CDpro program are shown in Table S3
(ESI†).

The a-helix contents of free and combined HSA can be
calculated frommean residue ellipticity (MRE) values at 208 nm
using the following equation:

MRE ¼ observed CD

CΡnl � 10
(4)

a-Helix ð%Þ ¼
��MRE208 � 4000

33 000� 4000

�
� 100 (5)

where CP is the molar concentration of HSA, n is the number of
amino acid residues (585), and l is the path length (1 cm),
MRE208 is the observed MRE at 208 nm, 4000 is the MRE value
of the b-form and random-coil conformation cross at 208 nm,
and 33 000 is the MRE value of a pure a-helix at 208 nm.47
RSC Adv., 2017, 7, 22270–22279 | 22277
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Fig. 7 CD spectra of the HSA–cisplatin combination system at 298 K. [HSA] ¼ 1.575 nM; (a) RAPA combination drugs cisplatin wt% ranging from
100 to 72.73 ([RAPA]¼ 0, 0.02, 0.05, 0.1, 0.3, 0.5, 0.7, or 0.75 mgmL�1 and cisplatin 2 mgmL�1); (b) 3-MA combination drugs, cisplatin wt% ranging
from 100 to 9.64 ([RAPA] ¼ 0, 0.02, 0.05, 0.1, 0.3, 0.5, 0.7, or 0.75 mg mL�1 and cisplatin 2 mg mL�1).
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Conclusions

In conclusion, autophagy in HeLa cells treated with cisplatin
combination drugs was proled by MTT assay, ow cytometer,
TEM analysis, MDC staining, and western blotting analysis.
HeLa cells exposed to cisplatin combined with RAPA or 3-MA
show a lower proliferation ratio, larger number of autophago-
somes, and higher expression of autophagic protein in
comparison with the control group. RAPA combination drugs
lead to a signicant synergistic antiproliferative effect, while 3-
MA combination drugs have an antagonism effect.38,50 Cisplatin
combination drugs have inducing inuences on autophagy
which can make a bridge between cancer cell autophagy and
cancer cell death. The drug–HSA interaction demonstrates that
cisplatin combination drugs bind to HSA mainly through elec-
trostatic forces, which induce the conformational changes of
HSA. Results showing the effects on autophagy and the inter-
action between HSA and cisplatin combination drugs provide
support in the study of anti-cancer drugs.
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