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RI nanoparticles delivering siRNA
and Pt(IV) for ovarian cancer treatment†

Yanhua Zhang,‡a Hui Huang,‡a Hao Fu,a Meng Zhao,a Zhihua Wu,a Yang Dong,a

He Li,b Yourong Duan a and Ying Sun*a

As known to all, ovarian cancer ranks the most lethal of the gynecological malignancies. The antitumor

drugs based on platinum are first-line chemotherapy drugs for ovarian cancer. However, their

therapeutic efficiency is severely limited owing to dose-limiting toxicities of platinum. New theranostic

strategies to overcome chemotherapy toxicity is highly desirable. Meanwhile, the real-time treating

effect is not visible for doctors. Herein, we constructed PFH/siRNA/Fe3O4@Pt(IV) NPs-cRGD (NPs-cRGD)

for precise theranostics against ovarian tumors with real-time imaging. The NPs-cRGD had a good

storage stability and resisted the serum-induced aggregation, which was beneficial for drug delivery.

Additionally, gel-retardation assay demonstrated that the NPs-cRGD exhibited great protection to siRNA

to resist nuclease degradation. In vitro, the NPs-cRGD showed good dual-mode US/MRI imaging and the

relative imaging research was also discussed. Moreover, the in vitro experiments indicated that the NPs-

cRGD with US exhibited excellent antitumor therapeutic efficiency, resulting from the cRGD ligands and

US exposure enhanced the cellular uptake efficiency. Thus, the dual-mode nanoparticles in this work

may provide precious insight into the development of various multi-mode nanoplatforms delivering

drugs or genes for precise theranostics against various cancer.
Introduction

The mortality rate of ovarian cancer is number one in female
malignant tumors of the genital system according to Siegel,
et al.1 In clinics, the basic drug of chemotherapy for ovarian
cancer is platinum, for example neutral, square planar coordi-
nation complex, cisplatin [CDDP, cis-diamminedi-
chloroplatinum(II)],2 but unfortunately, the side effects of
cisplatin, which was recognized as the most active single agent
for treating advanced ovarian cancer, are bad resulting in
problems in the kidney, nerves, blood etc.3–5 So we attempt to
nd some better way to treat ovarian cancer so as to enhance the
therapy efficiency.

At present, more and more efforts have been made to treat
ovarian cancer, including some new medicine and methods.6

Fortunately, the platinum(IV) (Pt(IV)) prodrug as the derivative of
platinum(II) (Pt(II)) which has more anticancer activity7,8 and
less toxicity9,10 shows an exciting result. Meanwhile, in the past
decade, the research to small interfering RNAs (siRNAs) as an
lated Genes, Shanghai Cancer Institute,

nghai Jiao Tong University, Shanghai

t, Renji Hospital, School of Medicine,

0127, China

tion (ESI) available. See DOI:

lly to this work.

09
emerging therapy and one kind of drugs to treat diseases
especially neoplasms has become more and more deep and
meaningful.11,12 Considering the survivin protein may be
against the death of cells,13–15 we try to combine Pt(IV) with
siRNA of survivin to enhance antitumor effect. Furthermore, in
recent years, due to the unique physical and chemical proper-
ties of the nanoparticles, such as: good controllability, going
through the biological barrier, improving the target property
through the enhanced permeability and retention (EPR) effect,
the nanoparticles has opened an new eld of treating diseases
especially tumors.16

Besides, it's invisible and inconvenient for physicians to
monitor disease situation while treating tumors, so we gave
birth to combing therapy with ultrasound imaging and
magnetic resonance imaging (MRI). Peruorohexane (PFH) is
one of the phase-shied ultrasound contrast agents, whose
boiling point (56 �C) is higher than that of traditional per-
uoropentane (PFP, 29 �C),17 so it has the advantage of steady
existing in bodies. In previous work,6 a multifunctional nano-
platform based on phase-transitional nanoparticles with ultra-
sound (US) exhibited excellent echogenic signals and brilliant
therapeutic efficacy has been constructed. But some problems,
including the low phase-transition efficiency and poor resolu-
tion, puzzled us. Owing to the Fe3O4 nanoparticles probably
improving the phase shiing efficiency of PFH,18,19 we intend to
encapsulate the Fe3O4 nanoparticles into nanoparticles to
enhance the ultrasound imaging of nanoparticles.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Characterization of NPs-cRGD. (A) Size distribution of NPs-
cRGD. (B) TEM image of NPs-cRGD. (C) XRD pattern of NPs-cRGD. (D)
Magnetization versus field of NPs-cRGD and Fe3O4 nanoparticles at
room temperature.
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Furthermore, the Fe3O4 nanoparticles could be also used as
a negative contrast agent in MRI image20,21 to improve the deep
tissue images. Comparing to safe, convenient, inexpensive
ultrasound imaging, the MRI shows a better and clearer images
of deep tissues. Therefore, it's expected and exciting to
synthesize a nanoplatform with dual-mode US/MRI imaging to
monitor disease progression.

In this study, we designed a nanoplatform siRNA/Fe3O4@-
Pt(IV) NPs-cRGD (NPs-cRGD) (in Fig. 1) encapsulating Pt(IV),
siRNA, PFH and Fe3O4 nanoparticles for dual-mode US/MRI
imaging. And some methods and technologies, such as:
measuring size and zeta potential, transmission electron
microscopy and X-ray polycrystalline, were used to characterize
the NPs-cRGD. Then we explored the storage stability of the
NPs-cRGD and the protection of the NPs-cRGD to siRNA.
Besides, the ultrasound imaging andMRI of the NPs-cRGD were
measured. Finally, the toxicity and uptake of the NPs-cRGDwere
detected.

Results and discussion
Connection of DEAPA to Fe3O4 nanoparticles

Before connecting DEAPA (one organic matter containing
amino) to carboxyl on the surface of the Fe3O4 nanoparticles,
the quantity of carboxyl was 1.322 mmol mL�1 and the zeta
potential of the Fe3O4 nanoparticles was �31.1 � 2.82 mV
(Fig. S1C†). And aer reacting with DEAPA, carboxyl on the
surface of the Fe3O4 nanoparticles was 0.214 mmol mL�1 and
the zeta potential of the Fe3O4 nanoparticles was +4.82 �
0.85 mV (Fig. S1D†). The above results conrmed the successful
connection of DEAPA to the Fe3O4 nanoparticles, so siRNA with
negative charges could be absorbed onto the surface of the
Fe3O4 nanoparticles. Before and aer reacting with the DEAPA,
Fig. 1 Synthesis of siRNA/Fe3O4@Pt(IV) NPs-cRGD (NPs-cRGD). (A) Synth
the phase transition of NPs-cRGD.

This journal is © The Royal Society of Chemistry 2019
the size of the Fe3O4 nanoparticles was about 30 nm, and
polymer dispersity index (PDI) was 0.29 (Fig. S1A and B†). As
shown in Fig. 2D, there existed no remanence and coercivity in
the Fe3O4 nanoparticles, the saturation magnetization of which
was 15.5 emu g�1. This result demonstrated that, super-
paramagnetic characteristics was preserved at room tempera-
ture aer connecting DEAPA.
Characterization of NPs-cRGD

The size of NPs-cRGD was 307.9 � 19.80 nm, and PDI was 0.273
� 0.02 (Fig. 2A). The zeta potential analysis showed that the
surface charge of the NPs-cRGD was +10.9 � 0.31 mV in
aqueous solution (Fig. S2†). As shown in Fig. 2B, the TEM
etic route used to prepare NPs-cRGD. (B) The schematic illustration of

RSC Adv., 2019, 9, 33302–33309 | 33303
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images revealed regular morphologies of the NPs-cRGD. In
addition, the structure of the Fe3O4 nanoparticles in NPs-cRGD
was analyzed by XRD in Fig. 2C. The results showed that the X-
ray diffraction (XRD) curve character of NPs-cRGD was almost
similar to that of Fe3O4 nanoparticles, and the peaks had the
diffraction of (220), (311), (400), (422), (510), (440) at 30.1, 35.5,
43.1, 53.5, 57.0, and 62.6�, respectively, suggesting the existence
of Fe3O4 nanoparticles.22 Then, we explored the magnetic
character of the NPs-cRGD (Fig. 2D). Due to the nonmagnetic
materials, the saturation magnetization of the NPs-cRGD is 1.9
emu g�1, which was smaller than that of the Fe3O4 nano-
particles. Both NPs-cRGD and Fe3O4 nanoparticles had no
remanence and coercivity, demonstrating that they had the
superparamagnetic characteristics at room temperature. At last,
the encapsulation rate of siRNA measured by a uorescence
spectrometer was 94.28%. The drug loading efficiencies (DL%)
of the NPs-cRGD was 3.46 � 0.33%. Therefore, the NPs-cRGD
was synthesized successfully and possessed good properties
which was very benecial for further applications.

Stability of NPs-cRGD

Staying at 4 �C for 14 days, the average size was about 300 nm
and the zeta potential was about +10 mV (Fig. 3A). Meanwhile,
the value of PDI didn't change signicantly within 14 days at
4 �C (Fig. S3†). The above results suggested that the NPs-cRGD
had a good storage stability. Moreover, the serum stability of
NPs-cRGD were evaluated by a serum-induced aggregation
assay (Fig. 3B). The turbidity of the free siRNA group gradually
increased with time, and the turbidity value was 1.95 � 0.04 at
14 d. However, the turbidity of NPs-cRGD kept stably for 14
days, indicating that NPs-cRGD resisted the serum-induced
aggregation and remained stable in the blood circulation.
Fig. 3 The stability of NPs-cRGD. (A) Storage stability of NPs-cRGD at
4 �C. (B) Serum stability of NPs-cRGD. Serum-induced aggregation
assay was monitored based on turbidity at the indicated time. (C) The
potential of NPs-cRGD to resist nuclease degradation. NPs-cRGD was
incubated without nuclease (left) or with nuclease (right) for different
time. The data are presented as the mean � SD of three independent
experiments.

33304 | RSC Adv., 2019, 9, 33302–33309
As shown in Fig. 3C, siRNA encapsulated in NPs-cRGD was
retained at the beginning site and the free siRNA moved out. So
we thought the siRNA was successfully encapsulated into NPs-
cRGD and the reason might be that siRNA could be tightly
attracted to the Fe3O4 nanoparticles and DOTAP with positive
charges. And aer 5 days, the siRNA encapsulated in the NPs-
cRGD still didn't move out, which indicated the encapsulated
siRNA could steady stay in NPs-cRGD for nearly one week at
4 �C. Besides, free siRNA incubating with the ribonuclease
(RNase) was degraded within one day, but the siRNA encapsu-
lated in NPs-cRGD incubating with RNase was still stable for ve
days. Therefore, the NPs-cRGD showed the great protection to
siRNA to resist nuclease degradation.

MRI of NPs-cRGD in vitro

Varying the concentration of iron from 2.5 to 320 mg mL�1, the
higher the concentration of Fe3O4 nanoparticles was, the
stronger the T2-weighted MRI was (Fig. 4A). The corresponding
concentration of Fe3O4 nanoparticles encapsulated in the NPs-
cRGD was represented by the blue curve (Fig. 4B). The MRI
signal intensity of different groups was shown as the red curve
(Fig. 4B). The T2 relaxation time of the NPs-cRGD was tested by
MesoMR. The linear t was obtained between the iron
concentration and the T2 relaxation rates (1/T2) with R2 ¼ 58.64
mM�1 s�1 similar to that of others22 (Fig. 4C). The MRI signal
intensity decreased with the increasing iron concentration,
which indicated that the NPs-cRGD produced the magnetic
resonance contrast on a transverse photon relaxation-time-
weighted sequence.

Ultrasound imaging of NPs-cRGD in vitro

As shown in Fig. 5A(a–g), as the concentration of Fe3O4 nano-
particles increased from 0 mg mL�1 to 320 mg mL�1, the ultra-
sound imaging was gradually enhanced and reached the
strongest imaging at 320 mg mL�1. Then, as depicted in
Fig. 4 The MRI of nanoparticles in vitro. (A) In vitro T2-weighted MR
image of NPs-cRGD. (I) Deionized water; (II) siRNA@Pt(IV) NPs-cRGD;
(III–X) NPs-cRGD with iron concentration 2.5, 5, 10, 20, 40, 80, 160,
320 mg mL�1, respectively. (B) Different iron concentrations (blue
curve) and MR signal intensities of NPs-cRGD (red curve) in groups (I–
X). (C) T2 relaxation rates (1/T2 (s�1)) of NPs-cRGD at different iron
concentrations. The data are presented as the mean � SD of three
independent experiments.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 US imaging in vitro. (A) (a–g) US imaging of saline (a) and different
concentrations of iron in NPs-cRGD ((b–g) separately represent 0, 10,
40, 80, 160, 320 mg mL�1). (h–n) US imaging of saline (h) and different
concentrations of NPs-cRGD ((i–n) separately represent 0.25, 0.5, 1.0,
2.0, 4.0, 8.0 mgmL�1). B-Mode (left) and contrast-enhanced ultrasound
(CEUS) (right) image of NPs-cRGD. (B and C) Corresponding quantifi-
cation of gray scale values of NPs-cRGD changed along with the
changes in concentrations of iron (B) and nanoparticles (C). The data are
shown as the mean� SD of three independent experiments iron. (D) US
imaging of saline and 8 mgmL�1 NPs-cRGD after different US exposure
times. B-Mode (left) and CEUS (right).
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Fig. 5A(h–n), on the condition of 320 mg mL�1 Fe3O4 nano-
particles, the ultrasound imaging of the NPs-cRGD got
increasingly weak with the variation of concentration of nano-
particles' materials from 8 mg mL�1 to 0.25 mg mL�1. Fig. 5B
and C demonstrated that the acoustic signal intensity value
changed at different concentrations of Fe3O4 nanoparticles and
nanoparticles' materials. According to Fig. 5D and S3,† the
ultrasound images of the NPs-cRGD clearly exhibited increas-
ingly enriched echo signal and contrast enhancement within
10 min. However, the ultrasound signals gradually decreased
over the next 20 min. Additionally, the duration of ultrasound
imaging of the NPs-cRGD was longer than that of nanoparticles
without Fe3O4 nanoparticles,16 probably resulting from that
Fe3O4 nanoparticles acted as nucleation agents to promote
phase transition thus to improve conversion efficiency.23
Fig. 6 Photomicrographs show Prussian blue staining of SKOV3 cells.
Antitumor effects of NPs-cRGD under US exposure in vitro

Tomeasure the cellular uptake of nanoparticles, SKOV3 cells was
stained with Prussian blue stain, which reacts with iron pre-
senting in the magnetite core yielding a characteristic blue color.
In Fig. 6, compared with other nanoparticles groups, cells treated
This journal is © The Royal Society of Chemistry 2019
with NPs-cRGD + US contained more iron at the same concen-
tration for 24 h. Additionally, as the concentration of nano-
particles increased, the amount of intracellular iron increased.
The above results demonstrated that the cRGD ligands and
ultrasound exposure enhanced the cellular uptake efficiency.

In Fig. 7A, the viability of cells did not exhibit a signicant
change at 24 h, 48 h and 72 h, even at the concentrations of
nanoparticles materials up to 1000 mg mL�1, which indicated
that the materials of NPs-cRGD had relatively low cytotoxicity
and can be a good drug nano-carrier. The same results of the
normal cell were shown in Fig. S5A.† In addition, to determine
the antitumor effects of NPs-cRGD under US exposure, the MTT
assay was used for measuring the cytotoxicity of different
concentrations of nanoparticles at different times.

According to Fig. 7B–D, the antitumor effect of nanoparticles
exhibited apparent concentration-dependent and time-
dependent feature. As shown in Fig. 7C, the half maximal
inhibitory concentration (IC50) were 26 mM, 18 mM, 14 mM and
13 mM, respectively, when the cells were incubated with free Pt,
NPs, NPs-cRGD and NPs-cRGD + US for 48 h. The antitumor
efficiency of the NPs-cRGD was higher than that of the NPs
because the introduction of the cRGD ligands improved cellular
uptake by ligand–receptor recognition.24–26 In addition,
compared to the equivalent dose of NPs-cRGD, the cytotoxicity
of NPs-cRGD with US increased obviously, whose cell viability
value was measured as 37.23� 5.87% at the concentration of 24
mM, resulting from that ultrasound promoted drug release and
accelerated intracellular uptake to enhance cytotoxicity. So it is
possible for us to reach the same therapeutic effect by using less
dose of platinum and we believe that it will be hopeful to reduce
the system toxicity. And surprisingly, compared to the SKOV3
cells, the IC50 of L929 cell were 47 mM, 130 mM, 103 mM and 132
mM, respectively, when the normal cells were incubated with
free Pt, NPs, NPs-cRGD and NPs-cRGD + US for 48 h (Fig. S5B–
D†). It's easy to nd that the NPs and NPs-cRGD had more
serious cell toxicity than Pt to SKOV3 cells and had less killing
cell ability than Pt to normal cells. That is to say, the NPs and
NPs-cRGD owned the better therapeutic effects and less adverse
effects than Pt. We guessed the reason might be the absence of
integrin receptors on normal cells.
Experimental section
Materials

Poly(lactic-co-glycolic acid)–COOH (PLGA–COOH) (lactide : gly-
colide ¼ 75 : 25, Mw ¼ 12 500) was purchased from Jinan
RSC Adv., 2019, 9, 33302–33309 | 33305
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Fig. 7 (A) Cell viability of SKOV3 cells with the treatment of various concentrations of Fe3O4@ NPs-cRGD for 24 h, 48 h and 72 h. (B–D) Cell
viability of the SKOV3 cells treatedwith various concentrations of Pt(II), siRNA/Fe3O4@Pt(IV) NPs, NPs-cRGD and NPs-cRGD+US for 24 h (B), 48 h
(C) and 72 h (D). The data are presented as the mean � SD of three independent experiments.
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Daigang Biomaterial Co., Ltd. Poly(vinyl alcohol) (PVA, 88% Mw

¼ 22 000) was purchased from Acros Organics Company (Geel,
Belgium). N-Hydroxysuccinimide (NHS,Mw¼ 115) was obtained
from Sigma Aldrich Company and N-(3-dimethylaminopropyl)-
N0-ethylcarbodiimide hydrochloride (EDC$HCl) was purchased
from GL Biochem (Shanghai) Ltd. Methoxypolyethylene glycol
amino group (mPEG2000–NH2, Mw ¼ 2000), poly(L-lactide-co-
glycolide)12 000–polyethylene glycol2000–maleimide (PLGA12 500–

PEG2000–Mal) and 2-distearoyl-sn-glycero-3-phosphoethanol-
amine–polyethylene glycol1000–NH2 (DSPE–PEG1000–NH2) were
purchased from Shanghai Pengshuo Biotechnology Co., Ltd.
Fe3O4 nanoparticles (Fe3O4 NPs) were from Henan Huier Nano
Technology Co., Ltd. (Henan, China). Cisplatin (Pt(II)) was
purchased from Wuhan Yuancheng Gongchuang Technology
Co., Ltd. Peruorohexane (PFH) was purchased from Energy
Chemical (Shanghai) Co., Ltd. 3-(Diethylamino)propylamine
(DEAPA) was purchased from Aladdin Reagent (Shanghai) Co.,
Ltd. (2,3-Dioleoyloxy-propyl)-trimethylammonium (DOTAP) was
from AiWeituo (Shanghai) Pharmaceutical Technology Co., Ltd.
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide
(MTT) was purchased from Yeli Biotechnology (Shanghai) Co.,
Ltd. Prussian Blue was purchased from Beyotime Biotechnology
company. Survivin siRNA contained the antisense sequences of
50-GCCTTTCCTTAAAGGCCATC-30.
Synthesis of PLGA12 500–mPEG2000

The preparation of PLGA12 500–mPEG2000 was performed as
previous.16 In brief, 250.0 mg PLGA12 500 (2 � 10�5 mol) was
dissolved in 7 mL DMSO, then 19.1 mg EDC$HCl (10 � 10�5

mol) and 11.5 mg NHS (10 � 10�5 mol) were added into the
33306 | RSC Adv., 2019, 9, 33302–33309
solution. Aer stirring solution for about 30 min at room
temperature, 240.0 mg mPEG2000–NH2 (2 � 10�5 mol) was
nally added, and the following was to be stirred for 4 h at room
temperature. Aer using a dialysis bag with a molecular weight
cutoff of 3500 to purify the product PLGA12 500–mPEG2000 for
one day, the dialyzed solution was freeze-dried to be stored.
Synthesis of DSPE–PEG1000–Pt(IV)

The synthesis of DSPE–PEG1000–Pt(IV) was described in the
previous.16 Briey, 108.0 mg cis, cis, trans-[PtCl2(NH3)2(-
OH)(OOCCH2CH2COOH)] (0.25 mmol) was dissolved in 5 mL
DMSO, and next 191.0 mg EDC$HCl (1 mmol) together with
115.0 mg NHS (1 mmol) was added into it; stir the solution at
room temperature for 30 minutes and 435.0 mg DSPE–PEG1000–

NH2 (0.25 mmol) was added into it and continued stirring for
72 h in the dark. Eventually, the solution was dialyzed with
a dialysis bag whose molecular weight cutoff was 1000 for 24 h
and then freeze-dried to get DSPE–PEG1000–Pt(IV).
Modication of Fe3O4 nanoparticles

According to Xiao et al.,18 the synthesis was as following.
EDC$HCl (2.521 g, 13.200 mmol) and NHS (1.518 g, 13.200
mmol) were dissolved in 10 mL ultrapure water, next 10 mL
Fe3O4 nanoparticles solution (containing 3.3 mmol COOH) was
added, and then mix them together with 80 mL ultrapure water
and start mechanical stirring at 250 rpm by digital mixer (IKA
RW20). Finally, DEAPA (859 mg, 1.041 mL, 6.6 mmol) was
added, and the reaction lasted for 4 hours. Aer the modica-
tion, the sample was subjected to ultraltrate to remove the
This journal is © The Royal Society of Chemistry 2019
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unreacted EDC, NHS, and DEAPA, thereby obtaining the zwit-
terionic modied superparamagnetic magnetic resonance
contrast agent. And we used a Malvern Zetasizer Nano ZS
(Malvern Instrument, Malvern, UK) to measure the zeta poten-
tial and size distribution of the modied Fe3O4 nanoparticles.
Also, we explored the X-ray diffraction (XRD) and the magnetic
character of Fe3O4 nanoparticles respectively by X-ray poly-
crystalline (powder) diffractometer (Bruker D8 advance) and
Mettler Toledo DG115-SC.

Synthesis of PFH/siRNA/Fe3O4@Pt(IV) NPs-cRGD (NPs-cRGD)

10.2 mg PLGA12 500–mPEG2000, 12.0 mg DSPE–PEG1000–Pt(IV),
1.8 mg DOTAP and 6.0 mg PLGA12 500–PEG2000–Mal were dis-
solved in 600 mL trichloromethane and next 30 mL PFH was
added. Aer adding certain Fe3O4 nanoparticles and siRNA to
make the nal concentration of them in nanoparticles solution
be 160 mg mL�1 and 400 nM respectively, ultrasound at 325 W
was performed for one minute in an ice bath. Aer adding the
above solution into 4 mL 1% PVA, the mixture was under the
ultrasound at 550W for 5minutes in an ice bath and then under
the mechanical stirring at room temperature for 4 hours. The
free siRNA got cleared by ultraltrating at 5000 rpm for 1 hour,19

and then two cycles of centrifugation by centrifuge (Eppendorf
5415) was used to purify the synthesized nanoparticles,20 and
lastly the nanoparticles were resuspended with adequate
deionized water.

Characterization of NPs-cRGD

Zeta potential and size distribution of NPs-cRGD were
measured by a Malvern Zetasizer Nano ZS. The morphology of
NPs-cRGD located in ordinary carbon lm were observed by
transmission electron microscopy (TEM, Tecnal G2 Spirit Bio
Twin, FEI company). Meanwhile, X-ray diffraction (XRD) of NPs-
cRGD was performed by X-ray polycrystalline (powder) diffrac-
tometer and the magnetization was measured by a vibrating
sample magnetometer (Lake Shore VSM 7307) in 298 K. The
encapsulation rate of siRNA was calculated by the concentration
of unencapsulated cy5-siRNA measured by uorescence spec-
trometer (HITACHI F-2700). An inductively coupled plasma
mass spectrometry (ICP-MS, Leeman Prodigy, USA) was used to
measure the Pt(IV) drug loading capacity.

Storage stability of NPs-cRGD

The storage stability of NPs-cRGD was observed by measuring
the size distribution and zeta potential of NPs-cRGD. Aer
storing the nanoparticles in closed EP tubes at 4 �C for 1 to 14
days, the average size and zeta potential of them were regularly
measured by dynamic light scattering every day.

Serum-induced aggregation assay

The aggregation was monitored by measuring turbidity.20,21 In
belief, free siRNA and NPs-cRGD containing the same concen-
tration siRNA as free siRNA were mixed with equal PBS and 30%
FBS (v/v), respectively. PBS and 30% FBS (v/v) were set as
contrast and then all samples were incubated at 37 �C. The
This journal is © The Royal Society of Chemistry 2019
absorbance of samples at 500 nm were measured at 1 min,
5 min, 30 min, 1 h, 4 h, 8 h, 12 h, 24 h and 30 h, 2 d, 3 d, 4 d, 5 d,
6 d, 7 d by a ultraviolet spectrophotometer (Bio-Tek Synergy 2). A
relative turbidity value of 1 indicated that the turbidity of the
serum-incubated mixture was equal to the turbidity of the PBS-
incubated sample.

Gel-retardation assay

In this experiment, we used the following to detect the stability
of encapsulating situation and the protecting to siRNA. Briey,
1% (w/v) agarose gel containing ethidium bromide loaded
samples and next the samples were electrophoresed at 120 V for
20 min in 1� TAE buffer at pH 8.0 [10.0 mM Tris/HCl (pH 7.6),
1% (v/v) acetic acid, and 1.0 mM EDTA (pH 8.0)] and siRNA in
1% (w/v) agarose gel was visualized by a bioelectrophoresis
image analysis system (FR-980A). In order to explore the pro-
tecting of NPs-cRGD to siRNA, we set four groups including free
siRNA, free siRNA with RNase, NPs-cRGD and NPs-cRGD with
RNase. 20 mL samples were removed at 0 min, 30 min, 2 h, 4 h,
8 h, 1 d, 3 d, 5 d to observe the existence and location of siRNA.

In vitro MRI of NPs-cRGD

In order to observe the negative MRI of NPs-cRGD, NPs-cRGD
with several different iron concentrations which were 2.5, 5,
10, 20, 40, 80, 160, 320 mg mL�1 were prepared in 1.5 mL EP
tubes to measure the T2 value by nuclear magnetic resonance
imaging analyzer (NMI20-015V-I) and T2-weighted imaging by
nuclear magnetic resonance imaging analyzer (MesoMT23-
060H-I).

In vitro US imaging of NPs-cRGD

The relation between the concentration of Fe3O4 nanoparticles
and the ultrasound imaging of NPs-cRGD was measured in
plastic gloves by a VisualSonics 2100 imaging system with a MS-
201 transducer (VisualSonics Inc., Canada). Saline was used as
blank control. Next, we selected the optional concentration of
Fe3O4 nanoparticles and then changed the concentration of
NPs-cRGD to observe the US imaging. Besides, we explored the
duration time of ultrasound imaging of NPs-cRGD.

Cell culture

The SKOV3 human ovarian tumor cell line was provided by the
Cell Resource Center, Shanghai Institutes for Biological
Sciences (SIBS, Shanghai, China). The L929 cell was purchased
from Shanghai Academy of Sciences Cell Bank. SKOV3 cell and
L929 cell was cultured in DMEM containing 10% FBS (v/v), 1%
penicillin/streptomycin (v/v) and incubated at 37 �C in a 5% CO2

environment.

Safety assessment in vitro

Aer seeding 1 � 105 SKOV3 cells or L929 cells into a well of 96-
well plates and incubating with complete DMEM medium
(37 �C, 5% CO2) for 24 h, the medium was removed. 100 mL
nanoparticles DMEM medium mixture without connecting
Pt(IV) and encapsulating siRNA whose concentrations were
RSC Adv., 2019, 9, 33302–33309 | 33307
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respectively 0, 5, 10, 25, 50, 100, 250, 500, 1000 mg mL�1 were
added into each well, and each concentration had six parallel
wells and then the cells were incubated for 24 h, 48 h and 72 h.
Next the cell viability was measured by MTT method.

Cytotoxicity assay

The antitumor efficiency of different nanoparticles were
measured by MTT assay. In brief, aer seeding 1 � 105 SKOV3
cells or L929 cells into a well of 96-well plates and incubating
with complete DMEM medium (37 �C, 5% CO2) for 24 h, the
medium was removed. 100 mL different concentrations NPs-
cRGD in which the concentrations of Pt(IV) were 0.3, 3, 6, 12,
24, 48, 96, 192 mM were added into every well and each
concentration had six parallel wells and then the cells were
incubated for 24 h, 48 h and 72 h. Then the cell viability was
measured by MTT method. Also, at the same time, we explored
the killing effects of free cisplatin, PFH/siRNA/Fe3O4@Pt(IV) NPs
(NPs) and NPs-cRGD together with ultrasound (NPs-cRGD + US).
The assay was repeated for three times.

Prussian blue staining

1� 105 SKOV3 cells were seeded into a well of 96-well plates and
incubated with complete DMEM medium (37 �C, 5% CO2) for
24 h, then the medium was removed. 100 mL free Fe3O4 nano-
particles and different nanoparticles containing Fe3O4 nano-
particles which were respectively NPs, NPs-cRGD and NPs-cRGD
+ US were added. The concentrations of iron in nanoparticles
were 80 and 640 mg mL�1 and each concentration had three
parallel wells. Aer incubated for 24 h, the cells were washed
with PBS for three times, xed with 4% paraformaldehyde for
20 min, incubated with Pearls reagent (4% potassium ferrocy-
anide and 12% HCl, 50 : 50 vol/vol) for 60 min at room
temperature, and then incubated with nuclear fast red for 3
minutes, and washed with PBS for three times. The samples
were observed under a light microscope (Olympus IX51) to
know the quality of intracellular iron. Each assay was repeated
for three times.

Statistical analysis

All results were expressed as the mean value � standard devi-
ation (SD) of three independent measurements. Analysis of
variance (ANOVA) was performed when more than two groups
were compared, and when the result was signicant (P < 0.05),
multiple comparisons were performed using Tukey's post hoc
test. All statistical analyses were performed with GraphPad
Prism (7.0). *P < 0.05, **P < 0.01, ***P < 0.005.

Conclusions

In this study, we successfully constructed the nanoparticles
(PFH/siRNA/Fe3O4@Pt(IV) NPs-cRGD) with the capacity of dual-
mode US/MRI imaging and improving treatment to ovarian
cancer. NPs-cRGD possessed good storage stability and resisted
the serum-induced aggregation and nuclease degradation. Both
the MRI and US imaging experiments demonstrated that NPs-
cRGD exhibited an excellent dual-mode US/MRI imaging.
33308 | RSC Adv., 2019, 9, 33302–33309
Besides, the in vitro experiments indicated that NPs-cRGD with
US exhibited brilliant antitumor therapeutic efficiency. Thus,
the dual-mode nanoparticles in this work may provide precious
insight into the development of various multi-mode nanoplat-
forms for precise theranostics against various cancer.

However, there is still lots of work to be further studied, such
as the phase shiing behavior of PFH, the impact of iron on the
conversion efficiency, the apoptosis of cells treated with nano-
particles, the cellular metabolism mechanism of Pt(IV) and
siRNA, the expression of some oncogenes and tumor suppressor
genes, the expression of proteins related to the cell death
pathway, the imaging and therapy efficiency in vivo and the side
effect. We intend to do the further research in our future work to
explain the improvement of treatment and relative imaging
details.
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