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AS1411 aptamer-modified theranostic liposomes
co-encapsulating manganese oxide nano-contrast
agent and paclitaxel for MRI and therapy of cancery

Jingjing Li, ©2*3 Qing Li,* Meijuan He,® Fan Ding,® Lulu Cai,” Mingming Zhao,”
Lina Dong,® Qi Wang® and Kai Xu*®®

With the advantages and development of MRI nano-contrast agents (CAs), increasing number of MRI-based
theranostic nanoparticles have emerged. Liposome, as a biosafe nanocarrier has been used phase Il trial for
cancer treatment. In this study, liposome was employed as a nanocarrier to co-encapsulate MRI nano-
contrast agent poly(ethylene glycol)-grafted manganese oxide (PEG-MnO) and anticancer drug paclitaxel
(PTX) for the fabrication of a novel theranostic nanocomplex. After being further modified with AS1411
aptamer, the obtained nanoprobe AS1411-liposome-PEG-MnO-PTX displayed the potential of
simultaneous MRI diagnosis and therapy of renal carcinoma in vitro and in vivo. It was found that
compared with PEG-MnO nano-CA, liposome-PEG-MnO and AS1411-liposome-PEG-MnO presented
a stronger MR contrast enhancement effect in the tumor and longer retention time in the tumor region.
More importantly, the introduction of AS1411 aptamer further enhanced the MRI effect and the tumor
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Introduction

Theranostic nanocomplexes often take advantage of the high
capacity of nanocarriers to ferry cargo that endows them with
both imaging and therapeutic functions.* The family of nano-
carriers includes polymer conjugates, polymeric nanoparticles,
lipid-based carriers such as liposomes and micells, dendrimers,
carbon nanotubes, gold nanoparticles, graphene oxide nano-
sheets, MoS, nanosheets, and SiO, nanoparticles.> Liposomes
are vesicles consisting of amphiphilic phospholipids, such as
phosphatidylcholine, phosphatidyl-ethanolamine, phosphati-
dylserine and phosphatidylglycerol to form a lipid bilayer with
an aqueous core. They can encapsulate both hydrophobic and
hydrophilic molecules. Liposomes have been well studied,
mostly as drug delivery systems. Many liposome-based formu-
lations have been actually in phase III trial for cancer treatment,
such as ThermoDox for the release of doxorubucin in breast
cancer® and lipoplatin for the controlled release of cisplatic in
pancreatic, breast, non-small cell lung, head and neck
cancers.”” Except for the use as a drug delivery carrier, thera-
nostic liposomes have been concerned more and more in recent
years due to the demand of the simultaneous diagnosis and
therapy. Such theranostic liposomes are commonly obtained by
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growth inhibition effect, showing its potential use as a theranostic nanoprobe for renal carcinoma.

the co-encapsulation of drugs and imaging molecules, such as
fluorescent quantum dots,*® magnetic resonance imaging
contrast agents (MRI CAs),'*"* CT imaging contrast agents,"
photoacoustic imaging CAs," and ultrasound imaging CAs."®
Among them, MRI-based theranostic liposomes own special
advantages, because MRI is a widely used non-invasive medical
imaging technique in clinical diagnosis. The commonly used
MRI CAs are T;-weighted CAs such as Gd-chelates™"” and T,-
weighted CAs such as magnetic nanoparticles.”® Such encap-
sulation of MRI CAs in liposomes can not only realize the
theranostics, but also improve the related properties of MRI
CAs. For example, Gd-DTPA has been widely used as T; MRI
contrast agent in the clinic. However, if not properly engi-
neered, these small molecules generally present many limita-
tions, such as very short blood circulation time and non-specific
biodistribution, which may cause unwanted side effects.”
Sessler et al reported a MRI/fluorescence dual detection
theranostic agent for liver cancer imaging in both subcutaneous
and metastatic liver cancer murine models. A gadolinium tex-
aphyrin core was first connected with a fluorescent prodrug
doxorubicin via a disulfide bond. The quenched fluorescence of
Dox by the paramagnetic Gd*'-texaphyrine core could be
recovered upon cleavage of the disulfide bond by cellular thiols.
Then the conjugates were loaded into folate receptor-targeted
liposomes for better solubility and prolonged blood circula-
tion time as well as improved cancerous tissue targeting.*® Zhao
et al developed MRI-guided liposomes with the co-
encapsulation of MRI CA gadodiamide, hydrophilic drug car-
boplatin and hydrophobic drug paclitaxel for the simultaneous
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therapy and diagnosis of lung tumors. The designed lipo-
somes exhibited favorable biodistributions to tumors, and
offered new possibilities for the simultaneous delivery of more
than one drug and the evaluation of therapeutic response in
vivo by T;-enhanced MRI.** Dai et al. proposed a nanoscale
magnetic nimodipine (NMD) delivery system for Parkinson's
disease (PD) with liposome as nanocarrier and Fe;O, as T, MRI
CA. Compared with the free NMD group, they found that the
Fe;0,-NMD-lips group presented a better neuroprotective
effect and a 2.5-fold higher NMD concentration in the brain.
Factional anisotropy values measured by MRI were employed
to evaluate such therapy efficiency.>” With the development of
MRI CAs, nano-CAs including gadolinium oxide nanoparticles
(Gd,0O3 NPs) and manganese oxide nanoparticles (MnO NPs)
emerged with improved contrast enhancement ability, longer
blood circulation time and easy functionalization with tar-
geting molecules. Their uses for tumor MRI in vitro and in vivo
have been well documented and a few works have been re-
ported on their combination with drugs for the fabrication of
theranostic agents.>®>” For example, Yan et al. developed
ultrathin gadolinium oxide nanoscrolls to load an anticancer
drug, DOX, which could be degraded in the tumor microen-
vironment for biocompatible MRI and biodegradation-
enhanced cancer therapy.”® Cypate-grafted gadolinium oxide
nanocrystals (Cy-GdNCs) with cancer targeting capacity for
trimodal NIRF/PA/MR imaging and pH-responsive photo-
thermal therapy (PTT) were prepared by conjugating cypate
with an albumin scaffold of GANCs through a carbodiimide-
catalyzed amide formation.* Chlorin e6 (Ce6)-grafted Gd,-
O;@albumin nanoplatform was proposed similarly for cancer
imaging and photo-induced therapy.*’ Gadolinium oxide-gold
nanocluster hybrid (Gd,0;-AuNCs) as a carrier for the delivery
of indocyanine green (ICG) was applied as a theranostic agent
for image-guided cancer therapy.** The excellent MRI behav-
iors of nano-CAs stimulated us to explore their applications in
theranostics. Herein, we chose liposome as the nanocarrier to
fabricate a theranostic liposome by co-encapsulating PEG-
MnO NPs as the MRI CA and paclitaxel (PTX) as the drug for
the simultaneous MRI diagnosis and therapy of renal carci-
noma in vitro and in vivo. Manganese is considered as a safer
metal than Gd, because it is not only an endogenous metal, but
also an essential mineral in all biological systems.*” The T,
MRI relaxivity of our previously prepared PEG-MnO NPs was
three times that of the clinically used contrast agent Magnevist
(Gd-DTPA).>” PTX is a microtubule inhibitor approved for the
treatment of various cancer types, including breast, ovarian,
non-small cell lung cancer, and head and neck carcinomas.* It
works by promoting tubulin polymerization and microtubule
stabilization, resulting in the arrest of mitosis at the G,-M
phase and mitotic cell death.**** However, the poor aqueous
solubility of PTX (less than 1 pg mL™") limits its use in the
natural form. A hydrophobic lipid bilayer favors the loading of
PTX. The fabricated theranostic nanoprobe, AS1411-liposome-
PEG-MnO-PTX, displayed enhanced MRI of renal carcinoma
and tumor growth inhibition in renal carcinoma tumor-
bearing mice.
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Experimental
Materials

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methox-
y(polyethylene glycol)-2000] (DSPE-mPEG2000) and DSPE-
mPEG2000-COOH were purchased from Xi'an Ruixi Biological
Technology Co., Ltd (Xi'an, China). 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride
(EDC-HCI), poly(ethylene glycol) bis-(carboxymethyl) ether 600
and N-hydroxysuccinimide (NHS) were obtained from Sigma-
Aldrich. Methanol, chloroform, PTX, isopropanol and ethyl
alcohol were obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd (Shanghai, China). AS1411 aptamer was
ordered from Sinopharm Chemical Reagent Co., Ltd (Shanghali,
China) as the following sequence: NH,-AS1411: 5-NH,-C6-
GGTGGTGGTGGTTGTGGTGGTGGTGG-3'.

Apparatus and characterization

The size and morphology characterization of blank liposomes
and liposome-PEG-MnO nanocomplex were performed with
a transmission electron microscope (TEM) (FEI Tecai G2F20,
USA). The liposomes were stained using 3% tungstophosphoric
acid for better visualization of the surface profile. The deter-
mination of Mn concentration in PEG-MnO and liposome-PEG-
MnO nanocomplex was carried out with inductively coupled
plasma-mass spectrometry (ICP-MS) (Optima 5300DV, Perki-
nElmer, USA). UV-vis absorption spectral analyses of liposome-
PEG-MnO and AS1411-liposome-PEG-MnO as well as the PTX
concentration determination were performed with HITACHI
UHA4150 Spectrophotometer (HITACHI, Japan). The absorbance
values of MTT assay were determined by a microplate reader
(Multiskon MK3, USA) at 490 nm. MRI scannings were per-
formed on 3.0 T human magnetic resonance scanner (GE Signa,
USA).

Cell culture and animal model development

The 786-0 renal carcinoma cells and normal human umbilical
vein endothelial cell EA.hy926 were purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China).
They were cultured in a humidified incubator (Thermo, USA) at
37 °C under 5% CO, atmosphere with 10% FBS-containing
RPMI 1640 medium for 786-0 cells and 10% FBS-containing
DMEM medium (Gibco, Grand Island, NY) for EA.hy926 cells,
which were all supplemented with penicillin (100 pg mL™") and
streptomycin (100 pg mL™ ).

Animal experiments were performed in accordance with the
National Institutes of Health guidelines on the use of animals in
research, and all animal experiments were approved by the
Animal Care Committee of the Xuzhou Medical University. To
develop a colon cancer-bearing mouse model, BALB/c mice
maintained in a specific pathogen-free (SPF) environment were
injected subcutaneously with a mixture of 100 pL of phosphate-
buffered saline containing 5 x 10° 786-O cells and 100 uL of
Matrigel. Tumor-bearing mice were selected for the following in
vivo experiments until the tumor was approximately 1.0 x
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1.0 cm (L x W) (L is the ling diameter and W is the short
diameter of a tumor).

Preparation of PEG-MnO nanoparticles with a polyol-like
approach

PEG-MnO NPs were prepared via a polyol-like method
according to our previous report.”” In short, 1.004 g Mn
(NO3),-4H,0 was dissolved in 10 mL 1.985 mol L™ poly(-
ethylene glycol) bis-(carboxymethyl) ether 600. The solution
was heated to 90-100 °C and then to 140 °C for 1 hour and to
180 °C for 4 hours. After being cooled to room temperature,
the solution was dialyzed against ultrapure water (1 : 1000, v/
v) to remove free Mn>" and excess PEG. The membrane pore
size was 3000 MW.

Preparation of blank liposome, PEG-MnO-encapsulated
liposome (liposome-PEG-MnO) and AS1411 aptamer-modified
liposome-PEG-MnO (AS1411-liposome-PEG-MnO)

Blank liposomes were prepared by lipid film hydration and
method, with 1,2-distearoyl-sn-glycero-3-
phosphocholine(DSPC), cholesterol, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene  glycol)-2000]
(DSPE-mPEG2000) and DSPE-mPEG2000-COOH at a molar
ratio of 1.10:1:0.15:0.15 according to the literature with
minor modification.*® Briefly, 0.0198 g DSPC, 0.0048 g choles-
terol, 0.001875 g DSPE-mPEG2000 and 0.001875 g DSPE-
mPEG2000-COOH were dissolved in a mixture of methanol (1
mL) and chloroform (4 mL). The above solution was ultra-
sonicated for 30 min with an ultrasonic cell disruptor. Then the
organic solvents were evaporated, and a lipid film was formed
after drying with nitrogen overnight. The obtained thin film was
hydrated by vortexing in a 2 mL PBS solution and stirred to form
blank liposomes. Finally, the blank liposomes were filtered
through a 0.22 pm millipore membrane to get well size-
distributed blank liposomes for further use.

For the preparation of liposome-PEG-MnO nanocomplex, the
experimental steps were similar to that for blank liposomes but
with minor modification. The obtained thin film was hydrated
by vortexing in a 2 mL PEG-MnO solution and stirred to form
liposome-PEG-MnO nanocomplex. After filtering through a 0.22
pm millipore membrane, the obtained liposome-PEG-MnO
nanocomplex was further ultrafiltrated to remove the unen-
capsulated PEG-MnO nanoparticles (MW = 30 kDa).

For AS1411 aptamer modification, 1 mg EDC was dissolved
in liposome-PEG-MnO nanocomplex solution (2 mL) and incu-
bated at 37 °C for 15 min. Then, 1 mg NHS and 20 pL 250 uM
AS1411 aptamer were added and reacted at 37 °C for 2 h. Finally,
the mixture was centrifuged, washed with water and the
precipitate was dispersed in 2 mL PBS for further use.

extrusion

MR T, relaxivity calculation of PEG-MnO nanoparticles and
liposome-PEG-MnO nanocomplex

Relaxivity values of PEG-MnO NPs and liposome-PEG-MnO
nanocomplex were determined by measuring the longitu-
dinal proton relaxation time (T;) as a function of Mn
concentration. The T; relaxation times of various
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concentrations of PEG-MnO NPs and liposome-PEG-MnO
nanocomplex were obtained by MRI scanning. The
following parameters were adopted in data acquisition as
described in our previous report:*” @ T;-weighted images:
echo time (TE) = 16.5 ms, repetition time (TR) = 425 ms,
field of view (FOV) = 14 cm x 14 cm, matrix = 384 X 256,
slice thickness = 2.0 mm, spacing = 1.5 mm; @ T;-map
images: TE = 7.4 ms, TR = 200-800 ms, FOV = 14 cm X
14 cm, matrix = 384 x 256, slice thickness = 2.0 mm,
spacing = 1.5 mm. Quantitative T; relaxation maps were
reconstructed from datasets using function software at
a workstation (ADW 4.2).

Loading of PTX drug with liposome-PEG-MnO nanoparticles

To load PTX as much as possible, different PTX amounts were
introduced to look for the optimized concentration for the
preparation of liposome-PEG-MnO-PTX nanocomplex. Briefly,
0.0198 g DSPC, 0.0048 g cholesterol, 0.001875 g DSPE-
mPEG2000, 0.001875 g DSPE-mPEG2000-COOH and PTX
(2 mg, 3 mg, 4 mg and 5 mg) were dissolved in a mixture of
methanol (1 mL) and chloroform (4 mL). The other experi-
mental details were the same as that for liposome-PEG-MnO
nanocomplex described above.

Prior to calculating the encapsulation and drug loading
efficiency, the linear regression equation for PTX UV-vis
absorption versus concentration was first constructed. To
begin with, 100 pg mL ™", 80 pg mL ", 60 pg mL ™", 40 pg mL™,
and 20 ug mL ™' PTX solutions were prepared by simply dis-
solving PTX in a demulsifier, which consisted of isopropanol,
absolute ethyl alcohol, and ether ata ratio of 2 : 2 : 1 (v/v). Then,
their UV-vis absorptions at 230 nm were recorded. For the
determination of encapsulation efficiency, liposome-PEG-MnO-
PTX nanocomplexes with different amounts of PTX (2 mg, 3 mg,
4 mg and 5 mg) were centrifuged at 15 000 rpm for 15 min, and
the PTX concentrations in liposome-PEG-MnO-PTX nano-
complexes were determined from the UV-vis spectra after
demulsification. For the determination of the loading effi-
ciency, the obtained amount of liposome-PEG-MnO-PTX was
weighted after vacuum freeze-drying. The calculation methods
are listed below.

Encapsulation efficiency (%) = mprx/mprx, tota1 X 100

Loading efficiency (%) = mprx/Miiposome-PEG-Mno-pTx X 100

Evaluation of the in vitro release of PTX from liposome-PEG-
MnO PTX and liposome-PTX

The release of PTX from liposome was observed using the
dialysis method at 37 °C according to the literature with some
slight modification.*®* Briefly, 1 mL liposome-PEG-MnO-PTX
or liposome-PTX was placed in a dialysis bag (MWCO 10 kDa)
and dialyzed against 30 mL release medium (PBS and SDS, pH =
7.4) with magnetic stirring. At the scheduled time points (0.5 h,
1h,2h,3h,4h,5h,8h,10h,12h, 18 h, 24 h, 36 h, 48 h and 72

RSC Adv., 2019, 9, 34837-34846 | 34839
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h), the concentrations of the released PTX were measured using
the UV-vis absorption spectra.

MTT assay to evaluate the cell biocompatibility of liposome-
PEG-MnO nanocomplex and the drug-mediated cytotoxicity of
liposome-PTX, AS1411-liposome-PEG-MnO, liposome-PEG-
MnO-PTX and AS1411-liposome-PEG-MnO-PTX nanocomplex

786-0 cells were plated in 96 well plates at a concentration of 5 x
10° cells per mL per well and incubated for 24 h at 5% CO,,
37 °C. Then, different concentrations of liposome-PEG-MnO
nanocomplex or AS1411-liposome-PEG-MnO (0, 0.05, 0.1, 0.15,
0.2, 0.25, 0.3, 0.35, 0.4 mM Mn) were added and the cells were
cultured for another 24 h. After discarding the liposome-PEG-
MnO nanocomplex and washing twice with PBS buffer, RPMI
1640 containing MTT (5 mg mL™') was added and further
incubated for 4 h at 5% CO,, 37 °C. Finally, the media con-
taining MTT were removed and the formazan crystal precipi-
tates were solubilized in 100 pL of dimethyl sulfoxide (DMSO).
After shaking for 15 min at 37 °C, the absorbance at 490 nm was
measured on BioTek Epoch microplate reader (Multiskon MK3,
USA). The cell viability was determined relative to the untreated
control cells. The toxicity of liposome-PEG-MnO nanocomplex
on EA.hy926 cells was tested with the same procedure.

The evaluation of the drug-mediated -cytotoxicity of
liposome-PTX, AS1411-liposome-PEG-MnO, liposome-PEG-
MnO-PTX nanocomplex and AS1411-liposome-PEG-MnO-PTX
nanoprobe on 786-0 cells were performed similarly. The
treated concentrations were 24 mg L™ " PTX.

In vivo toxicity evaluation of liposome-PEG-MnO and AS1411-
liposome-PEG-MnO

The in vivo toxicity of liposome-PEG-MnO nanocomplex was
evaluated by monitoring the weight changes of mice and
histological changes of several organs (heart, liver, spleen,
kidney and lung) post-injection of liposome-PEG-MnO nano-
complex. Six BALB/c mice with similar weight were randomly
divided into two groups, experimental group and control group.
In the experimental group, 300 pL liposome-PEG-MnO nano-
complex (4 mM Mn) was injected into the tail vein of BALB/c
mice. In the control group, no treatment was performed on
the mice. At 0, 1, 2, 3, 4, 5, 7, 11, 14, 21 and 30 day, the six mice
were weighted, respectively. For the histological study, the mice
were dissected post-injection of liposome-PEG-MnO nano-
complex or AS1411-liposome-PEG-MnO after 24 hours or 1
week. The obtained organs were fixed in 10% formalin,
respectively. After being dehydrated with xylene and graduated
alcohol, the tissues were stained with hematoxylin and eosin
(H&E). The mice without treatment were also dissected as
controls.

Determination of blood circulation half-life of liposome-PEG-
MnO nanocomplex

The method of determination of the blood circulation half-life of
liposome-PEG-MnO nanocomplex was the same as in our previous
report.® First, 300 pL liposome-PEG-MnO nanocomplex (4 mM
Mn) was injected via tail-vein into the BALB/c mice. Then, 10 pL
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peripheral blood was collected from the tail vein at different time
points (5, 15, 30, 45, 60, 120, 180, 240, 360, 720 and 1440 minutes).
The obtained blood was mixed with heparin sodium (90 pL) in
separate tubes and digested with HNO; for Mn concentration
determination by ICP-MS.

In vivo MRI of renal carcinoma tumor-bearing mice with PEG-
MnO, liposome-PEG-MnO and AS1411-liposome-PEG-MnO

To compare the MRI behaviors of PEG-MnO NPs, liposome-
PEG-MnO nanocomplex and AS1411-liposome-PEG-MnO
nanoprobes on renal carcinoma tumor in vivo, twelve tumor-
bearing mice were divided into three groups randomly: PEG-
MnO group, liposome-PEG-MnO group and AS1411-liposome-
PEG-MnO group. The mice in each group were anesthetized
by the intraperitoneal injection of 2% mebumalnatrium (4 pL
¢ " body weight), and it was followed by tail-vein administration
of PEG-MnO NPs, liposome-PEG-MnO nanocomplex and
AS1411-liposome-PEG-MnO nanoprobes (300 L nanomaterials
with the Mn concentration of 4 mM), respectively. Then, T;WI
images were acquired and the signal intensities of the tumors
were determined at scheduled intervals on 3.0 T MR imaging
system (GE Discovery 750W, USA) with the animal T/R coil
(Magtron Inc., Jiangyin, China). The sequences for the T;-
weighted images were set as follows: TE = 12 ms; TR = 400 ms;
FOV = 80 mm x 80 mm; slice thickness = 2 mm; slicing = 0.2
mm; and matrix = 256 x 256. To compare the signal intensity at
different time points, the same protocols, prone position and
the same scanning landmark of MRI were required. The relative
intensity changes of the same region of interest on the same
slice in the same window width and window level were recorded
by software at the workstation GE AW4.6.

Determination of in vivo anticancer efficiency of blank
liposome, liposome-PTX, liposome-PEG-MnO-PTX, and
AS1411-liposome-PEG-MnO-PTX

Tumor-bearing mice were randomly divided into 5 groups (n =
5), which were post-injection of saline for Group 1, blank lipo-
some for Group 2, liposome-PTX for Group 3, liposome-PEG-
MnO-PTX for Group 4, and AS1411-liposome-PEG-MnO-PTX
for Group 5 every 3 days. Except for Group 1 and Group 2, the
PTX concentration of the other groups was set to be 7.5 mg kg™ .
During the course of treatment, the mice's tumor sizes were
measured every 2 days and the MRI scannings were carried out
every 7 days. The formula for the calculation of tumor volume is
as follows:

V=W x L)2

Statistical analysis

Statistical analyses were carried out with SPSS 16.0 software
(Chicago, IL). One-Way Anova and Dunnett's tests were used to
compare the statistical significance between different groups.
Data are presented as mean + SD. p < 0.05 was considered
significantly different.

This journal is © The Royal Society of Chemistry 2019
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Results and discussion

Synthesis and characterization of blank liposomes, liposome-
PEG-MnO and liposome-PEG-MnO-PTX nanocomplex

The synthesis of theranostic liposome was usually realized by
the encapsulation of drug and signal reporter during the
formation of liposome. There are several methods reported for
the preparation of liposomes. In 1965, Bangham method or thin
lipid film hydration method was first reported.*® It consists of
the formation of a thin film of lipids after the evaporation of
organic solvents followed by freeze-drying to ensure the
complete elimination of solvents. Other approaches such as the
reverse phase evaporation technique,* the solvent injection
technique,* and the double emulsion technique have also been
described. Herein, blank liposomes, liposome-PEG-MnO
nanocomplex and liposome-PEG-MnO-PTX nanocomplex were
prepared by the thin film hydration method, followed by
membrane extrusion. PEG-MnO NPs were first prepared, and
the related characterizations of PEG-MnO NPs can be found in
our previous report.”” TEM images in Fig. 1 show that the ob-
tained blank liposomes and liposome-PEG-MnO nanocomplex
were spherical with an average size of 120.89 nm and
133.87 nm, respectively. Compared with the blank liposomes,
the black color in the core of liposome-PEG-MnO nanocomplex
indicated the successful encapsulation of PEG-MnO NPs.

MRI behaviors of PEG-MnO NPs and liposome-PEG-MnO
nanocomplex

As MRI contrast agents, PEG-MnO NPs have presented good
MRI performance for tumor imaging. Whether they can
preserve their property or have better behavior in liposome-
PEG-MnO nanocomplex should be evaluated. To achieve this
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Fig.1 TEM images of liposome (A) and liposome-PEG-MnO (B). Size
distribution of liposome (C) and liposome-PEG-MnO (D).
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aim, the T, relaxation times of PEG-MnO NPs and liposome-
PEG-MnO nanocomplex with the same Mn concentration were
determined and compared. As shown in Fig. 2A, compared with
water (2037.80 + 4.71 ms), both PEG-MnO NPs (526.60 £ 3.90
ms) and liposome-PEG-MnO nanocomplex (272.33 £ 4.37 ms)
presented shorter T; relaxation times with significant statistical
differences (p < 0.05). Meanwhile, the T; relaxation time of
liposome-PEG-MnO nanocomplex was significantly shorter
than that of PEG-MnO NPs (p < 0.05), indicating a stronger MRI
signal enhancement ability of liposome-PEG-MnO nano-
complex. Then, the MRI relaxivity values of PEG-MnO NPs and
liposome-PEG-MnO nanocomplex determined by
measuring the longitudinal (T;) proton relaxation time as
a function of Mn concentration at 3.0 T. As expected, liposome-
PEG-MnO nanocomplex displayed a higher r; value (14.45 vs.
7.61s " mM ™" Mn, Fig. 2B and C), which might have come from
the increased molecular size after encapsulation in liposomes.*”
As reported, in a certain range, the larger the size of nano-
particles, the stronger the saturation magnetization and relax-
ation rate of the nanomaterials is.** Theoretically, the proton
relaxivity of the contrast agent is determined by the following
equation:

were

2 6
11 = Cqpiess Tl

where C is a constant, ¢ is the number of inner sphere water
molecules, ueg is the effective magnetic moment, . is the
molecular correlation time, and r is the metal ion---H (H,O)
distance.**** The molecular correlation time 7. is determined by
the rotational correlation time 7., the electronic correlation time
75, and the proton residence time 7., as expressed in the
equation 7. " = 1, ' + 15 ' + 7, .*° Changing the molecular
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Fig. 2 (A) Ti;-weighted MR images and T;-map images of liposome-
PEG-MnO, PEG-MnO and H,O. (B) T;-weighted MR images and T;-
map images of liposome-PEG-MnO and PEG-MnO with different
concentrations. (C) Ty relaxivity curves of PEG-MnO and liposome-
PEG-MnO.
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size is one of the possible approaches to increase 7,.*” Lanza also
reported that the relaxivity of MnO nanoparticles could be
tuned by the manipulation of their size and curvature.*® Coating
of nanoparticles can significantly improve their relaxivity. Gilad
et al. found that mesoporous silica-coated hollow manganese
oxide (HMnO@mSiO,) nanoparticles presented a higher longi-
tudinal relaxation enhancement of water protons.* These
results indicated the promising potential of liposome-PEG-MnO
nanocomplex as a T; MRI contrast agent.

In vitro and in vivo toxicity test of liposome-PEG-MnO
nanocomplex

Prior to being used as a T; MRI CA, the biocompatibility of
liposome-PEG-MnO nanocomplex should be evaluated first. Its
in vitro cytotoxicities on 786-0 cells and EA.hy926 cells were
evaluated with MTT assay. Different amounts of liposome-PEG-
MnO nanocomplex were treated with 786-0 cells and EA.hy926
cells, respectively. As shown in Fig. 3A, no significant cytotox-
icity was observed even with the concentration of 0.4 M Mn, no
matter on 786-0 cells or EA.hy926 cells, indicating the excellent
cell biocompatibility of liposome-PEG-MnO nanocomplex.
Then, we intravenously injected liposome-PEG-MnO nano-
complex into mice to evaluate its in vivo toxicity. As shown in
Fig. 3B, nearly all mice decreased in weight in the first two days,
followed by a return of both groups to the initial weight and
beyond. This meant that there was no detectable systemic
toxicity of liposome-PEG-MnO nanocomplex. Also there was no
acute toxicity observed during and after the experiment.
Furthermore, the histological analysis showed that no obvious
histopathological abnormalities were observed in the major
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Fig. 3 . (A) Cell viability of 786-0O cells and EA.hy926 cells incubated

with different concentrations of liposome-PEG-MnO nanocomplex.
(B) The changes in body weight of mice post-injection of saline or
liposome-PEG-MnO nanocomplex. (C) Histological images of the
heart, liver, spleen, kidney and lung of mice 1 day or 7 day post-
injection of liposome-PEG-MnO nanocomplex.
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organs (heart, liver, spleen, kidneys and lungs), indicating that
no tissue damage occurred as a result of the injection of
liposome-PEG-MnO nanocomplex (Fig. 3C). After modification
with AS1411 aptamer, AS1411-liposome-PEG-MnO also dis-
played a similar cytocompatibility and no tissue damage in vivo
(Fig. S1t). As we all know, AS1411 aptamer can be used for the
inhibition of tumor cells. But in this work, AS1411-liposome-
PEG-MnO exhibited no obvious cytotoxicity in 786-O cells
within the examined concentration range. We ascribed such
a result to the relatively low concentration of AS1411 aptamer.
The concentrations of AS1411 aptamer in each group in Fig. S1f
were determined to be 46 nM, 92 nM, 138 nM, 184 nM, 230 nM
and 276 nM, respectively. As reported in the literature, the IC50
of AS1411 aptamer was at around 2 uM concentration range,
and a 7 day exposure of AS1411 aptamer at 10 pM dose could
induce more than 60% Kkilling of three leukemia and two of
three lymphoma cell lines.**** Zhang's group also reported
similar results that AS1411 aptamer within 0 to 400 nM dis-
played no obvious cytotoxicity on human ovarian cancer cell
lines (SKOV3 and OVCAR3) and human normal liver cell line
(L02).*> Liposome-PEG-MnO nanocomplex displayed a longer
blood circulation half-life of 333.35 min, which was 5.6 times
that of PEG-MnO NPs (59.76 min),”” favoring their effective
accumulation in the tumor tissue to enhance MRI sensitivity
(Fig. S27). Such a long circulation time might come from the
existence of liposome and PEG coating.'”**">

In vivo MRI of renal carcinoma with PEG-MnO NPs, liposome-
PEG-MnO nanocomplex, and AS1411-liposome-PEG-MnO
nanoprobe

To systematically evaluate the MRI performances and bio-
distribution of PEG-MnO NPs, liposome-PEG-MnO nano-
complex, and AS1411-liposome-PEG-MnO nanoprobe in vivo,
twelve tumor-bearing mice were randomly divided into three
groups: PEG-MnO group, liposome-PEG-MnO group and
AS1411-liposome-PEG-MnO group. AS1411 aptamer can recog-
nize nucleolin and internalize in a variety of cancer cells, such
asrenal, breast and other adenocarcinoma cell lines. It has been
widely used as a targeting molecule for specific tumor cell rec-
ognization and drug delivery system.***° In this work, amino
group-modified AS1411 aptamer was conjugated with carboxyl
group-coating liposome-PEG-MnO nanocomplex by the cova-
lent coupling reaction. The successful conjugation of AS1411
aptamer to liposome-PEG-MnO nanocomplex was confirmed by
UV-vis spectra and zeta potential determinations (Fig. S31). In
each group, the mice were intravenously injected with the
related nanomaterials with the same amount of Mn via the tail
vein and a series of MRI images were collected at scheduled
intervals post-injection. As shown in Fig. 4, in all groups,
compared with pre-injection references, high contrast
enhancements at tumor, liver, kidneys and heart were observed
after injection. But in different groups, the signal enhancement
degree, the enhancement last time and the metabolic pathway
varied. In the PEG-MnO group, the contrast intensity in the
tumor was increased with time and reached a maximum at
15 min post-injection. The signal in the tumor returned to the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Pseudo-color MR T; images of mice bearing renal carcinoma
tumors pre- and post-injection of PEG-MnO NPs (A), liposome-PEG-
MnO NPs (B) and AS1411-liposome-PEG-MnO nanoprobes (C). (D) The
changes in signal intensity of tumor at different time points in the
above three groups. The white, yellow and black arrows indicate
tumor, bladder and gallbladder, respectively.

plain scanning after 12 hours. The high signal in the bladder
indicated that the injected PEG-MnO NPs were cleared from the
body through the urinary system. In the liposome-PEG-MnO
group, the signal enhancement degree in the tumor was
stronger than that in the PEG-MnO group, and the maximum
signal occurred at 1 h post-injection of liposome-PEG-MnO
nanocomplex. Such enhancement disappeared gradually
within 36 h. Different from PEG-MnO NPs, the injected
liposome-PEG-MnO nanocomplex could not be observed in the
bladder. Instead, a signal enhancement in the gallbladder
became obvious with the time passing by, indicating that the
excretion of liposome-PEG-MnO nanocomplex was mainly via
the hepatobiliary system. In the AS1411-liposome-PEG-MnO
group, the maximum signal enhancement appeared at 2 h
post-injection of AS1411-liposome-PEG-MnO nanoprobe. Such
signal began to reduce after 4 h and disappeared after 48 h.
Similarly with liposome-PEG-MnO nanocomplex, the injected
AS1411-liposome-PEG-MnO nanoprobes were excreted from the
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body via the hepatobiliary system. The stronger signal
enhancement and longer retention time in the AS1411-
liposome-PEG-MnO group might come from the existance of
AS1411 aptamer. The specific binding of AS1411 aptamer to
nucleolin that is overexpressed on the surface of 786-0 cells and
the internalization ability into cells increased the amount and
retention time of AS1411-liposome-PEG-MnO nanoprobes in
the tumor region. The different metabolic pathways of PEG-
MnO NPs and liposome-PEG-MnO nanocomplex were
ascribed to their different sizes. As reported, the clearance
pathway of nanomaterials was closely related to their sizes. The
nanoparticles with a hydrodynamic diameter below 5-6 nm
could be cleared rapidly from the body by renal filtration and
urinary excretion, while those with a hydrodynamic diameter
above 10-20 nm were usually captured and eliminated through
the liver, into bile and into feces.®* These results showed that
the encapsulation of PEG-MnO NPs into liposomes could not
only enhance the contrast enhancement in the tumor, but also
extend their retention time. More importantly, the presence of
AS1411 aptamer further strengthens such effect, favoring their
applications in tumor imaging.

Determination of the encapsulation and loading efficiencies
of paclitaxel with liposome-PEG-MnO nanocomplex and the
drug release in vitro

To further apply liposome-PEG-MnO nanocomplex as a thera-
nostic agent, paclitaxel as a model drug was introduced to be
encapsulated in it. As a drug carrier, liposome should load as
much PTX as possible and be able to release it in a sustained
manner. With the introduction of different amounts of PTX, the
related encapsulation and loading efficiencies were determined
from the absorption peak at 230 nm in the UV-vis spectrum of
PTX (Fig. S47). As shown in Fig. S5,1 with different PTX amounts
involved, different encapsulation and drug loading efficiencies
were obtained. At the optimized condition, the encapsulation
and drug loading efficiencies were 79.81% and 12.87%,
respectively. Then, the in vitro PTX release property was evalu-
ated via the direct dispersion method in PBS (pH 7.4) contain-
ing 0.1% (v/v) SDS at 37 °C. It was seen that the release of PTX
was faster in the case of liposome-PEG-MnO-PTX than that of
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Fig. 5 (A) The release percentages of PTX from liposome-PTX and

liposome-PEG-MnO-PTX in PBS solutions (pH = 7.4, 37 °C). (B) Cell
viability of 786-0O cells after incubation with PBS, AS1411-liposome-
PEG-MnO, liposome-PTX, liposome-PEG-MnO-PTX and AS1411-
liposome-PEG-MnO-PTX for 24 h and 48 h.
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liposome-PTX (Fig. 5A). But compared with the release of PTX
from Taxol®, the release of PTX encapsulated in the liposomes
was much slower because lipid bilayers are stabilized by
cholesterol and/or Tween 80, which favorsed the stability of the
drug in the blood circulation.’® With 24 mg L™ PTX, the cyto-
toxicity of PBS, liposome-PTX, liposome-PEG-MnO-PTX and
AS1411-liposome-PEG-MnO-PTX were evaluated after 24 h and
48 h incubation with 786-O cells. As shown in Fig. 5B, obvious
cytotoxicities were observed in the presence of liposome-PTX,
liposome-PEG-MnO-PTX and AS1411-liposome-PEG-MnO-PTX,
and the latter two nanocomplexes displayed higher cell
growth inhibition rates, which might come from the higher
drug release rate and the targeting ability of AS1411 aptamer.

In vivo inhibition of tumor growth

Finally, the in vivo inhibition effects of the fabricated nano-
complex on tumor growth were further evaluated. The photo-
graphs of the tumor-bearing nude mice and tumorous autopsy
in different treatment groups are shown in Fig. 6A It shows that
the tumor size of the saline group looks similar to that of the
blank liposome group, both of which are larger than the other
three groups, liposome-PTX group, liposome-PEG-MnO-PTX
group, and AS1411-liposome-PEG-MnO-PTX group. The
changes in tumor size post-injection of the drug in each group
are compared in Fig. 6B, and AS1411-liposome-PEG-MnO-PTX
presents the best tumor growth inhibition effect. MRI
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Fig. 6 (A) Representative images of the 786-O tumors of the mice
after treatment with saline, liposome, liposome-PTX, liposome-PEG-
MnO-PTX and AS1411-liposome-PEG-MnO-PTX. (B) In vivo antitumor
therapeutic efficacy of saline, liposome, liposome-PTX, liposome-
PEG-MnO-PTX and AS1411-liposome-PEG-MnO-PTX. (C) Represen-
tative pseudo-color MR T; images of mice bearing renal carcinoma
tumors pre- and post-injection of saline, liposome, liposome-PTX,
liposome-PEG-MnO-PTX and AS1411-liposome-PEG-MnO-PTX.
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scannings were performed during the whole course to monitor
the tumor growth changes (Fig. 6C). The results indicated that
our fabricated AS1411-liposome-PEG-MnO-PTX nanoprobe
could enhance the antitumor growth effectively.

Conclusions

Herein, we fabricated a novel theranostic nanoprobe, AS1411-
liposome-PEG-MnO-PTX for the simultaneous diagnosis and
therapy of renal carcinoma. Compared with PEG-MnO nano-CA,
the T, relaxivity of liposome-PEG-MnO was increased from 7.61
to 14.45 s~ mM . The in vivo MRI and the inhibition of tumor
growth effect further testified the excellent behavior of our
fabricated AS1411-PEG-MnO-PTX theranostic nanocomplex.
The results indicated that the presence of liposome not only
favored the co-existence of MRI nano-CA and the anticancer
drug, but also improved the MRI ability of nano-CA, which is
better for the low-dose use of CA or the clear imaging of lesions.
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