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ARTICLE INFO ABSTRACT

Keywords: Recently, various technologies for targeted gene release in cancer treatment have emerged. However, most of
Amylose these strategies are facing the challenge of untraceable distribution and poor antitumour treatment effects. In this
Nanoparticles

study, we constructed a gene delivery system that integrated a series of components to assemble multifunctional
NPs, providing a promising theranostic nanoplatform for hepatocellular carcinoma (HCC) therapy. Cationized
amylose (CA), superparamagnetic iron oxide (SPIO) nanoparticles (NPs), and tetraphenylethylene (TPE) were self-
assembled to form nanospheres (CSP/TPE). The prepared NPs was modified with SP94 pepide through amidation
reaction, and then survivin small interfering RNA (siRNA) were loaded into the NPs to form CSP/TPE@siRNA-
SP94 NPs. Our results showed that the prepared NPs had good size distribution, high RNA condensation and
transfection ability. CSP/TPE@siRNA-SP94 NPs exhibited excellent fluorescence and magnetic resonance (MR)
imaging properties in vitro and in vivo. The prepared targeted NPs improved Huh-7 cellular uptake in vitro, and the
biodistribution of CSP/TPE@siRNA-SP94 in vivo was observed through in/ex vivo fluorescence imaging system
and MRI. As survivin siRNA effectively retained in tumour cells, CSP/TPE@siRNA-SP94 NPs considerably
inhibited tumour growth in vivo. In addition, H&E staining results showed that all the prepared CSP-based NPs
had good biocompatibilities, as few histological changes or tumour metastasis were observed in major organs of
the mice in the treatment group. Therefore, we envisage that the prepared CSP/TPE@siRNA-SP94 NPs can
represent a promising strategy for HCC diagnosis and treatment.
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signalling pathways and the formation of heterogeneous parenchymal
tumours. Survivin protein overexpressed in HCC cells can significantly

1. Introduction

In 2020, hepatocellular carcinoma (HCC) ranks the fourth among the
leading cause of cancer-related death worldwide [1]. In clinical practice,
there are a few patients diagnosed early; while patients with advanced
HCC are only suitable for ablative therapy, chemoembolization and
systemic therapy [2]. As gene therapy shows great prospects in the
treatment of human diseases through the precise regulation of gene
expression [3,4], it has been recognized as one of the future development
directions of HCC treatment [5,6]. The pathogenesis of multi-stage liver
cancerization gradually evolves through the inflammatory responses that
trigger genetic changes. This would lead to the imbalance of multiple

inhibit cell apoptosis and promote tumour tissue proliferation [7]. Sur-
vivin small interfering RNA (siRNA) has been used to suppress the pro-
tein expression by silencing survivin mRNA, hence triggering the
apoptosis of HCC cells [8]. Although in vitro experiments have shown that
survivin siRNA gene has high efficacy in the suppression of HCC growth
[9], there are still some obstacles in delivering siRNA to specific cells. For
example, siRNA can be degraded by RNases before entering the cells, and
siRNA can also be cleared by renal filtration after intravenous injection
[10]. In addition, naked negatively charged siRNA cannot directly
penetrate the cell membrane [11]. Therefore, it is of great significance to
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develop an efficient drug delivery system with good biocompatibility to
deliver siRNA to the lesion for HCC treatment.

The advancement of nanotechnology has promoted the development
of various drug-loaded nanocarriers. Amylose with excellent character-
istics, such as abundant, cheap, good biocompatibility, low toxicity, etc,
has been used as a nano-vector for various drugs and gene delivery [12,
13]. Studies showed that amylose-based star polymers could be served as
potential siRNA carriers for medical trials [14,15]. Quaternary ammo-
nium cationized amylose (CA) carrier can adsorb negatively charged
siRNA on the carrier surface through electrostatic interaction, forming
stable nanoparticles (NPs) with gene complex to prevent the degradation
of siRNA [16]. In addition, the targeted NPs delivery system can actively
deliver therapeutic agents to specific lesions, achieving better treatments.
Various targeting ligands have been developed to modify nano-drug
delivery carriers, which can actively target tumour blood vessels, ma-
trix microenvironment, or tumour cell surface receptors [17-23]. SP94
peptide (protein sequence: SFSIIHTPILPL) isolated from phage-displayed
peptide selections, is a HCC-specific targeting ligand [24]. It can bind to
SP94 short peptide-specific receptor GRP78 protein on HCC cell mem-
brane [25,26]. Therefore, the designed drug delivery NPs with SP94
decoration may effectively increase the targeting efficiency of HCC.

The combined use of imaging unit and antineoplastic drugs can
simultaneously perform diagnosis, treatment, and treatment response
monitoring in an integrated system [27,28]. Magnetic resonance imaging
(MRI) can accurately diagnose HCC without invasive biopsy. With the
help of MRI contrast agents, radiologists can more clearly distinguish
liver lesions, detect relatively small and subtle lesions of tumours, and
make an accurate diagnosis [29,30]. The particle size, toxicity, biocom-
patibility, and degradability of contrast agents are important factors that
affect the MRI quality [31]. Superparamagnetic iron oxide NPs (SPIOs)
with multi-surface capabilities, high contrast efficiency, and good
biocompatibility have been recognized as a most potential MRI contrast
in various clinical trials, such as atherosclerotic plaque and tumour im-
aging [32,33].

Compared to MRI, fluorescence imaging has the advantages of
revealing pharmacokinetics and biodistribution throughout body in real
time with high sensitivity and specificity, but it suffers from low spatial
resolution and poor tissue penetration [34]. Besides, conventional
tracking agents, such as fluorescent conjugated polymers, quantum dots,
or organic fluorophores, have disadvantages such as poor photostability,
significant cytotoxic, and aggregation-caused quenching (ACQ) effect
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[35]. Aggregation-induced emission (AIE) fluorogens show advantages
in terms of low biotoxicity, high brightness, good biodegradability,
excellent stability, and facile surface modification [36]. Several studies
have reported that AIE fluorophores, such as tetraphenylethylene (TPE)
and its derivatives, are widely used as tracking agent to construct
multifunctional nano-carrier [37,38]. Therefore, by integrating AIE and
SPIOs into a NPs delivery system, dual-modal imaging (fluorescence/MR
imaging) can be used to monitor physiological and pathological re-
sponses at the cellular level with only one injection.

In this study, we developed a theranostic nanoprobe for HCC-targeted
gene therapy, which could deliver siRNA directly to the lesion and
monitor the lesion through dual-imaging (fluorescence and MR imaging)
modalities. As shown in Scheme 1, CA, SPIO, and TPE were self-
assembled to form nanospheres (CSP/TPE). SP94 peptides were deco-
rated on the surface of prepared NPs by amidation reaction, and then
survivin siRNA were loaded to CSP/TPE-SP94 NPs. Characterization of
physiochemical properties of the prepared NPs was carried out using X-
Ray diffraction (XRD), transmission electron microscope (TEM), Zeta
potential, gel electrophoresis, fluorescence spectroscopy, thermogravi-
metric analyzer (TGA), fourier transform infrared (FTIR) spectrometer,
vibrating sample magnetometer and MRI scanning. The cytotoxicity of
CSP-based NPs was investigated using cell counting kit-8 (CCK-8) and
living/dead staining assay. The cellular uptake and distribution of the
theranostic NPs against Huh-7 cells were evaluated by confocal laser
scanning microscope (CLSM) and flow cytometry. Furthermore, in vivo
biodistribution and antitumour effect of the prepared nanoparticles were
evaluated via Huh-7 tumour-bearing nude mice.

2. Experimental section
2.1. Materials

Amylose (>98%, 83.0 kDa) and glycidyltrimethylammonium chlo-
ride (90%, 151.60 Da) were procured from Sigma-Aldrich Co., Ltd. (St
Louis, USA). 1-Ethyl-3-(3-dimethylaminopropyl) CSPrbodiimide (98.5%,
191.70 Da) and N-hydroxysuccinimide (98%, 115.09 Da) were pur-
chased from Sigma-Aldrich Co., Ltd. (St Louis, USA). Ferrous chloride
(FeCly-4H,0), 25% ammonia (NH3-H,0), ferric chloride (FeCls-6H50),
acetic acid, Sodium hydroxide (NaOH), and dimethyl sulfoxide (DMSO)
were analyzed pure and purchased from Guangzhou chemical reagent
factory (Guangzhou, China). Calcein AM, Alexa Fluor 488 Annexin V/

A
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Scheme 1. Schematic illustration of the preparation (A) and application (B) of CSP/TPE@siRNA-SP94
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Propidium Iodide (PI) Cell Apoptosis Kit, phosphate buffered saline (PBS,
pH 7.4), cell counting kit-8 (CCK8), and One Step TUNEL Apoptosis
Assay Kit were procured from Invitrogen Co., Ltd. (Shanghai, China).
siRNA epirubicin was obtained from Macklin Biochemical Co., Ltd
(Shanghai, China). Fetal bovine serum (FBS), RMPI 1640, trypsin-
EDTA,high-glucose Dulbecco's modified Eagle's medium (DMEM), and
penicillin-streptomycin were obtained from Gibco Co., Ltd (NY, USA).
Dialysis bags (molecular weight cut-off weight: 8000 Da) were bought
from Millipore Corporation (USA). Survivin siRNA (sense: 50-CACCG-
CAUCUCUACAUUCATT-30; antisense: 50-UGAAUGUAGAGAUGCG-
GUGTT-30) were synthesized by GenePharm Co., Ltd. (Shanghai,
China). Huh-7 and LO2 cells were obtained from Sun Yat-Sen University
(Guangdong, China). The cell lines were maintained in DMEM with FBS
(10%) and antibiotics (1%) at 37°C, in a humidified 5% CO,
environment.

2.2. Synthesis of CSP/TPE@siRNA-SP94

2.2.1. Preparation of CA

Amylose (0.50 g) was added to distilled water (25 mL), and pH was
adjusted to 12-14 with NaOH solution (4 mol/L) under heating (80 °C).
The prepared solution was slowly added 2,3-Epoxypropyltrimethylam-
monium chloride (0.05 g/mL) and stirred at 50 °C for 12 h. The solu-
tion was set to neutral pH value using hydrochloric acid solution after the
reactions and then transferred to a dialysis bag (molecular weight cut-off:
8000 Da). The solution was dialyzed against deionized water for two
days, then followed by lyophilization to obtain cationic amylose (CA).

2.2.2. Preparation of CSP/TPE

FeCl3-6H20 (0.30 g) and FeClp-4H20 (0.15 g) were added to 10 mL of
deionized water. The mixture was then neutralized with 1 mol/L sodium
hydroxide solution under vigorous stirring at 150°C for 4 h. Oleinic acid
(0.08 g) and oleylamine (0.08 g) were added to the mixture, and the
solution was naturally cooled to room temperature. The obtained mixture
was added with a CA solution (0.01 g/mL), stirred at 80 °C for 30 min
under nitrogen, then 25% ammonia water (3.0 mL) was added to the
solution. After 1 h reaction, the solution was dialyzed against deionized
water through a dialysis bag (MWCO:8000) for 48 h. The resulting so-
lution was lyophilized to obtain a composite (CSP) of magnetic NPs
modified with quaternary ammonium cationized amylose (CA). TPE
powder (4 mg) was dissolved in dichloromethane (4 mL), and then CSP
solution (20 mg) was added and mixed well at room temperature, fol-
lowed by adding pure water (40 mL) while sonicating. After 1 h, the
product was put into a dialysis bag (molecular weight cut-off: 2000 Da)
and dialyzed with distilled water for 72 h. The dialysate was freeze-dried
and stored at 4°C to obtain nanocomposites (CSP/TPE) including of
quaternary ammonium cationized amylose, magnetic NPs and TPE.

2.2.3. Preparation of CSP/TPE-SP94

SP94 peptide (5 mg) was dissolved in DMSO (4 mL). N-(3-Dimethy-
laminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI) (10 mg)
and N-hydroxysuccinimide (NHS) (20 mg) were added into the solution,
stirring for 4 h at room temperature in a darkroom to obtain a peptide
active easter DMSO solution. Half of the CSP/TPE solution (containing
0.10 g CSP) and acetic acid were added in a round bottom flask, and pH
was adjusted to pH5. The peptide active ester solution was then added
into the flask, and the reaction was conducted at room temperature for
48 h. The resulting solution was dialyzed (MWCO:8000) against distilled
water for 3 days. The sediment was removed by centrifugation of dial-
ysate, and the upper liquid was stored at 4 °C to obtain nanocomposites
(CSP/TPE-SP94) including of quaternary ammonium cationized amylose,
magnetic NPs, and TPE NPs binding with SP94 peptide.

2.2.4. Preparation of CSP/TPE@siRNA-SP94
CSP/TPE-SP94 was diluted with distilled water at different N/P ratios
(molar ratio of CSP/TPE-SP94 nitrogen to siRNA phosphorus), and then
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mixed with 2 pmol/pL siRNA solution. The solution was mixed for 10 s
and kept for 25 min at room temperature to form nanocomposites
(CSP@siRNA/TPE-SP94).

2.2.5. Characterization of various CSP-based NPs

A Nano ZS90 analyzer (Malvern Instruments Ltd, UK) with a 4 mW
He-Ne laser (633 nm) was used to determine the size, size distribution,
polydispersity, and surface charge of the prepared NPs at room temper-
ature. The morphology of micelles with or without TPE encapsulating
was observed by TEM (JEOL JEM-2010F, Japan) at room temperature.
Briefly, a sample was stained using 2% (w/v) phosphotungstic acid,
transferred onto a copper grid, air-dried and imaged. The infrared spectra
of CSP NPs in the range of 4000-399 cm™~! was measured by FTIR. A
series of CSP/TPE acetonitrile/water composite micelle solutions were
prepared according to the TPE concentration gradient and tested using a
fluorescence spectrophotometer with an excitation wavelength of 350
nm (Hitachi F-7000, Hitachi, Japan).

2.2.6. siRNA condensation assay and siRNA release profile

To investigate siRNA condensation ability of CSP/TPE@siRNA,
agarose gel electrophoresis was used. CSP/TPE@siRNA at different N/P
ratios (7.5 pL) with loading buffer (2.5 pL) were mixed at room tem-
perature. Then, the mixture was run on agarose gel (1% (w/v)) con-
taining ethidium bromide (1.0 mg/mL) in Tris-acetate-EDTA (TAE)
buffer solution (pH 8.0) at 4 V for 4 h. The gel image of siRNA bands was
recorded using a Dolphin-Doc Molecular Imaging System (Wealtec, USA).

The release curve of siRNA was obtained as follows. Briefly, CSP/
TPE@siRNA-SP94 aqueous solution (1.5 mg/ml) was placed in a
centrifuge set containing 15 mL of buffer solution following the manu-
facture's protocol (Amicon® Ultra-15-100 kDa, Sigma-Aldrich). The
centrifugal tube with the filter was placed in a shaker at 100 rpm and 37
°C. At fixed time points, a sample solution (1 mL) was collected and
replaced with equal amount of fresh buffer. The released siRNA amount
was acquired through high performance liquid chromatography (HPLC).
The cumulative release (%) was evaluated according to the following

CoV+Y -1V, o
—5—— X 100%

Herein, C, is siRNA concentration measured at each time point, V is
experimental sample solution volume; Vy is sampling volume at each
time point, and M is the total amount of siRNA in the sample.

formula: Cumaltive release (%) =

2.3. Gene transfection in vitro

Huh-7 cells were seeded in a 24-well plate (density: 1 x 10° cells/
well) and incubated at 37°C for 24 h in a 5% CO, atmosphere. The
prepared CSP-based NPs were mixed with FAM-labelled siRNA (2.0 pg) at
N/P ratios of 8, 10, 20, and 30 for 30 min, then added to the plate. The
prepared NPs were co-cultured with Huh-7 cells for 6 h, and then washed
with fresh DEME medium containing 10% serum. The ability of prepared
NPs to deliver FAM-siRNA to Huh-7 cells was investigated using a
florescence microscopy (Hitachi F-7000, Hitachi, Japan).

2.4. Invitro MRI test

A series samples of CSP/TPE@siRNA-SP94 were prepared, and the
SPIONs concentration in the samples was set to 0.01, 0.02, 0.04, 0.09,
0.19, 0.36, 0.72, 1.43 mM, respectively. A sample of 1.5 mL was trans-
ferred to a transparent rigid plastic centrifuge tube (2 mL) and placed on
a foam plate. The prepared samples were scanned by a 1.5T MRI scanner
(Intera 1.5T MR Systems, Koninklijke Philips N-V.) at room temperature.
Scan sequence included T2*-weighted imaging and T2-mapping. T2*-
weighted imaging parameters were: repetition time (TR) = 2600 ms,
echo time (TE) = 100 ms, flip angle = 90°, acquisition matrix = 384 x
305, NA (Number of acquisitions) = 6, field of view (FOV) = 80 mm x
80 mm, slice gap = 2 mm and slice thickness = 2 mm. T2 mapping was
performed using a single-layer, multi-echo selectable echo sequence
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scanning whose parameters were: TE = 0, 20, 40, 60, 80, 100, 120, 140,
160 ms; TR = 1500 ms; acquisition matrix =176 x 123; FOV = 80 mm Xx
80 mm; NA = 3; slice gap = 1.5 mm; slice thickness = 1.5 mm.

2.5. In vitro evaluation of antitumour effects

The cytotoxicity of the nanocomplex to Huh-7 cells was investigated
by CCK8 assay. Briefly, cells in DMEM containing 10% (v/v) fetal bovine
serum (FBS) were incubated at 37 °C for 48 h. The cells were then seeded
in a 96-well plate with a density of 1.0 x 10° cells per well and incubated
for 24 h. After replacing of DMEM with fresh medium, Huh-7 cells were
treated with different concentrations of siRNA, CSP/TPE@siRNA and
CSP/TPE@siRNA-SP94. Huh-7 cells treated with free PBS were used as
the control group. After incubating at 37 °C for 48 h, the CCK8 reagent
(10 mg/mL) was added to each well and the treated cells were incubated
for 4 h. The optical densities (OD) of each group were measured at 490
nm using a Fluoroskan microtiter plate reader (Thermo Scientific, USA).
The formula for determining cell viability was: cell viability =

sample OD value—blank OD value 0,
control OD value—blank OD value 100%

To study the effect of the prepared NPs on cellular uptake, Huh-7 cells
were cultured in a 12-well plate (4 x 10* cells/well) followed by incu-
bation for at 37 °C 12 h. The cells were then co-cultured with CSP/
TPE@siRNA and CSP/TPE@siRNA-SP94 NPs, respectively. Each group
contained 40 nM siRNA. At selected time points, the treated cells were
washed thrice using PBS buffer and trypsinized for the flow cytometry
analysis. The harvested cells were resuspended in fresh medium, washed
with PBS, and then resuspended in 1.0 mL PBS buffer. The cells were
analyzed using a FACS calibur flow cytometer (Beckman Dickinson, San
Jose, CA). Confocal fluorescence microscopy (CLSM) (Carl Zeiss LSM
710, Carl Zeiss Microscopy, Jena, Germany) was used to evaluate the
cellular uptake of the prepared NPs. The cells (1 x 10° cells per well)
were then co-cultured with CSP/TPE@siRNA and CSP/TPE@siRNA-
SP94 NPs, respectively. Each group contained 40 nM siRNA. At
selected time points, the treated cells were washed thrice using PBS and
fixed in paraformaldehyde (4% in PBS) for 15 min prior to CLSM imag-
ing. The Cell nuclei were stained using 4’,6-diamidino-2-phenylindole
(DAPI).

2.6. In vivo evaluation of antitumour effects and MRI study

2.6.1. Animals and tumour bearing model

Male BALB/c nude mice (aged 6 weeks, 19-23 g) were bought from
animal centre of Sun Yat-Sen University (Guangdong, China). The animal
experiment (No. SYSU-IACUC-2020-000048) was approved by the Lab-
oratory Animal Ethics Committee Sun Yat-Sen University (Guangdong,
China). Animal treatment and handling were carried out in accordance
with the National Institutes of Health Guide for Care and Use of Labo-
ratory Animals. Nude mice were placed in cages (5 per cage) and pro-
vided with standard water as well as mouse chow. Harvested Huh-7 cells
(4 x 10° cells per 100 pL PBS) were implanted into the right leg area of
mice by subcutaneous injection. The tumour size was monitored, and the
tumour volumes determined as:

Tumour volume = [(tumour length) x (tumour width)z]/2.

2.6.2. In vivo imaging and biodistribution analyses

When the tumour volume reached 100-200 mm?, the nude mice were
randomized into 2 groups (n = 5). Two groups of mice were injected with
100 pL of CSP/TPE@siRNA (1 mg/mL) and CSP/TPE@siRNA-SP94 NPs
(1 mg/mL) via the tail veins, respectively. Fluorescence images and the
semi-quantitative results of TPEat 1 h, 6 h, 12 h, and 24 h were obtained
after intravenous administration utilizing in vivo imaging system (In vivo
Xtreme, Bruker, Germany). The TPE signal was obtained at an excitation
and filter wavelengths of 523 nm and 560 nm, respectively. The mice
were sacrificed 24 h after injection. The major organs (liver, heart,
spleen, kidneys, lung) and tumours were removed for imaging and
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biodistribution analysis.

A 3.0T MRI scanner (Ingenia 3.0T MR Systems, Koninklijke Philips
N-V.) with a customized rodent coil was used to scan Huh-7 tumour-
bearing mice. The experimental mice were anesthetized using a 4%
isoflurane/air mixture administered via a nose cone. Their body tem-
perature was maintained at 37 °C. The mice were divided into 2 groups
(n = 5). Two groups of mice were injected with 100 pL of CSP/TPE@-
siRNA (1 mg/mL) and CSP/TPE@siRNA-SP94 NPs (1 mg/mL) via the tail
veins, respectively. Then, they were subjected to MRI scanning with fast
spin-echo T2*-weighted imaging and T2-mapping sequence at different
time points (pre-injection, 6 h after injection, 12 h after injection, and 24
h after injection). For the fast spin-echo T2*-weighted imaging, imaging
parameters were: TR = 1600 ms, TE = 60 ms, NA = 3, acquisition matrix
= 254 x 254, FOV = 128 mm x 128 mm, slice thickness = 1 mm, flip
angle = 90°, slice gap = 1 mm. T2-mapping was performed using single-
slice as well as multi-echo spin-echo sequence with scan parameters as:
TR = 1400 ms, TE = 25, 50, 75, 100 ms, acquisition matrix = 109 x 108,
NA =3,FOV =128 mm x 128 mm, slice gap = 1.5 mm, slice thickness =
1.5 mm. At each time point, MR images and their equivalent MRI signal
intensities were recorded, then calculated.

2.6.3. Therapeutic analysis

Antitumour effects of the prepared NPs were evaluated using nude
mice with Huh-7 tumours. The tumour-bearing mice were randomly
assigned into 5 groups (n = 5): PBS, CSP/TPE, free siRNA, CSP@siRNA,
and CSP@siRNA-SP94. The mice were received 100 pL of therapeutic
agents: PBS, CSP/TPE (1000 mg/mL), free siRNA (40 nM), CSP/TPE@-
siRNA (containing 40 nM siRNA) and CSP/TPE @siRNA-SP94 (contain-
ing 40 nM siRNA @100 pL) via the tail vein every other day. The tumour
volumes, body weight, and survival rate of mice were recorded every
other day. After 14 days of treatment, the experimental mice were
sacrificed. Their major organs were resected, fixed with 4% para-
formaldehyde and sliced for hematoxylin and eosin (H&E) staining. For
the survival rate analysis, Huh-7 tumor bearing mice were treated under
the same conditions up to a period of 40 days, and the number of sur-
viving mice in each group was recorded.

2.6.4. Statistical analysis

Data were shown as mean + SD. The students’ t-test was used to
compare statistical differences between two groups, while one-way
ANOVA was used to compare multiple groups. p < 0.05 (*) was
considered significant, while p < 0.01 (**) was considered very
significant.

3. Results and discussion
3.1. Characterizations of the prepared CSP nanoparticles

The prepared NPs were assembled using CA, SPIO, TPE, survivin
siRNA, and SP94 peptide to achieve HCC-targeted gene therapy and dual-
mode imaging functions. The hydrophobic SPIO NPs were synthesized
[39], and TPE was added into the inner core of SPIO NPs through
physical entrapment via hydrophobic interactions. Therefore, CSP could
integrate a large amount of hydrophobic TPE and SPIO in the core, while
maintaining water solubility by using the hydrophilic outer shell layer of
CA. The TEM images showed that SPIO NPs were black dots with an
average size of 5-8 nm (Fig. la and d). Both CSP and
CSP/TPE@siRNA-SP94 NPs showed similar spherical shape with an
average size of 155 + 2.8 nm (Fig. 1b and e) and 178 + 0.5 nm (Fig. 1c
and f), respectively. The PDI of CSP and CSP/TPE@siRNA-SP94 NPs were
0.18 and 0.25, respectively. The size of NPs ranged from 100 nm to 200
nm is optimal for enhanced permeability and retention (EPR) effects
[40]. Previous works had proved that nano-scaled drug carriers are easily
internalized by tumour cells and can penetrate deeper into tumour tissues
for therapy [32]. The surface potential of CSP/TPE and
CSP/TPE@siRNA-SP94 was 23.5 + 1.7 mV and 5.8 + 0.6 mV,
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Fig. 1. Characterization of the prepared NPs: TEM images of SPIO (a), CSP(b), and CSP/TPE@siRNA-SP94(c), size distribution profiles of SPIO(d), CSP(e) and CSP/

TPE@siRNA-SP94(f).

respectively, indicating that the negatively charged siRNA was successful
adsorbed into the core of CSP/TPE@siRNA-SP94.

The infrared spectrum of SPIO NPs was shown in Fig. 2a. The peaks at
560.0 cm ! were the stretching vibration absorption peaks of metal and
oxygen atoms. The two peaks at 1570 cm™! corresponded to the sym-
metric stretching vibration and antisymmetric stretching vibration peaks

(@) (b)

of C=0, which were characteristic peaks of carboxylate. The two peaks
at 2920 cm ™! and 2850 cm ™! corresponded to C-H stretching vibration
absorption peaks in the oleic acid molecule. The photoluminescence (PL)
intensity of CSP/TPE (25-1000 pg/mL) was shown in Fig. 2b, and the
optimal concentration range of TPE was 100-800 pg/mL. The maximum
florescence intensity around 450 nm indicated that TPE had been
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Fig. 2. (a) FTIR spectrum of SPIO; (b) PL spectra of CSP/TPE; (c) TG curves of CSP/TPE; (d) Magnetization curve of SPIO and CSP/TPE; (e) Agarose gel electrophoresis
of CSP/TPE with survivin siRNA at N/P ratios of 0, 2:1, 4:1, 6:1, 8:1, 10:1, 12:1, 14:1; (f) in vitro siRNA release from CSP/TPE@siRNA-SP94 at pH7.4.
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successfully introduced into CSP NPs. When the concentration of TPE
decreased, the solubility of TPE increased and the fluorescence intensity
became weaker. When the concentration of TPE increased, the solubility
of TPE decreased, forming an aggregate state. Therefore, the AIE fluo-
rescence intensity enhanced. Fig. 2c¢ showed the thermogravimetric
curve of CSP/TPE NPs between 40 °C and 700 °C. The final mass loss of
CSP/TPE was 63%, indicating the content of SPIO was 37%. Due to the
addition of SPIO, the content of thermally degradable components in
CSP/TPE was reduced, suggesting SPIO has been successfully introduced
into CSP/TPE. The magnetic response of magnetic materials is an
important index for evaluating magnetic materials. Fig. 2d showed the
hysteresis loops of SPIO and CSP/TPE NPs at 300 K. In the cyclic scanning
of applied magnetic field from - 20,000 OE to 20,000 OE, when the
applied magnetic field intensity was zero, the residual magnetization of
SPIO or CSP/TPE became zero. This result indicated that both SPIO and
CSP/TPE had superparamagnetism. The saturation magnetization of
SPIO and CSP/TPE NPs were 53.8 emu/g and 26.3 emu/g, respectively.
The reason for the decrease in saturation magnetization of CSP was that
CA was coated on the surface of SPIO, leading to a decrease in magne-
tization. As CSP/TPE still showed an excellent magnetic response to the
external magnetic field, it could be applied for subsequent MRI scans. The
condensation ability of CSP/TPE nanocomplex was investigated as the
prepared drug carriers could condense genes into NPs of appropriate size,
thereby enhancing the cellular uptake. The condensation ability of pre-
pared NPs to survivin siRNA was evaluated using electrophoretic
mobility of the prepared CSP/TPE@siRNA-SP94 at various N/P ratios on
the agarose gel. As shown in Fig. 2e, the prepared NPs gene carrier could
efficiently and completely condense siRNA at N/P ratios of 8 (Fig. 2e).
We further investigated the release behavior of survivin siRNA from CSP/
TPE@siRNA-SP94. The prepared NPs released 50.0% survivin siRNA at
37 °C for the first 5 h, and then reached to 79.8% at 24 h (Fig. 2f).

Fig. 3 showed the fluorescence picture of cells treated with CSP/
TPE@FAM-siRNA and CSP/TPE@FAM-siRNA-SP94 at various N/P ra-
tios. These images indicated that the prepared NPs had the ability to
transfer siRNA into cells. The transfection efficiency of CSP/TPE@siRNA-
SP94 as a gene encapsulation vector was N/P ratio dependent within
certain range (NP ratio of 8-20). When the N/P ratio was set to 20, CSP/
TPE@siRNA-SP94 showed the best gene transfection efficiency
compared with the other groups. At the same NP ratio (8, 10 or 20)
condition, CSP/TPE@siRNA-SP94 showed a higher transfection effi-
ciency compared to that of CSP/TPE@siRNA.

The results of MRI T2-weighted imaging for CSP/TPE@siRNA-SP94
NPs.T2-weighted imaging was obtained by conventional spin echo SE
sequence scanning, with pulse repetition interval time TR = 1500 ms,
echo time TE = 96.191 , 167.98 , 293.32 , 487.83 , 752.57 , 1032.6 ,

N/P=10

N/P=8

CSP/TPE@siRNA

CSP/TPE@siRNA-SP94
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1259.3 , 1430.2 ms , FS = 1.5. With the increase of Fe concentration,
the MR image gradually darken (Fig. 4a). The concentration of Fe (mM)
was plotted with reciprocal R2 (s 1) of T2 relaxation time (Fig. 4b). The
specific relaxivity value was determined to be 31.9 Mm!s™! for CSP/
TPE@siRNA-SP94 NPs and 53.0 Mm™!s™! for SPIONS, respectively.
This result suggested that the prepared CSP/TPE@siRNA-SP94 NPs could
achieve MRI performance, and R2 value was similar to other SPIONs [41,
42].

3.2. Cytotoxicity assays in vitro
The cytotoxicity of CSP-based NPs was investigated using CCK8 assay.

As shown in Fig. 5a, when the concentration of CSP/TPE and CSP/

@) SPIO

CSP/TPE@siRNA-SP94

Low High
Fe(mM) 143 072 036 0.19 009 004 002 001 HO
(b) SPIO:
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70 ) &
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S
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Fig. 4. In vitro MRI properties of CSP/TPE@siRNA-SP94: (a) In vitro T2-
weighted MR image of CSP/TPE@siRNA-SP94 and SPIO at different concen-
trations; (b) Plot of the transverse relaxivity (R2) of CSP/TPE@siRNA-SP94
and SPIO.

N/P=20

Fig. 3. Transfection efficiencies in Huh-7 cells. Fluorescence microscopy images of Huh-7 cells transfected by CSP/TPE@FAM-siRNA and CSP/TPE@FAM-siRNA-SP94

after 48 h at the N/P ratios 8, 10, 20, and 30.
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Fig. 5. Cytotoxicity of cells treated with the prepared CSP-based NPs. (a) CCK-8 results of CSP and CSP/TPE co-cultured with LO2 cells at various concentrations; (b)
CCK-8 results of CSP/TPE@siRNA and CSP/TPE@siRNA-SP94 co-cultured with Huh-7 cells at various concentrations.

TPE@siRNA-SP94 ranged from 10 to 1000 pg mL ™2, cell viability was
above 80%, indicating CSP/TPE and CSP/TPE NPs had good bio-
compatibilities toward LO2 cells. For Huh-7 cells, when the siRNA con-
centration ranged from O to 40 nM, the higher the siRNA concentration in
the prepared CSP-based NPs, the stronger the anti-tumor effect. The
naked siRNA at the range of (0-30 nM) showed a little effect on cyto-
toxicity, as the cell viability of siRNA group was about 80-90%. Under
the same siRNA concentration range (0-40 nM), the cell viability of the

(@)

Control CSP/TPE
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PI

Merge

70

targeted NPs (CSP/TPE@siRNA-SP94) was much lower than that of the
non-targeted group CSP/TPE@siRNA. This might be due to the fact that
SP94 could target to HCC cells, thereby enhancing the accumulation of
survivin siRNA in HCC cells.

The live/dead staining assay showed similar findings to these of CCK8
(Fig. 6a and b). The image of cells cultured with CSP/TPE showed a few
red fluorescence signals (dead cells), indicating CSP/TPE had good
biocompatibility to cells. The images of cells cultured with CSP/
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Fig. 6. Dead/live cell staining results of control, CSP/TPE, siRNA, CSP/TPE@siRNA and CSP/TPE@siRNA-SP94 groups cocultured with Huh-7 cells (a). The mean
fluorescence intensity of cells treated withontrol, CSP/TPE, siRNA, CSP/TPE@siRNA and CSP/TPE@siRNA-SP94 groups (b).
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TPE@siRNA or CSP/TPE@siRNA-SP94 showed a large amount of red
fluorescence signals, indicating they had good inhibitory effects on the
Huh-7 cells. To investigate the inhibitory mechanisms of survivin siRNA
on Huh-7 cells, Western blotting (WB) was used to evaluate protein
expression level of caspase-3 and survivin in Huh-7 cells, respectively.
Our results showed that after 48 h, expression level of caspase-3 was
considerably up-regulated in the groups of Huh-7 cells treated with CSP/
TPE@siRNA and CSP/TPE@siRNA-SP94 (supplemental data Fig. S4).
Caspase-3 plays an irreplaceable role in cell apoptosis. Overexpression of
caspase-3 indicated that CSP/TPE@siRNA-SP94 could effectively
induced the apoptosis of Huh-7 cells. Moreover, the expression level of
suivivin was suppressed in the groups of Huh-7 cells treated with CSP/
TPE@siRNA and CSP/TPE@siRNA-SP94. This result suggested that CSP/
TPE@siRNA-SP94 NPs could effectively delivery survivin siRNA, inhib-
iting the growth of Huh-7 cells.

3.3. Cellular uptake in vitro

Intracellular distributions of CSP-base NPs in cells were investigated
using confocal laser scanning microscopy (CLSM). Compared with CSP/
TPE@siRNA group, the targeting group CSP/TPE@siRNA-SP94 showed
much stronger red fluorescence (Fig. 7a and b). This finding indicated
that under the same conditions, Huh-7 cells would intake more CSP/
TPE@siRNA-SP94 NPs than CSP/TPE@siRNA NPs. The enhanced accu-
mulation of NPs indicates that the targeted NPs could preferentially
accumulate in the cytoplasm through receptor-mediated endocytosis ef-
fect. Furthermore, the difference in fluorescence intensity between SP94-
targeted NPs and nontargeted NPs expanded after 12 h incubation
(Fig. 7c). This was due to the fact that the targeting effect of SP94 peptide
promote the cell uptake more targeted NPs within 12 h. The fluorescence
flow cytometer results at 4 h (Figs. 7d) and 12 h (Fig. 7e) also showed the
active targeting effect of SP94 peptide. In addition to the ability of SP94
to facilitate receptor-mediated cellular uptake, the cationic surface of
CSP/TPE@siRNA-SP94 helped them to tightly connect with anionic cell
membranes through non-specific electrostatic interactions. NPs can enter
mammalian cells by endocytosis [43], then from membrane-bound

TPE

Bright field DAPI

(a)

CSP/TPE
@siRNA

4h

CSP/TPE
@siRNA-SP94
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vesicles and enwrap NPs to be internalized.

3.4. In vivo evaluation of antitumour effects and MRI study

To investigate whether CSP-based NPs were suitable for imaging in
vivo, BALB/c mice xenografted with Huh-7 tumour were injected intra-
venously with 1 mg mL™' of CSP/TPE@siRNA and CSP/TPE@siRNA-
SP94 NPs. As shown in Fig. 8a, CSP/TPE@siRNA and CSP/
TPE@siRNA-SP94 had good in vivo imaging ability for Huh-7 tumor.
The experimental mice were sacrificed 24 h after injection to examine the
distribution of CSP/TPE@siRNA and CSP/TPE@siRNA-SP94 in tumours
as well as major organs (Fig. 8b). The prepared NPs flowed in the cir-
culatory system of mice and mainly accumulated in the liver and tu-
mours. This might be due to the metabolic function of animals. The
results of mean fluorescence intensity of the tumor indicated that the AIE
fluorescence intensity values of CSP/TPE@siRNA and CSP/TPE@siRNA-
SP94 NPs were above 200 a.u at 1 h and 6 h of post-injection. The
fluorescence intensities of the CSP/TPE@siRNA-SP94 NPs observed at
12 h and 24 h of post-injection were 1.7 and 3.3 times higher than that of
CSP/TPE@siRNA NPs at the same time points, respectively (Fig. 8c). This
result suggested CSP/TPE@siRNA-SP94 with SP94 guidance could
accumulate in tumor area more effectively than CSP/TPE@siRNA NPs.

As SPIO could generate T2-weighted imaging signal intensity, the
Huh-7 tumour-targeting ability of CSP/TPE@siRNA-SP94 could be
monitored noninvasively through MRI scan. We evaluated the imaging
quality of MRI in vivo through a mouse model. Mice were scanned before
the injection of CSP/TPE@siRNA or CSP/TPE@siRNA-SP94 NPs. After
each mouse was injected with the prepared nano-drug carrier, the scans
were done at various time points, i.e, pre-injection, post 6 h injection,
post 12 h injection, and post 24 h injection. Representative scan images
of tumour sections were obtained at different time points (Fig. 8d). After
administration of CSP/TPE@siRNA-SP94 NPs, the normalized MR signal
intensity values and T2 value of tumour region of interest were
remarkable reduced at post 6 h injection and post 12 h injection. After
administration of CSP/TPE, there was little difference between normal-
ized MR signal intensity and T2 values observed in Huh-7 tumours. The
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Fig. 7. Intracellular uptake of CSP/TPE@siRNA and CSP/TPE@siRNA-SP94 NPs by Huh-7 cells. The CLSM images of cells incubated with the prepared NPs at 4 h and
12 h were shown in panels (a) and (b), panel (c) showed the mean fluorescence of the prepared NPs co-cultured with Huh-7 cells at 4 h and 12 h. Flow cytometer
results of the fluorescence at 4 h and 12 h were shown in panels (d) and (e), respectively.



H. Zhang et al.

CSP/TPE@siRNA

CSP/TPE@siRNA-SP94

(@

CSP/TPE@siRNA  CSP/TPE@siRNA-SP94

Materials Today Bio 13 (2022) 100220

(b) Heart Liver Spleen Lung Kidney Tumor

CSP/TPE
@siRNA

CSP/TPE
@siRNA-SP9%4

(C) 300

250

* B CSP/TPE@siRNA
Bl CSP/TPE@siRNA-SP94

u)

200

150

Mean fluorescence (a.
>
=3
1

73
S
1

0-

© .

72 (ms)
B |s0

B CSP/TPE@siRNA-SP94
B CSP/TPE@siRNA
*%K

-

[
@

[4
ES

Normalized T2 in Tumor(%)
° o
~ -

o

Time

Fig. 8. Fluorescence/MRI dual-modality imaging of the prepared NPs in vivo. (a) In vivo fluorescence images of Huh-7 tumour-bearing nude mice after injection with
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< 0.01).

T2 value of tumour region of interest in CSP/TPE group decreased by 5%
at 6 h and 9% at 12 h after injection, respectively; while for the CSP/
TPE@siRNA-SP94 group, T2 were decreased by 2% at 6 h and 34% at
12 h after injection, respectively. The T2 value of CSP/TPE@siRNA and
CSP/TPE@siRNA-SP94 group decreased to 16% and 4%, (P > 0.05)
respectively, at post 24 h injection (Fig. 8e). The lower the T2 value, the
better the targeted imaging effects. This result corresponded with the
finding that SP94-modified nanocarriers exhibited higher targeting
ability to Huh-7 cells (Figs. 5-7). The inhomogeneous distribution of low
signal intensity on T2-weighted images reflects tumour heterogeneity,
and the patchy T2 hypointensity inside the tumour may correspond to
more active tumour cells or well-perfused regions [44].

The antitumour effect of CSP in vivo was investigated in Huh-7 tumour
bearing nude mice (Fig. 9). The results showed that tumours treated with
PBS and naked surviving siRNA had rapid tumour growth, on the 14th
day with an averaged tumour size of 1823, 1599 mm?, respectively.
Meanwhile, the tumours treated with CSP/TPE NPs and CSP/TPE@-
siRNA were suppressed with an averaged tumour size of 889 and 502
mm?3, respectively. The tumour growth was considerably suppressed by
CSP/TPE@siRNA-SP94 NPs with an averaged tumour size of 240 mm® on
the 14th day. This result indicated that the prepared gene delivery
nanoplatform CSP/TPE@siRNA-SP94 NPs could effectively release
siRNA at the lesion area and exert an excellent anti-tumor effect, when
compared to the other groups. Changes in mice body weight were
monitored to evaluate treatment-associated toxicity (Fig. 9c). The body
weight of nude mice with Huh-7 tumours in all NPs treated groups was

not much different from that of the PBS control group. In addition, the
survival rate assay suggested that CSP/TPE@siRNA-SP94 showed the
best anticancer effect, compared to the other groups (Fig. 9d). H&E
staining results of major organs showed that all the prepared CSP-based
NPs had good histocompatibility (Fig. 9¢). Therefore, CSP/TPE@siRNA-
SP94 treatment combined with controllable siRNA release, dual-modal
real-time tracing and gene therapy could achieve a more ideal anti-
tumour therapy strategy with low side effects.

5. Conclusion

We successfully prepared a theranostic nanoplatform CSP/
TPE@siRNA-SP94 for liver cancer therapy. The experiments results
showed that the prepared CSP/TPE@siRNA-SP94 NPs were spherical
with an average size of 178 + 0.5 nm, and the surface potential of CSP/
TPE@siRNA-SP94 5.8 + 0.6 mV. In vitro gel and transfection assays
indicated that siRNA could be efficiently condensed into the prepared
NPs system and showed high transfection efficiency at an NP ratio of 20.
Dual-imaging modal (fluorescence and MRI) of the NPs was tested in vitro
and in vivo, showing enhanced imaging properties. This result indicated
that the prepared NPs might be a potential diagnosing tool in clinical
applications. Cytotoxicity assays (CCK8 and live & dead cell staining)
showed CSP/TPE@siRNA-SP94 could remarkably inhibited the prolif-
eration of Huh-7 cells. The results of cellular uptake in vitro and bio-
distribution in vivo indicated that CSP/TPE@siRNA-SP94 with the
modification of SP94 (HCC-targeting NPs), could be more effectively
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enriched into the tumor areas, when compared to that of CSP/TPE@-
siRNA (non-HCC-targeting NPs). The in vivo antitumour studies showed
that CSP/TPE@siRNA-SP94 remarkably inhibited the tumor growth.
Therefore, the multifunctional nanoplatform CSP/TPE@siRNA-SP94
might serve as a promising theranostic nanoplatform for HCC therapy.
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