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A B S T R A C T   

A novel folic acid mediated chitosan oligosaccharide-grafted disulfide-containing polyethylenimine copolymer- 
based silica nanohybrids were fabricated for co-delivering paclitaxel and P-shRNA. These nanoparticles could 
efficiently protect P-shRNA against degradation, and exhibited well redox-responsive P-shRNA release and pH- 
responsive drug release behaviors. Folic acid as the targeting head, could improve cellular uptake of nano
particles by multidrug-resistant breast cancer cells. Moreover, these nanoparticles showed excellent delivery P- 
shRNA into cells and displayed high gene silencing efficiency at the targeted mRNAs to downregulate the 
expression of P-gp which induced up to 63% decrease. Finally, nanoparticles could completely reverse the 
resistance of breast cancer cells to paclitaxel and the resistance reversion index was 50.59. These results sug
gested that our nanoparticles could efficiently co-deliver paclitaxel and P-shRNA into cancer cells to exert its 
synergistic antitumor effect, and opened up a new avenue for overcoming multidrug resistance.   

1. Introduction 

Multidrug resistance (MDR) is defined as the insensitivity or cross- 
resistance of cancer cells to the cytostatic/cytotoxic actions of various 
anticancer drugs, which has become one of the major cause of chemo
therapy failure (Baguley, 2010; Bukowski, Kciuk, & Kontek, 2020; 
Gottesman, Fojo, & Bates, 2002). Two main types of MDR are found in 
tumors, namely, intrinsic resistance and acquired resistance (Longley & 
Johnston, 1990). The intrinsic drug resistance is congenitally resistant to 
chemotherapy and probably associated with the gene mutation or 
altered expression of BCL-2-related apoptotic proteins (Johnstone, 
Ruefli, & Lowe, 2002). While, the acquired resistance mainly results 
from the overexpression of cell membrane-bound ATP-binding cassette 
(ABC) transporters, usually occurring during the chemotherapy of re
lapsing leukemia and ovarian, and breast cancers (Pommier, Sordet, 
Antony, Hayward, & Kohn, 2004). One of the principal transporters is 
the P-glycoprotein (P-gp) which can efflux out many drugs such as 
doxorubicin, vinblastine, paclitaxel, and so on, to reduce the intracel
lular drug concentration below the effective cytotoxic threshold (Hol
ohan, Van Schaeybroeck, Longley, & Johnston, 2013; Mahon et al., 

2003; Mizutani et al., 2008). Lots of strategies have been used to over
come MDR, including immunotherapy (Curiel, 2012; Owyong et al., 
2017), small-molecule inhibitors (Lai et al., 2019; Snyder, Murundi, 
Crawford, & Putnam, 2019; Wise et al., 2019), as well as gene therapy 
(Wang et al., 2019a, 2019b). In all mentioned strategies, short hairpin 
RNA (shRNA) is a suitable approach owing to that shRNA can mediate 
transcription of small interfering RNA (siRNA) through a plasmid DNA 
vector, which offers persistent degradation of a target RNA molecule and 
knockdown the expression of protein (Oh & Park, 2009; Zheng, Tang, & 
Yin, 2015). While, labile degradation and lower tumor uptake are ob
stacles for gene therapy to be applied in clinic (Bartlett & Davis, 2007; 
Jörg, Baehr, Kiermayer, Zeuzem, & Piiper, 2006). Besides, a great many 
of antitumor drugs are water-insoluble and lack of targeting which also 
leads to poor chemotherapy effect and adverse reactions. Hence, it is 
imperative to discover a prospective carrier to efficiently co-deliver drug 
and gene agents to tumor regions. 

Nowadays, lots of drug carriers have been applied to deliver drugs 
and/or genes to tumor sites including organic nano-materials, such as 
lipid nanoparticles, liposomes, nano hydrogels, micelles and polymer 
nanoparticles (Liu, Anderson, Lan, Conti, & Chen, 2020; Madheswaran, 
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Kandasamy, Bose, & Karuppagounder, 2019), and inorganic carriers, 
such as carbon nanomaterials, silica nanoparticles and gold nano
particles, etc. (Chen et al., 2019; Li et al., 2018; Zhu et al., 2019). Facile 
silane chemistry offers easy surface modification of silica nanoparticles 
with plenty of functional groups or organic polymers which makes them 
highly eligible for multifunctional therapeutic applications (Aquib et al., 
2019). Hence, the combination of organic materials and inorganic silica 
nanoparticles to fabricate hybrid nanoparticles would exhibit enormous 
superiority for delivering drugs, gene, imaging agents, etc.. 

Chitosan, consisting of b-(1,4)-linked-2-amino-2-deoxy-D-glucopyr
anose units, is a natural polysaccharide obtained by chitin, holds po
tential candidature in gene/drug vehicles since it is nontoxic, 
biocompatible and biodegradable (Li et al., 2020; Luo et al., 2019; Mu 
et al., 2019; Qu et al., 2020; Shahidi & Synowiecki, 1991; Wang, Khan 
et al., 2019; Zhao, Ji, Wang, He, & Li, 2020). However, its high viscosity 
and poor solubility in physiological pH values (7.2–7.4) are major 
hurdles on successful application in gene vehicles. Hence, chitosan 
oligosaccharide (CS), which are products of chitosan depolymerization, 
has attracted great interest owing to its good water solubility and 
excellent biocompatibility (Guerry, Cottaz, Fleury, Bernard, & Halila, 
2014; Musalli, Talukdar, Roy, Kumar, & Wong, 2020; Wang et al., 
2019c). While, due to mild cationic charge densities and proton sponge 
effect, its application on gene delivery is restricted. CS possess reactive 
hydroxyl and amino groups, thus further cationic modification is ex
pected to effectively improve the capacity of gene delivery. 

Among organic polymers, one of the most potent gene carriers is 
polyethylenimine (PEI) (Lungwitz, Breunig, Blunk, & Gopferich, 2005). 
High molecular weight PEI (25 kDa) has been exhibited as the golden 
standard with high transfection efficiency, however, high toxicity was 
discovered owing to the lack of degradable linkages in PEI25 K and 
difficulty to degrade. In contrary, PEI with low molecular weight (LMW 
PEI) has lower toxicity but almost no transfection activity (Huang, Yu, 
Tang, Wang, & Li, 2010). To settle this dilemma, in the present study, we 
choose chitosan oligosaccharide as the polymer backbone to graft LMW 
PEI using degradable disulfide linkages to construct copolymers with 
suitable charge density and molecular weights. It is reported that the 
concentration of GSH in the extracellular environment is quite lower 
than intracellular GSH (100–1000 times) (Cheng et al., 2011), and hence 
disulfide linkages in copolymers have good stability outside cells and are 
cleaved only when internalized by cells. To enhance the colloidal sta
bility and reduce the uptake of the reticuloendothelial system (RES), 
Poly (ethylene glycol) (PEG) is exploited into our copolymer (Nie, 
Gunther, Gu, & Wagner, 2011; Nomoto et al., 2011). In order to improve 
the internalization of nanocarriers by tumor cells, several ligands have 
been added to the surface of nanoparticles based on overexpressed 
molecules on the cancer cells surface (Alavi & Hamidi, 2019). In ma
lignancies, including breast cancer, the expression of folate receptors is 
20 to 200 times higher than that in normal cell lines (Antony, 1996; 
Parker et al., 2005). Thus, folic acid (FA) was chosen to graft on our 
copolymer to enhance selective breast cancer cell uptake. Therefore, we 
synthesized a novel folic acid mediated chitosan oligosaccharide-grafted 
disulfide-containing polyethylenimine copolymer copolymers as the 
gene carrier for delivering shRNA-expressing plasmid DNA for inter
ference with P-glycoprotein (P-shRNA), donated as FA-PEG-CS-PEI. 

To overcome drug resistance and achieve optimally synergistic 
anticancer effects, it is expected to co-deliver P-shRNA and chemo
therapeutic drug paclitaxel (PTX) into breast cancer cells by a single 
nano-vehicle. Cetyltrimethylammonium bromide (CTAB) can form mi
celles when it was applied as templates to construct silica nanoparticles 
(Kresge, Leonowicz, Roth, Vartuli, & Beck, 1992). More importantly, in 
acidic media, CTAB micelles are prone to be destroyed due to positive 
charges of CTAB exchange with protons (Huo et al., 1994). Therefore, 
paclitaxel (PTX) can be dispersed into CTAB micelles and silica resources 
hydrolyzed and condensed to produce PTX-loaded silica nanoparticles 
(SN). SN could show pH-stimuli release behavior owing to CTAB mi
celles as the “pH-switch”, which is stable in the neutral environment and 

destroyed in low pH environment, and then loaded drugs released. 
With reference to chitosan or CS derivatives, the late studies exhibit 

great superiority in delivering siRNA and/or chemotherapeutics (Miao 
et al., 2019; Musalli et al., 2020; Yin et al., 2020). Compared with siRNA, 
shRNA could offer persistent degradation of a target RNA via a plasmid 
DNA vector, however, its large molecular weight (siRNA is commonly 
only 21 bp) put forward higher request to gene vehicle for protection 
and delivery. To our acknowledge, a rare research of the chitosan or CS 
derivatives which can not only successfully co-deliver shRNA and che
motherapeutics, but also exhibit targeted and redox/pH-responsive 
release cargoes has been reported. Hence, in this study, we innova
tively constructed the folic acid grafted CS-grafted disulfide-containing 
PEI copolymer-based silica nanohybrids (FA-PEG-CS-PEI/SN) for 
co-delivering P-shRNA and paclitaxel to reverse MDR and enhance 
chemotherapeutic efficacy in breast cancer cells, as illustrated by 
Scheme 1. Our hypothesis is as follows: Folic acid as the targeting head, 
could mediate FA-PEG-CS-PEI/SN to be selective taken up by breast 
cancer cells. P-shRNA was condensed on the surface via FA-PEG-CS-PEI 
and drugs can be loaded into the internal channels of nanoparticles 
through CTAB micelles. Therefore, these hybrid nanoparticles could 
remain well stable in the blood circulating system. Once endocytosis by 
tumor cells in the reducing (GSH) intracellular environment, 
FA-PEG-CS-PEI on the surface of nanoparticles could be disaggregated to 
fragments of low molecular weight polymers and release DNA cargoes 
owing to disulfide linkages. Besides, paclitaxel, loaded in the hybrid 
nanoparticles, exhibited pH-triggered cargo release contributing to that 
CTAB micelles would be disrupted and loaded drugs released in low pH 
environment. Thus, our constructed FA-PEG-CS-PEI/SN would possess 
FA-mediated targeting for breast cancer cells, well pH-sensitive drug 
release behaviors and excellent GSH response characteristics for 
releasing P-shRNA to achieve synergistic therapeutic strategy for 
multidrug resistant breast cancer cells. 

2. Experimental Section 

2.1. Materials 

Paclitaxel (PTX) was obtained from Xi’an Haoxuan. 3,3’-Dithiodi
propionic acid was obtained from Tokyo. Chitosan oligosaccharide (Mw 
= 3000 Da) were obtained from Haidebei Marine. N-hydrox
ysuccinimide (NHS), 1-Ethyl-3-(3-dime-thylaminopropyl) carbodiimide 
hydrochloride (EDC), DMSO, MTT, methyl(3-trihydroxysilylpropoxy) 
phos-phinate, RPMI1640 (free folic acid), folic acid, Anti-β-actin and 
HRP Goat Anti-Rabbit (IgG) secondary antibody were purchased from 
Sigma-Aldrich. Tetraethyl orthosilicate (TEOS, 98%), branched poly
ethylenimine (PEI, Mw = 1800 Da) and Cetyltrimethylammonium 
bromide (CTAB, 99%) were purchased from Alfa Aesar. mPEG-NH2 (Mw 
= 2000 Da) and NH2-PEG-NH2 (Mw = 2000 Da) were obtained from 
Aladdin. Dnase I, glutathione (GSH) and heparin were purchased from 
Roche. Anti-P Glycoprotein antibody was purchased from Abcam. 
Ammonium fluoride Fluorescein isothiocyanate (FITC) was obtained 
from Klontech. (NH4F, 96%) was purchased from Sinopharm. SanPrep 
Column Plasmid Mini-Preps Kit was provided by Sangon Biotech. 0.25% 
(w/v) trypsin solution, penicilline-streptomycin and RPMI1640, fetal 
bovine serum (FBS) were purchased from Gibco. First Strand cDNA 
Synthesis Kit was purchased from Fermentas. Annexin V-FITC Apoptosis 
Detection kit was provided by KeyGen. The protein Marker (with mo
lecular weight of 11-245 KD) was provided by Solarbio. 

Cell culture: Human breast cancer MCF-7 cell and its multidrug- 
resistant cell (MCF-7/ADR) were cultured in RPMI1640 medium (free 
folic acid), supplemented with 10% FBS,100 U/mL of penicillin and 100 
mg/mL of streptomycin. All cells were cultured in incubators main
tained at 37 ◦C with 5% CO2 under fully humidified conditions. All ex
periments were performed on cells in the logarithmic phase of growth. 

L. Jia et al.                                                                                                                                                                                                                                       



Carbohydrate Polymers 251 (2021) 117008

3

2.2. Synthesis of FA-PEG-NH2, CS-COOH and FA-PEG-CS-PEI polymer 

2.2.1. Synthesis of FA-PEG-NH2 
25 mg of folic acid (FA) was dissolved in DMSO (5 mL), and then NHS 

(14 mg) and EDC (23 mg) were added. After stirring for 1 h, NH2-PEG- 
NH2 was added and the mixture was stirred for another 24 h. The 
product was purified by dialysis and then freeze-dried. The product was 
denoted as FA-PEG-NH2. 

2.2.2. Synthesis of CS-COOH 
CS-COOH was synthesized according to a process that we previously 

reported (Jia et al., 2013). Briefly, 3,3’-dithiodipropionic acid (1 g) was 
dissolved into 5 mL of acetylchloride and refluxed for 2 h at 65 ◦C. After 
cooling down to ambient temperature, solvent was evaporated. Then, 

diethyl ether was used to precipitate the residue and washed repeatedly. 
The obtained product 3,3’-dithiodipropionic anhydride was dried 
overnight in a vacuum desiccator and applied directly in next step. CS 
powder (80 mg) was dissolved into 25 mL of distilled water following 
diluting with 10 mL of DMF. Then, 192 mg of 3,3’-dithiodipropionic 
anhydride was dissolved into DMF (10 mL) and added dropwise, and 
stirred for 8 h at ambient temperature. After purified by dialysis, the 
obtained product was collected by freeze-dried and denoted as 
CS-COOH. 

2.2.3. Synthesis of FA-PEG-CS-PEI copolymer 
The obtained CS-COOH was dissolved into distilled water (20 mL), 

and then NHS (115 mg) and EDC (191.7 mg) were added. After the re
action was stirred for 30 min at ambient temperature, FA-PEG-NH2 (125 

Scheme 1. Construction and mechanism illustration of folic acid-mediated chitosan oligosaccharide derivatives based nanohybrids for delivering Paclitaxel and 
P-shRNA. 
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mg) was added and stirred for another 30 min. Subsequently, 10 ml of 
PEI1.8k solution was added to the mixture. After the reaction was stirred 
for 24 h, the obtained product was dialyzed, collected by freeze-dried, 
and denoted as FA-PEG-CS-PEI. The copolymer PEG-CS-PEI was con
structed as control and synthesized as described in our previous study 
(Jia et al., 2013). 1H NMR spectra were recorded to identify the struc
tures of copolymers (on Varian inova, USA). 

2.3. Synthesis of drug-loaded FA-PEG-CS-PEI/SN 

The Paclitaxel (PTX) loaded silica nanoparticles (SN) with phos
phoryl group (PTX-loaded SN-PO4

3-) were prepared by the method of in 
situ self-assemble drug loading. The details are as follows. PTX (4 mg) 
and CTAB (100 mg) were dispersed in the distilled water and the 
mixture was stirred vigorously to obtain a clear solution at 75 ◦C. Sub
sequently, NH4F was added dropwise to accelerate silica resources hy
drolyzed and condensate. After 360 μL of TEOS was added, under a 
lucifugal condition, the reaction was stirred for 1 h. Then, 60 μL of 
methyl (3-trihydroxysilylpropoxy) phosphinate was added and reacted 
for another 30 min. Nanoparticles were collected through the method of 
centrifugation (10 min, 14000 rpm). Then, the obtained PTX-loaded SN- 
PO4

3- were washed by ethanol and water to remove the unloaded CTAB 
and PTX. As for the blank SN-PO4

3-, the process was the same described as 
above, except that the drug was not added and the CTAB was removed 
by refluxing in a mixture of 5 mL of hydrochloric acid (11.9 M) and 40 
mL of ethanol. 

The PTX-loaded SN-PO4
3- or the blank SN-PO4

3- was re-dispersed into 
water, and then the FA-PEG-CS-PEI copolymer was added dropwise 
following stir for 4 h. The uncombined copolymer was removed through 
centrifugation and the obtained hybrid nanoparticles was denoted as 
PTX-loaded FA-PEG-CS-PEI/SN or blank FA-PEG-CS-PEI/SN. PTX- 
loaded PEG-CS-PEI/SN was constructed as control. 

2.4. DNA binding efficiency of FA-PEG-CS-PEI/SN 

To assess DNA condensation ability of the FA-PEG-CS-PEI/SN or 
PEG-CS-PEI/SN, DNA binding efficiency was studied. Briefly, 0.1 μg of 
plasmid (6 μL) was blended with required amounts of nanoparticles to 
obtain 5, 10, 15, 20, 30, 40 and 50 N/P ratios, which were ratios of total 
nitrogen atoms (N) of nanoparticles to phosphate groups (P) of P-shRNA. 
Obtained complexes were simultaneously electrophoresed in 1% 
agarose gel, and naked P-shRNA was set as control. Gel electrophoresis 
was run in TAE buffer at room temperature for 20 min at 150 V. Bio-Rad 
Molecular Imager (ChemiDocTM XRS+) was applied to visualize DNA 
bands. 

2.5. Dnase I protection Test 

For excellent gene delivery, gene cargoes are able to be protected 
from enzymatic degradation by successful carriers. Dnase I protection 
test was applied to determine DNA protection efficiency of FA-PEG-CS- 
PEI/SN relative to positive control polymer PEI25k at room temperature. 
Briefly, nanoparticle complexes were constructed as above described 
and then exposed to Dnase I (1U/μg P-shRNA). After incubating for 30 
min, 8 μL of EDTA (pH 8.0, 0.5 M) was added to inactivate Dnase I. 
Subsequently, heparin (3 μL) was added and incubated for another 5 
min. Agarose gel electrophoresis was performed to assess P-shRNA 
integrity as described above. 

2.6. Construction and characterization of PTX and P-shRNA-loaded FA- 
PEG-CS-PEI/SN 

2.6.1. Construction of PTX and P-shRNA-loaded FA-PEG-CS-PEI/SN 
The PTX-loaded FA-PEG-CS-PEI/SN and P-shRNA was mixed in 

which the N/P ratio is 20, and incubated for 30 min at room temperature 
to obtained the co-loaded PTX and P-shRNA FA-PEG-CS-PEI/SN. 

2.6.2. Particle size, morphology measurement and ζ-potential 
ζ-potential and Particle size were measured by nanoparticle sizing 

measurement (Beckman Coulter, Delsa nano). Transmission electron 
microscope (JEM-1011, JEOL, Japan) was applied to observe mor
phologies of nanoparticles. Each sample was properly diluted to test 
with a suitable concentration, and all formulations was determined in 
triplicate. 

2.6.3. Drug loading determination 
Drug loading content was determined by detecting PTX in the su

pernatant after drugs thoroughly releasing from nanoparticles. The 
HPLC system was as below: Agilent 1100 series (Agilent), determination 
wavelength at 227 nm, Phenomenex-ODS column (5 mm, 150 mm ×
4.60 mm), mobile phase of double-distilled water/acetonitrile (55/45, 
v/v) and 1.0 mL/min flow rate. Drug loading content was calculated as 
following equation: 

Drug loading content (%) =
Mass of drugs in nanoparticles
Initial mass of nanoparticles × 100% 

2.7. The Redox-responsive Destabilization and In vitro release of P- 
shRNA 

The stability of co-loaded PTX and P-shRNA FA-PEG-CS-PEI/SN in 
response to 10 mM GSH was determined. In brief, 10 mM GSH solution 
was established to simulate intracellular redox conditions microenvi
ronment and hybrid nanoparticles were added. Particle sizes of hybrid 
nanoparticles in suspensions were monitored at 0 h, 0.5 h, 1 h, 2 h, 4 h, 6 
h, 8 h and 12 h, respectively. The colloidal stability of co-loaded PTX and 
P-shRNA FA-PEG-CS-PEI/SN in 150 mM NaCl was also studied as 
control. 

To determine whether our reducible copolymers on the surface of 
nanoparticles were adequate to facilitate release of P-shRNA in 10 mM 
GSH solution, agarose gel electrophoresis was performed to assess 
amounts of released P-shRNA in the presence of heparin. Co-loaded PTX 
and P-shRNA FA-PEG-CS-PEI/SN were incubated in 10 mM GSH for 2 h 
and heparin (1 μL) was added. Other experimental conditions were 
consistent as described above. 

2.8. In vitro drug release assay 

The drugs release from co-loaded PTX and P-shRNA FA-PEG-CS-PEI/ 
SN was investigated by the dialysis method. The “sink condition” was 
established by adding tween 80 into release mediums, which were acetic 
buffer solutions (pH 5.0, ABS) and phosphate buffer solutions (pH 7.4, 
7.0, 6.5, PBS) containing Tween 80 (0.5% (w/v)) to simulate tumor and 
normal environments. Briefly, 2 mL of hybrid nanoparticles resus
pension (loading 0.4 mg of drugs) was thrown into pre-swelled dialysis 
bags (MWCO = 8000–12000 Da), and subsequently, sealed dialysis bags 
were immersed into release medium at 37 ◦C. These release mediums 
were shaken in a light-sealed condition at the speed of 100 rpm. At 
different time intervals, samples of 1 mL were withdrawn and equal 
volumes of fresh release medium was immediately re-added. The con
centration of PTX in samples was measured by the HPLC method as 
described above. 

2.9. Evaluation of cytotoxicity of blank FA-PEG-CS-PEI/SN 

Cytotoxicity of blank PEG-CS-PEI/SN and FA-PEG-CS-PEI/SN was 
measured using MTT assay in MCF-7/ADR. MCF-7/ADR cells were 
seeded at the density of 8000 cells/ 100 μL/well in 96-well plates. After 
24 h incubation, blank nanoparticles were added at different particle 
concentrations. After incubated for 72 h, 20 μL of MTT was added to 
each well and incubated for another 4 h, and subsequently the medium 
was removed. Developed formazan crystals were dissolved by adding 
200 μL of DMSO and the absorbance was measured at 570 nm using Bio- 
Rad680 microplate reader. 
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2.10. In vitro intracellular uptake of FA-PEG-CS-PEI/SN 

Intracellular uptake and distribution of FA-PEG-CS-PEI/SN were 
investigated via fluorescent microscopy. To label nanoparticles, FITC 
was applied as the fluorescence probe. In brief, 4 mg of FITC dissolved in 
2 mL of absolute ethanol and added dropwise into the FA-PEG-CS-PEI/ 
SN dispersion with stirring for 12 h. FITC-labeled nanoparticles were 
subsequently harvested via centrifugation for 10 min at 14000 rpm. The 
obtained FITC-nanoparticles were dispersed into RPMI1640 medium 
(free folate) with a concentration of 10 μg/mL. When the growth density 
of MCF-7/ADR cells is at 60-70%, 1 mL of nanoparticle suspensions was 
added. After incubation for 1 h and 4 h, the medium was removed and 
cells were washed to remove residual nanoparticles by phosphate buffer 
saline. Then, the nucleus was stained by Hoechst 33342. Samples were 
observed via fluorescent microscopy. 

The competitive binding test of free folic acid was also carried out to 
investigate roles of folate receptor in endocytosis of hybrid nano
particles. MCF-7/ADR cells were firstly treated with 1 mM folic acid and 
then incubated with hybrid nanoparticles for 4 h. The intracellular up
take rate was detected through flow cytometry. 

2.11. RT-PCR 

Untreated and nanoparticles-treated cells were dealt with TRIzol 
reagent (Invitrogen) to extract total RNA. According to the manufac
turer’s instruction, cDNAs were synthesized by using the First Strand 
cDNA Synthesis Kit (Fermentas). The resulting cDNA was amplified by 
PCR using Taq DNA polymerase kit. PCR was conducted in a 50 μ L of 
reaction mixture according to the manufacturer’s instruction, and 
cycling parameters included initial denaturation at 94 ◦C for 5 min, 
followed by 30 amplification cycles of 94 ◦C for 30 s, 58 ◦C for 30 s, and 
72 ◦C for 1 min, and a final extension for 10 min at 72 ◦C. MDR1 forward 
and reverse primers were 5′-GGGAGCTTAACACCCGACTTA-3′ and 5′- 
GCCAAAATCACAAGGGTTAGCTT-3′, respectively. The GAPDH primer 
was used as internal control, and forward and reverse primers were 5′- 
CAAGGTCATCCATGACAACTTTG-3′ and 5′-GTCCACCACCCTGTTGCTG
TAG-3′, respectively. Amplified products were separated on 1% agarose 
gels containing ethidium bromide and observed via Bio-Rad Molecular 
Imager (ChemiDocTM). 

2.12. Western blot 

The P-gp silencing efficiency of different P-shRNA and drug-loaded 
nanoparticles was assessed by the method of Western blotting. Briefly, 
cells were seeded and treated with different formulations. Subsequently 
cells were harvested and lysed in the lysis buffer (the lysis buffer consists 
of 5 mM tris, 15 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 5 mM sodium 
pyrophosphate, 50 mM NaF, 1 mM Na3O4, 1 mM β-glycerolphosphate, 5 
μg/ml leupeptin, 1% Triton x-100 and 1 mM PMSF). The protein con
centration was determined through the BCA assay. The protein sample 
was mixed with loading buffer, separated using 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and transferred onto poly
vinylidene difluoride (PVDA) membranes. After immersed in blocking 
buffer, the membrane was incubated with primary antibody at 4 ◦C 
overnight and then incubated with secondary antibody at 37 ◦C for 1 h. 
The bands were finally visualized using enhanced chemiluminescence. 
β-actin was used as internal control. 

2.13. Cell apoptosis 

Cell apoptosis rate was analyzed by flow cytometry. MCF-7/ADR 
cells were treated with co-loaded PTX and P-shRNA FA-PEG-CS-PEI/ 
SN at the PTX concentration of 20 nM, 40 nM and 80 nM, respec
tively. As a control, MCF-7/ADR cells were also exposed to co-loaded 
PTX and P-shRNA PEG-CS-PEI/SN with the PTX concentration of 20 
nM, 40 nM, 80 nM, and free PTX at the concentration of 80 nM, 

respectively. After treating for 48 h, MCF-7/ADR cells were harvested 
and 400 μL of binding buffer was added. Subsequently, 5 μL of PI and 5 
μL of Annexin V-FITC were added and incubated for 15 min at 25 ◦C in 
the dark. Samples were assessed using flow cytometer. 

2.14. In vitro anti-tumor studies 

MCF-7/ADR cells were seeded at the density of 8000 cells/ 100 μL/ 
well in 96-well plates. After 24 h incubation, blank nanoparticles were 
added at different particle concentrations. After incubated for 72 h, 20 
μL of MTT was added to each well and incubated for another 4 h, and 
subsequently the medium was removed. Developed formazan crystals 
were dissolved by adding 200 μL of DMSO and the absorbance was 
measured at 570 nm using Bio-Rad680 microplate reader. 

Antitumor activities in MCF-7 and MCF-7/ADR cells were deter
mined by the MTT assay. Briefly, MCF-7/ADR and MCF-7 cells were 
seeded in 96-well plates, respectively. After 24 h incubation, designated 
wells were exposed to different concentrations of nanoparticles or free 
drugs. After treated for 72 h, 20 μL of MTT were added to each well and 
incubated for another 4 h, and subsequently the medium was removed. 
Developed formazan crystals were dissolved by adding 200 μL of DMSO 
and the absorbance was measured at 570 nm. Cell inhibitory rate was 
calculated as follows: 

Cell inhibitory rate =(1-Abs570treated cells / Abs570control cells)×100% 
IC50 is defined as the drug concentration required inhibiting cell 

growth by 50% compared with untreated controls. 

3. Results and Discussions 

3.1. Synthesis and Characteristics of FA-PEG-CS-PEI 

In this study, folic acid (FA) was grafted to the polymer to improve 
effectively targeting to multidrug-resistant breast cells. In brief, folic 
acid was firstly activated by NHS ester, and NH2-PEG-NH2 was added 
into the reaction to obtained FA-PEG-NH2. Meanwhile, 3,3’-dithiodi
propionic acid was dehydrated to form anhydride to react with the 
amino groups in CS for obtaining CS-COOH. Then the CS-COOH was 
reacted with NHS ester, and FA-PEG-NH2 was added. After reaction for 
0.5 h, PEI1.8k solution was added into the mixture for reacting another 
24 h to obtain the final product FA-PEG-CS-PEI. The process was illus
trated as Scheme 1. PEG-CS-PEI was synthesized as control. The struc
ture confirmation of these polymers was resorted to1H NMR spectra. As 
can be seen from Fig. 1, the characteristic peaks at 2.39–2.44 and 
2.7–2.74 ppm were the signals of –CH2CH2S–, indicating 3,3’-dithiodi
propionic acid grafted to the CS chain. Successful synthesis of FA-PEG- 
CS-PEI was confirmed by the characteristic peaks of –CH2CH2O– 
showed at 3.4–3.5 ppm, –NHCH2CH2– appeared at 2.5–3.0 ppm, aro
matic nucleus of folic acid exhibited at 6.5–8.0 ppm and newly formed 
–CONH– discovered at 8.2–8.6 ppm implying PEG, PEI and folic acid 
were grafted to CS-COOH, respectively. As for PEG-CS-PEI, the charac
teristic peaks of PEG and PEI were all discovered, except folic acid. A 
buffer solution (0.2 M sodium acetate: 0.2 M acetic acid = 47 : 58) was 
applied as eluent at flow rate of 1 mL min-1. The molecular weight of FA- 
PEG-CS-PEI copolymer was 24.1 kDa (Mw) measured by GPC with a PDI 
of 1.27. 

Folic acid can specifically and strongly adhere to folate receptors 
which are overexpressed on the surface of breast cancer cells to mediate 
nanoparticles endocytosis (Xu, Bai, Zhang, & Yang, 2017). Thus, it is 
important for the content of folic acid in the polymers. The content of 
folic acid in FA-PEG-CS-PEI could be determined by UV Spectropho
tometry. According to the regression equation (A = 0.0793 C-0.0038 (r 
= 0.9999)), the content of folic acid in FA-PEG-CS-PEI is 7.68%. 

3.2. DNA binding efficiency and Dnase I protection assay 

To investigate DNA loaded ability of FA-PEG-CS-PEI/SN or PEG-CS- 
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PEI/SN, DNA binding assay was performed. FA-PEG-CS-PEI/SN was the 
hybrid nanoparticles consisting of organic and inorganic materials. The 
cationic polymers on the surface of the nanoparticle provided a large 
number of positive charges which could be combined with negatively 
charged P-shRNA, so as to achieve codelivery of drugs and P-shRNA. We 
evaluated the ability of our fabricated hybrid nanoparticles to complex 
P-shRNA using agarose gel electrophoresis. It can be seen from Fig. 2(A) 
that the N/P ratio≥10:1 implied PEG-CS-PEI/SN effectively binding to 
P-shRNA. Compared with PEG-CS-PEI/SN, the binding ability of FA- 
PEG-CS-PEI/SN was slightly reduced (Fig. 2(B)). It was probably 
attributed to graft folic acid on the polymers to shield some of the 
positive charge. When the N/P ratio was equal to or greater than 15:1, 
the nanoparticles could be effectively combined with P-shRNA. It was 
deduced that low molecular weight PEI1.8K was effectively grafted based 
on CS as the backbone of carrier and our constructed copolymers on the 
surface of hybrid nanoparticles exhibited superior P-shRNA binding 
capacity. 

Dnase I protection test was applied to evaluate whether FA-PEG-CS- 
PEI/SN could effectively protect P-shRNA from degradation before 
entering into cancer cells. As a positive control, the PEI 25k-P-shRNA 
complex was also treated with DNase I. As shown in Fig. 2(C, D), the 
naked P-shRNA (φ) was completely degraded after incubation with 
DNase I for 30 min. When P-shRNA was loaded with PEG-CS-PEI/SN, its 
ability to resist DNase I was significantly improved. When the N/P ratio 

was 15:1 or more, PEG-CS-PEI/SN could effectively protect P-shRNA. As 
for FA-PEG-CS-PEI/SN, the N/P ratio≥20:1 could provide effective 
protection for P-shRNA. These findings suggest that P-shRNA condensed 
onto our fabricated nanoparticles could be effectively protected. 

3.3. Construction and characterization of codelivery of PTX and P- 
shRNA FA-PEG-CS-PEI/SN 

To co-deliver PTX and P-shRNA, the drugs PTX were solubilized into 
the CTAB micelles in silica nanoparticles via in situ self-assembly 
method and the P-shRNA was complexed with the polymers which 
was coated on the surface of PTX-loaded SN. The morphologies of PEG- 
CS-PEI/SN, FA-PEG-CS-PEI/SN and SN were observed by TEM. As 
illustrated in Fig. 3, all nanoparticles had good dispersion and were 
spherical like. In addition, compared with the transmission electron 
micrograph of MSN (Fig. 3C), the profiles of PEG-CS-PEI/SN and FA- 
PEG-CS-PEI/SN (Fig. 3A, B) were fuzzy and their boundaries were not 
clear, which owed to the surface of the nanoparticles coated by co
polymers. Fig. 3(D–F) exhibited the particle size distribution of nano
particles, and the average particle sizes of PEG-CS-PEI/SN, FA-PEG-CS- 
PEI/SN and SN are 143.2, 138.7 and 92.4 nm, respectively with narrow 
particle size distribution. It was observed that the particle size of SN 
increased after being coated by copolymers. The charge on the surface of 
nanoparticles was measured by the zeta potential. We first measured the 

Fig. 1. The 1H NMR spectra of FA-PEG-CS-PEI.  

Fig. 2. Agarose gel electrophoresis of hybrid nanoparticles prepared at different N/P ratio: (A) PEG-CS-PEI/SN; (B) FA-PEG-CS-PEI/SN; hybrid nanoparticles protect 
P-shRNA from enzymatic degradation at different N/P ratios: (C) PEG-CS-PEI/SN; (D) FA-PEG-CS-PEI/SN. 
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zeta potential of SN which had negative charge owing to PO4
3- on the 

surface of nanoparticles, and the average zeta potential was -38.7 mV. 
After the SN recombining with PEG-CS-PEI or FA-PEG-CS-PEI, the zeta 
potential of obtained hybrid nanoparticles was measured as positive, 
and the average zeta potential was 33.1 and 30.7 mV, respectively, 
indicating the cationic polymers neutralized the negative charge of PO4

3-- 
SN and left a large number of positive charges existed on the surface of 
hybrid nanoparticles. These positive charges could be applied to further 
condense P-shRNA via electrostatic interaction. According to the results 
of DNA binding efficiency and Dnase I protection assay, we constructed 
PTX and P-shRNA co-loaded hybrid nanoparticles with N/P ratio of 20:1 
for further investigation, and their zeta potential and drug loading are 
shown in Table 1. 

3.4. In vitro release of P-shRNA and Redox-responsive Destabilization 

In order to evaluate whether FA-PEG-CS-PEI/SN could effectively 
release P-shRNA in the intracellular reductive microenvironment, 10 
mm GSH solution was used to simulate the reducing microenvironment 
and gel electrophoresis was applied to investigate the response of these 
hybrid nanoparticles to GSH. The results are exhibited in Fig. 4(A, B). In 
the absence of GSH, although the complex was incubated with heparin 
for a certain period of time, it did not release P-shRNA. Nevertheless, P- 
shRNA could be effectively released from hybrid nanoparticles in 10 mM 
GSH condition. Therefore, it was deduced that disulfide linkages in co
polymers on the hybrid nanoparticles were relatively stable in the 
extracellular environment, but once nanoparticles endocytosis by cancer 
cells, disulfide linkages were cleaved to form CS and PEI1.8K fragments 
under the reducing intracellular environment, which could not compress 
the plasmid effectively owing to the low charge density and P-shRNA 
could be effectively released. 

The change of the particle size of FA-PEG-CS-PEI/SN in 10 mM GSH 
solution was also monitored to predict the stability of hybrid 

nanoparticles in cancer cells. As exhibited in Fig. 4(C), the particle size 
of FA-PEG-CS-PEI/SN in nonreducing environment (150 mM NaCl) was 
almost unchanged after 12 hours, showing good stability. However, with 
the increase of incubation time in 10 mM GSH solution, the particle size 
of nanoparticles increased first and then decreased. It could be explained 
that the disulfide bonds of the copolymer on the surface of nanoparticles 
gradually broke and the structure became loose with the action of GSH. 
Through dynamic light scattering detection, the particle size gradually 
increased and the maximum particle size was 185 nm at 6 h. Then the 
broken fragments such as PEG and PEI1.8K gradually separated from the 
nanoparticle surface and integrated into the dispersion medium, and 
hence the copolymer layer on the nanoparticle surface became thin. 
Then, the overall particle size of the nanoparticles decreased by dynamic 
light scattering detection, and the particle size was 154 nm at 12 h. The 
above results revealed that our fabricated hybrid nanoparticles 
possessed excellent GSH response characteristics, which could maintain 
good stability outside cancer cells to protect P-shRNA from enzyme 
degradation. Once into the cell, under the effect of GSH, the P-shRNA 
could be effectively released to silence the mRNA and knock down the 
expression of P-gp. 

The stability of FA-PEG-CS-PEI/SN in PBS (pH 7.4) as well as 
RPMI1640 + 10% FBS for 7 days was investigated. As displayed in 
Fig. S1, the particle size of these nanohybrids remained almost un
changed in PBS for 7 days and only slight fluctuation in RPMI1640 +
10%FBS, which suggested that these nanohybrids were stable in physi
ological environments and could protect their cargos within circulation. 

3.5. In vitro release of PTX from FA-PEG-CS-PEI/SN 

It is well known that diseased tissues (inflammation, tumors and 
ischemia) possess the acidic environment. Besides, intracellular organ
elles, such as endosomes and lysosomes, exhibit more acidic pH values 
(6.8–4.5) (Cardone, Casavola, & Reshkin, 2005; Yuan, Peng, Lin, Wang, 
& Zhang, 2019). In this study, PTX released from hybrid nanoparticles in 
vitro were performed in various pH buffers (pH 5.0, 6.5, 7.0 and 7.4), as 
illustrated in Fig. 4(D). In the neutral solution, PTX was released slowly 
and the cumulative release rate of PTX was only 7.9% at 72 hours. When 
the release medium was weak acid, the release rate of the drug was 
obviously accelerated. In the release medium of pH 5.0, the cumulative 
release rate of PTX was 54.1% at 72 hours. The above results exhibited 
that FA-PEG-CS-PEI/SN exhibited excellent pH- pH-stimuli release, 
which may be relevant to CTAB micelles in the nanopore. CTAB micelles 
are stable in the neutral media, while cations in CTAB could swap with 
protons in the acidic environment, which make the micelles more easily 
destroyed (Huo, Margolese, Ciesla, Feng, Gier, Sieger, Leon, Petroff, 
Schüth, & Stucky, 1994). PTX was incorporated into CTAB micelles via 

Fig. 3. The TEM images of(A)PEG-CS-PEI/SN,(B)FA-PEG-CS-PEI/SN,(C)SN; the particle size distributions of(D)PEG-CS-PEI/SN；(E)FA-PEG-CS-PEI/SN；(F)SN.  

Table 1 
Characterization parameters of nanoparticles  

Nanoparticles Particle 
size (nm) 

Polydispersity 
index 

Zeta 
potential 
(mV) 

Drug 
loading 
(%) 

MSN 92.4 ± 8.2 0.107 ± 0.005 − 38.7 ±
2.36 

8.35 ±
0.67 

PEG-CS-PEI/SN 
(N/P = 20) 

143.2 ±
11.3 

0.112 ± 0.003 +11.42 ±
1.45 

7.82 ±
0.34 

FA-PEG-CS-PEI/ 
SN (N/P = 20) 

138.7 ±
10.7 

0.116 ± 0.004 +9.87 ±
1.32 

7.43 ±
0.29  
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in situ self-assemble drug loading method in the FA-PEG-CS-PEI/SN. 
CTAB micelles containing drugs exhibit more stability in the neutral 
media, and either CTAB molecules or drugs are difficult to escape from 
nanopores of FA-PEG-CS-PEI/SN. However, in the sites of tumors or 
uptake by tumor cells, structures of micelles are disrupted, and drugs 
and CTAB molecules have more chances to be released from nanopores 
of hybrid nanoparticles. Therefore, CTAB is not only as the part of hybrid 
nanoparticles but also the pH-stimuli switch to control the release of 
drugs that led to FA-PEG-CS-PEI/SN possessed well pH-sensitive release 
drug behaviors. 

To evaluate whether FA-PEG-CS-PEI/SN possessed redox-stimuli 
responsive drug release properties, nanohybrids were dispersed in the 
different release medium: pH 7.4 PBS with 10 mM GSH, pH 7.0 PBS with 
10 mM GSH, pH 6.5 PBS with 10 mM GSH and pH 5.0 PBS with 10 mM 
GSH, respectively. As shown in Fig. S2, the cumulative release of PTX 
was further improved in presence of GSH at the same pH environment. 
The reasons are as follows. In presence of high concentration of GSH, the 
disulfide bonds of FA-PEG-CS-PEI/SN were broken, the broken frag
ments such as PEG and PEI1.8K gradually separated from the nano
particle surface and hence the copolymer layer on the nanoparticle 

Fig. 4. Redox-induced release of P-shRNA from(A)PEG-CS-PEI/SN；(B)FA-PEG-CS-PEI/SN; (C)the influence of GSH on particle size of polyplexes prepared form FA- 
PEG-CS-PEI/SN; (D)in vitro release profiles of PTX from FA-PEG-CS-PEI/SN at different pH values. 

Fig. 5. Cell uptake of (A) FITC-PEG-CS-PEI/SN at 1 h; (B) FITC-PEG-CS-PEI/SN at 4 h; (C) FITC-FA-PEG-CS-PEI/SN at 1 h; (D) FITC-FA-PEG-CS-PEI/SN at 4 h; (E) 
Fluorescence intensity of cells analyzed by flow cytometric after treated with nanoparticles at 4 h; (F) Cell viabilities of blank nanoparticles in MCF-7/ADR cells (n 
= 3). 
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surface became thin, which allowed the fast release of PTX from the 
nanohybrids to the release medium. Although cumulative release of PTX 
could be improved in 10 mM GSH, the pH environment is the dominant 
factor in drug release of these nanohybrids. 

3.6. Biocompatibility and uptake of hybrid nanoparticles 

The cytotoxicity and intracellular uptake of FA-PEG-CS-PEI/SN and 
PEG-CS-PEI/SN were investigated in multidrug resistant cells MCF-7/ 
ADR. The MTT assay used for evaluating blank hybrid nanoparticles 
cytotoxicity shows that as high as 80 μg/ml nanoparticles had no 
obvious toxicity to both PEG-CS-PEI/SN (PEG-NP) and FA-PEG-CS-PEI/ 
SN (FA-NP) group, with cell viability higher than 85% after 72 h treat
ment (Fig. 5(F)). There was no significant difference in cytotoxicity 
between PEG-CS-PEI/SN and FA-PEG-CS-PEI/SN (P > 0.05). Therefore, 
the hybrid nanoparticles exhibited well biocompatibility. 

Fluorescence microscopy was applied to observe the uptake of FITC- 
labeled hybrid nanoparticles. MCF-7/ADR cells were incubated with 
FITC labeled PEG-CS-PEI/SN and FA-PEG-CS-PEI/SN, and photo
graphed at 1 h and 4 h, respectively. As shown in Fig. 5, slight fluores
cence was observed in the PEG-CS-PEI/SN group (Fig. 5A) at 1 h, but the 
FA-PEG-CS-PEI/SN group (Fig. 5B) had obvious fluorescence uptake, 
indicating that grafting folic acid on the hybrid nanoparticles was 
conducive to the rapid uptake of the nanoparticles by cells. With the 
prolongation of incubation time (at 4 h), the green fluorescence of both 
hybrid nanoparticle groups increased significantly, while the uptake of 
targeted nanoparticles was the highest (Fig. 5D). In order to further 
investigate the role of folate receptor in the process of FA-PEG-CS-PEI/ 
SN uptake by MCF-7/ADR cells, the competitive binding test of free folic 
acid was carried out. As shown in Fig. 5(E), when FA-PEG-CS-PEI/SN 
was incubated with cells for 4 hours, the fluorescence uptake rate was 
93%. However, MCF-7/ADR cells were treated with 1 mM free folic acid 
first, the fluorescence uptake rate of the targeted nanoparticles group 
was significantly reduced to 65.8%, but there was no significant dif
ference between PEG-CS-PEI/SN groups. The results revealed that the 
increased uptake of FA-PEG-CS-PEI/SN was probably due to the folate 
receptor mediated endocytosis. 

3.7. RT-PCR and Western blot 

The downregulation of P-gp using small RNA interference technol
ogy has been considered as a potential therapeutic option for reversing 
multidrug resistance in cancer cells (Lage & Hermann, 2006). In this 
test, the MDR1 gene silencing effect was determined by MDR1 mRNA 
levels using RT-PCR and amplified products were separated on agarose 
gels. MDR1 mRNA expression was firstly detected in resistant and sen
sitive cell lines without treatment. As shown in Fig. 6(A and B), MDR1 

mRNA was overexpressed in the resistant cell line MCF-7/ADR, while 
MDR1 mRNA expression was almost not detected in the sensitive cell 
line MCF-7. After MCF-7/ADR cells were treated with hybrid nano
particles, both PEG-CS-PEI/SN and FA-PEG-CS-PEI/SN group signifi
cantly interfered with MDR1 mRNA, among which the 
FA-PEG-CS-PEI/SN (at N/P = 30) induced a 78% decrease of MDR1 
mRNA. We also assessed the efficiency of FA-PEG-CS-PEI/SN in inhib
iting P-gp expression in the MCF-7/ADR cell lines by western blot. The 
results are exhibited in Fig. 6(C). P-gp was overexpressed in the resistant 
cell line MCF-7/ADR, but almost no P-gp was detected in the sensitive 
cell line implying MCF-7/ADR cells had serious drug resistance in this 
study. We investigated the effect of hybrids nanoparticles on the 
expression of P-gp in MCF-7/ADR cells and the results are consistent 
with RT-PCR. Namely, our synthesized nanoparticles could significantly 
inhibit the expression of P-gp and induced 33%, 49% and 63% decrease 
at PEG-CS-PEI/SN (N/P = 20:1), FA-PEG-CS-PEI/SN (N/P = 20:1) and 
FA-PEG-CS-PEI/SN (N/P = 30:1) group, respectively. Thus, the results 
indicated that the FA-PEG-CS-PEI/SN could effectively deliver P-shRNA 
into MCF-7/ADR cells, and showed high gene silencing efficiency at the 
targeted mRNAs to downregulate the expression of P-gp. 

3.8. Cell apoptosis assay 

To investigate apoptotic effects of our constructed nanoparticles 
quantitatively, flow cytometer was performed to determine percentages 
of cell apoptosis. As in Fig. 7, the mean percentage of early and late 
apoptosis of MCF-7/ADR cells treated with PTX solution at the con
centration of 80 nM was 0.62%, suggesting that cells possessed drug 
resistance, and almost no apoptosis occurred. Compared with free PTX 
group, PEG-CS-PEI/SN formulations markedly increased the apoptosis 
rate and the average apoptosis rate was 21.99% at the PTX concentra
tion of 80 nM, which was significantly higher than that of the PTX so
lution group (P < 0.01). As for the targeted formulations FA-PEG-CS- 
PEI/SN group, the apoptosis rate increased with the increase of drug 
concentration, and the average apoptosis rate was 30.26% and 48.06% 
at the drug concentration of 40 nM and 80 nM, respectively, which were 
significantly higher than that of PEG-CS-PEI/SN group (P < 0.01). It was 
deduced that the hybrid nanoparticles were additionally taken up 
though folic acid via endocytosis, and subsequently loaded P-shRNA 
released and inhibited the function of P-gp efflux pump to increase 
intracellular numbers of nanoparticles finally leading to cell apoptosis 
enhancement. 

3.9. In vitro reversal MDR and antitumor activities 

On the basis of the results above, FA-PEG-CS-PEI/SN was proved to 
possess an excellent capability for co-delivering P-shRNA and PTX. In 

Fig. 6. Agarose gel electrophoresis of RT-PCR products: (A) MDR1; (B) GAPDH; (C) Western blot for P-gp.  
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this study, we investigated the reversal efficacy and antitumor activities 
of hybrid nanoparticles in MCF-7 cells and MCF-7/ADR cells. Before to 
study antitumor activities of these hybrid nanoparticles, the efficacy of 
free PTX on cytotoxicity of cells was tested. As shown in Fig. 8(B), free 
PTX led to significantly more cytotoxicity on MCF-7 than MCF-7/ADR 
cells. Compared to drug-sensitive MCF-7 cells (IC50 = 88.6 nM), MCF- 
7/ADR cells (IC50 = 3.89 mM) in this study were approximately 44- 
fold more resistant to drugs. Fig. 8(A) illustrates the growth inhibition 
curve of hybrid nanoparticles to MCF-7/ADR cells. It can be seen that the 
inhibition rate of two kinds of nanoparticles to drug-resistant cells is 
higher than that of PTX solution group. Compared with PEG-CS-PEI/SN 
group, two targeted preparations exhibited higher inhibitory effect on 
MCF-7/ADR cells. 

Fig. 7. Flow cytometry analysis of MCF-7/ADR cells after treatment with PEG-CS-PEI/SN with the PTX concentration of (A) 20 nM; (B) 40 nM; (C) 80 nM; and FA- 
PEG-CS-PEI/SN with the PTX concentration of (D) 20 nM; (E) 40 nM; (F) 80 nM; and free PTX with the concentration of 80 nM. 

Fig. 8. In vitro antitumor activities of nanoparticles in MCF-7/ADR cells (A) and PTX solution in both kinds of cells (B).  

Table 2 
IC50 (mean ± S.D.) and resistance reversion index (RRI) of various agents against 
MCF-7 or MCF-7/ADR cells.  

Sample 
MCF-7/ADR cells 

IC50 (nM) RRI 

Free PTX 3.89 × 103±230 - 
PEG-CS-PEI/SN (20:1) 153.1 ± 15.3 25.41 
FA-PEG-CS-PEI/SN (20:1) 114.4 ± 11.6 34.00 
FA-PEG-CS-PEI/SN (30:1) 76.9 ± 4.8 50.59 

The reversal activity is expressed as the resistance reversion index (RRI) calcu
lated according to the following equation: (RRI) = IC50 (free PTX) / IC50 (PTX 

formulations). 
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The IC50 values of different kinds of hybrid nanoparticles to MCF-7/ 
ADR cells are depicted in Table 2, which were 153.1 nM, 114.4 nM and 
76.9 nM for PEG-CS-PEI/SN (N/P = 20:1), FA-PEG-CS-PEI/SN (20:1) 
and FA-PEG-CS-PEI/SN (30:1), respectively. The IC50 values of two 
targeted nanoparticles are significantly lower than that of the common 
nanoparticle (P < 0.05). Such low IC50 of hybrid nanoparticles indicated 
high drug efficiencies against MCF-7/ADR cells, and meanwhile implied 
expected using low amounts of drugs and carriers. It was hinted that our 
hybrid nanoparticles were efficiently taken up by cells and released P- 
shRNA to knock down the expression of P-gp which would inhibit the 
efflux of nanoparticles and increase drug accumulation in cells. In 
addition, it was found that PTX resistance in MCF-7/ADR cells could be 
completely reversed by the FA-PEG-CS-PEI/SN (30:1) and resistance 
reversion index (RRI) was 50.59 (IC50 value of paclitaxel in sensitive cell 
lines is 88.6 ± 8.7 nm). All the in vitro antitumor studies indicated FA- 
PEG-CS-PEI/SN could efficiently co-deliver P-shRNA and PTX into 
breast cancer cells to exert synergistic antitumor activity. 

4. Conclusion 

In this work, we have successfully developed a folic acid mediated 
chitosan oligosaccharide-based disulfide-containing polyethylenimine 
copolymer-based silica nanohybrids for co-delivering P-shRNA and 
paclitaxel to overcoming multidrug resistance of breast cancer cells. The 
hybrid nanoparticles exhibited excellent redox-responsive P-shRNA 
release and pH-sensitive drug release behaviors to protect genes from 
degradation and prevent the premature loss of drugs before entering into 
cancer cells. Besides, folic acid ligands in the copolymer could selec
tively facilitate the internalization of hybrid nanoparticles for breast 
cancer cells through receptor-mediated endocytosis. Moreover, it was 
demonstrated that the FA-PEG-CS-PEI/SN could effectively deliver P- 
shRNA into MCF-7/ADR cells, and showed high gene silencing efficiency 
at the targeted mRNAs to downregulate the expression of P-gp for in
crease of intracellular drug concentration. In the antitumor activity 
study, the proliferation of MCF-7/ADR cells was significantly inhibited 
by PTX and P-shRNA co-loaded hybrid nanoparticles and the resistance 
to paclitaxel was completely reversed. Hence, our constructed hybrid 
nanoparticles have a great potential as a drug delivery platform for 
drugs and genes combination therapy in overcoming cancer multidrug 
resistance. 
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