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Background: Polycation carriers show great foreground in the developing efficient and safe
gene delivery; nevertheless, they are cytotoxic and unstable in vivo because of the excess cationic
charge. PEGylation improves the biocompatibility and stability of polycation, whereas
PEGylation restrains the endosomal escape to some extent.

Materials and methods: To address this issue and promote the transfection in vivo, a pH-
sensitive conjugate folate-polyethylene glycol-carboxylated chitosan (shorten as FA-PEG-
CCTS) was designed and coated on the surface of PEI/NLS/pDNA (PNDs), forming a
versatile gene carrier FA-PEG-CCTS/PEI/NLS/pDNA (FPCPNDs). The novel carrier exhib-
ited a few picturesque characteristics, including (i) neutral surface charge to restrain non-
specific interactions; (ii) folate receptors (FR)-mediated endocytosis to augment cellular
uptake; (iii) dual proton sponge effect to realize endosome escape, and (iv) nuclear localiza-
tion sequences (NLS) to enhance the transfection of pDNA.

Results: FPCPNDs could compress and protect pDNA from degradation. FPCPNDs ener-
getically targeted tumor cells because of their high binding affinity between FA and highly
expressed FR on the tumor surface, accordingly enhancing the cellular uptake. In the acidic
endosomes, FA-PEG-CCTS segment dissociated from PNDs. Then, PNDs realized endoso-
mal escape through the proton sponge effect of PEI. Furthermore, FPCPNDs showed
admirable transfection efficiency with the aid of NLS peptides. What’s more, in vivo studies
revealed that FPCPNDs had supreme antitumor activity among the whole preparations.
Conclusion: In vitro and in vivo assays thus demonstrate that FPCPNDs is a hopeful
strategy for gene delivery.
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Introduction

Gene therapy holds tremendous potentials toward the treatment of inherited diseases.'
The key challenge in the clinical application remains the establishment of efficient and
safe delivery carriers.*”” To date, considerable efforts have been devoted to the devel-
opment of gene carries.*’ Non-viral vectors attract increasing attention on account of
low immunogenicity, safety and flexible structural modification.'® Polyethyleneimine
(PEI), as the representative non-viral vector, has been extensively applied due to the
excellent gene expression and “proton sponges” effect.!’'> However, the transfection
efficiency is far from satisfactory in vivo. In some ways, the unsatisfied expression is
owing to the positive charges on polycations, which will lead to nonspecific interaction

with cells, aggregation with plasma proteins, recognition and clearance by the
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reticuloendothelial system (RES).'® Hence, how to eliminate
the nonspecific interaction and extend the circulation time
becomes an urgent question in the gene delivery.

In order to overcome these problems, polyethylene glycol
(PEG) has been broadly applied for modifying polycations to
reduce the cytotoxicity and prolong the circulation time in
vivo.!”'® Unfortunately, modification of polycations with
PEG restrains the capability of DNA compression and endo-
somal escape, which leads to an obviously reduced transfec-
tion efficiency.'® Previous research showed that pH-sensitive
anionic materials were used as a shell in the gene delivery.?
Carboxylated chitosan (CCTS) is a pH-responsive biomater-
ial with negative charge, which can combine with polyca-
tions/pDNA complexes through the electrostatic interaction.
As a result, it can reduce the (-potential of complexes,
avoiding the aggregation and clearance by blood compo-
nents. In addition, the carboxyl groups of CCTS could be
protonated in the lysosomes, which would make CCTS sepa-
rate from the cationic complexes.®' >

To further lower the side effects on normal cells, it is
essential to increase the cell-specific and intracellular
delivery via attaching the targeting ligands on the surface.
One of the most widely used small molecules is folic
acid (FA). Folate receptors (FR) are over-expressed on
many tumor cells surface, yet are hardly expressed on
normal cells.>* FA possesses a high binding affinity for
FR and the carriers conjugated with FA will be subse-
quently internalized into tumor cells via the receptor-
mediated endocytosis.*’

It has been reported that delivery of exogenous DNA relies
on several steps: internalization into the cells, endosomal
escape and nucleus transport.”® The nucleus import is an
obviously restricted process, while many nucleoproteins pos-
sess the ability to freely enter the nucleus. Common nucleo-
proteins generally carry some nucleus targeting signal
peptides, which are named nuclear localization sequences
(NLS).?"?® NLS could facilitate the transfection of DNA.*
On the side, tumor suppressor gene p53 could regulate normal
cell growth at the level of DNA replication, while its signal
transduction pathway acts a predominant part in cell growth,
senescence and malignancy.*® When p53 gene is affected by
some undesirable factors, like excessive UV radiation, it will
mutate. Mutant p53 not only loses its original tumor-suppres-
sing function, but also leads to tumorigenesis and invasiveness
in vivo.>! In the case, we set out to bring in p53 gene to
perform the antitumor experiment in vivo.

Taken together, we herein constructed a core—shell
structure, which was consisted by pH-sensitive polymer

FA-PEG-CCTS shell and PEI/NLS/pDNA (PNDs) core, to
be a versatile gene delivery FA-PEG-CCTS/PEI/NLS/
pDNA (FPCPNDs) (Figure 1). When FPCPNDs was intra-
venous administration into the blood system, they would
reduce the nonspecific interaction and extend the circulation
time due to the neutral surface charge and the PEG chains.
Meanwhile, they could target the tumor regions via the
enhanced permeability and retention (EPR) effect effect
owing to their nano-sizes.**>* FPCPNDs would be inter-
nalized into tumor cells via the FR-mediated endocytosis. In
the acidic endosomes (pH 5.5), FA-PEG-CCTS segment
would dissociate from PNDs and then PNDs escaped from
endosomes via the proton sponge hypothesis of PEIL
Eventually, DNA is transported to the nucleus with the aid
of NLS peptides. In order to validate these hypotheses, a
series of in vitro and in vivo experiments were carried out to
investigate the antitumor effects of FPCPNDs.

Materials and methods

Materials

NH,-PEG-COOH (Mw=3 kDa), CCTS (Mw=50 kDa, car-
boxylation 60.0%), 1-(3-dimethylaminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDC), PET (Mw=1.8 kDa) and
N-hydroxyl-succinimide (NHS) were obtained from
Aladdin Biochemical Technology Co. Ltd. (Shanghai,
China). Lipofectamine 2000 was purchased from Invitrogen
Life Technologies (USA). Fluorescein isothiocyanate (FITC)
and FA were bought from Sigma-Aldrich (St. Louis, MO,
USA). LysoTracker Red, agarose and Hoechst 33258 were
all gained from Meilun Biotechnology Co. Ltd. (Dalian,
China). The NLS peptide of the SV40 T antigen
(CGGGPKKKRKVED) and a scrambled sequence
(NLS(seryy CGGGPKTKRKVED) were synthesized by
GenScript Corporation (Shanghai, China). FBS and RPMI-
1640 medium were bought from Gibco (Waltham, MA,
USA). Enhanced chemiluminescence was bought from
Thermo Scientific (USA). Wild p53 (5'-GGCTCT
GACTGTACCACCATCCA-3") was designed from miaol-
ing.bio (Beijing, China) extracted using the EndoFree
Plasmid Kit from Qiagen (Germany). The plasmids
pEGFP-C1, pGL3-Control and pDsRed-M-N1 were pur-
chased from Promega (Fitchburg, WI, USA). 4T1 cells and
HepG?2 cells were bought from Nanjing KeyGen Biotech Co.
Ltd. (China). Female BALB/c mice (20+2 g) were obtained
from Shenyang Changsheng Biotechnology Co. Ltd. All
animal experiments were pursuant to the rules of

Experimental Animal Administrative Committee of
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Figure | Schematic illustration of the formation of FPCPNDs and the extracellular and intracellular trafficking for the systemic delivery of plasmid DNA to tumors.
FPCPNDs were internalized by folate receptor-mediated endocytosis. FA-PEG-CCTS dissociates from PNDs in the acidic endosomes and then PNDs escapes from
endosomes through the proton sponge effect. Finally, the plasmid DNA is transported to the nucleus with the aid of NLS due to its nuclear locating ability.

Abbreviations: FPCPNDs, FA-PEG-CCTS/PEI/NLS/pDNA; PNDs, PEI/NLS/pDNA; FA, folate acid; PEG, polyethylene glycol; CCTS, carboxylated chitosan; PEI, poly-

ethyleneimine; NLS, nuclear localization sequences.

Shenyang Pharmaceutical University and the committee
approved the experiments.

Synthesis of FA-PEG-CCTS
The synthetic routes are presented in Figure S1, FA-PEG-

CCTS were synthesized according to the research before.-
3536 1) brief, FA (0.44 g, 1 mmol), triethylamine (0.51 g, 5
mmol), EDC (0.23 g, 1.2 mmol) and NHS (0.14 g, 1.2
mmol) were added in the anhydrous dimethyl sulfoxide
(DMSO) solution and adequately reacted for 6 hrs. Then,
the product FA-NHS was depurated via sediment in cold
diethyl ether. After that proper FA-NHS and COOH-
PEGs3000-NH, were added into 5 mL DMSO solution and
reacted for 36 hrs. Then, for activation of FA-PEG-COOH,
the same proportion of NHS, EDC and TEA were added in
the solution, respectively. After 6 hrs reaction, FA-PEG-
NHS was depurated by sediment in cold diethyl ether.
Then, CCTS and FA-PEG-NHS were added into 5 mL
distilled water and reacted for 48 hrs. Finally, the resultant
product FA-PEG-CCTS was depurated through dialysis

(MWCO 10 kDa) against distilled water for 2 days and
lyophilized. The products were characterized by "H NMR.

Preparation of FPCPNDs complexes
FPCPNDs complexes were prepared with PEI/NLS/pDNA
(PNDs) and FA-PEG-CCTS at different N/P ratios (molar
ratio of PEI-nitrogen atoms to pDNA-phosphate). Briefly,
pEGFP-C1 was mixed with NLS (SV40) at a molar ratio
of 1:1. Then, PEI was added into the solution at different
proportions. FA-PEG-CCTS which was dissolved in the
distilled water was added into the above mixture (at dif-
ferent weight ratios of FA-PEG-CCTS to PEI) and then
incubated for 0.5 hr. PEI/pDNA (PDs), PEI/NLS/pDNA
(PNDs), PEI/NLSscr/DNA (PN(ser)Ds), CCTS/PEI/NLS/
pDNA (CPNDs), PEG-CCTS/PEI/NLS/pDNA (PCPNDs)
and FA-PEG-CCTS/PEI/NLS/pDNA (FPCPNDs) com-
plexes were prepared.

Hoechst 33258 intercalation assay
The encapsulation efficiency (EE%) was determined by
the ultrafiltration method. The complexes solutions at
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different N/P ratios were added into filter devices (50 kD)
and centrifuged (speed: 4000 rpm, time: 10 mins).
Solutions being centrifuged which contained unencapsu-
lated pDNA were collected. Then, solutions were mixed
with Hoechst 33258 solution and quantified by microplate
reader. The fluorescence intensity was assessed at 457 nm
(em) and 353 nm (ex), and calculated the EE through the

following equation:
Encapsulation efficiency(%)= (F, — F,)/F; x 100%,

where F, and F, were defined as the concentration of
total and unloaded pDNA, respectively.

Agarose gel electrophoresis

For the pDNA condensation assay, 10 pulL PDs, PNDs,
CPNDs, PCPNDs and FPCPNDs were added into 0.7%
agarose gel and electrophoresed, respectively. Then, gel
was stained by ethidium bromide (10 pg/mL) and pictures
were obtained by Tanon 2500R automatic digital gel
image analysis system.

For the heparin replacement experiment, 5 plL heparin
(10 U/puL) was mixed with the 10 pL. PDs, PNDs, CPNDs,
PCPNDs and FPCPNDs (containing 0.2 pg pDNA) at
various N/P ratios, respectively. Then, samples were incu-
bated for followed by
Meanwhile, the DNase I degradation assay was performed
as reported previously.>” PDs, PNDs, CPNDs, PCPNDs
and FPCPNDs complexes at various N/P ratios were incu-
bated with 10 uL DNase I digestion system at 37°C for 15

mins. Then, the mixtures were incubated with 5 pL termi-

30 mins, electrophoresis.

nation solution for 10 mins at room temperature. After
replacing with 5 pL of SDS solution (10%), the integrity
of pDNA was assessed by agarose gel electrophoresis.

Particle size and {-potential measurement
A dynamic light scattering instrument (Zetasizer Nano ZS;
Malvern Instruments, Malvern, UK) was utilized to char-
acterize the (-potential and particle size of different com-
plexes. The morphologies of complexes were scanned
through the transmission electron microscopy (TEM,
Gatanmodel 794 CCD, bottom mounted). Briefly, com-
plexes were suspended in PBS solution and then placed
on the copper grid. Excess liquid was blotted out and the
grids were allowed to dry overnight at room temperature.
Samples were imaged using an FEI TecnaiG220 TEM
(Gatanmodel 794 CCD, bottom mounted).

Immunogenicity assay

The concentration of IL-12 in blood was determined by
ELISA to investigate the immunogenicity of FPCPNDs.
According to the operation steps of ELISA kit instructions,
standard IL-12 and standard interferon-f (IFN-B) were
diluted to a certain concentration (0.5, 1, 2, 4, 8, 50, 100,
200, 400, 800 pg/mL) respectively, and absorbance was
measured at wavelength of 450 nm with multifunctional
microplate reader (Tecan, Austria). The concentration was
treated by linear regression with absorbance. After intra-
venous injection of the FPCPNDs, the blood was taken
from the mice eye and whole blood was collected into a
heparin-treated centrifuge tube. The mixture was allowed
to stand at room temperature for 30 mins until the blood
agglutinated, and the blood was centrifuged at a low
temperature (3000 r/min, 15 mins) and the upper serum
sample was collected. Using blank serum as control, 50 pL
standard was added to the standard hole of the coated
ELISA plate. 40 pL buffer was first added to the sample
hole, and then 10 pL sample to be tested was added. After
sealing the plate with microplate sealers, the samples were
incubated at 37°C for 30 mins. Subsequently, the sealing
plate was carefully peeled off and the liquid was discarded
and spun dry. Each hole was filled with diluted detergent,
discarded after standing about 30 s. This step was repeated
for 5 times, and then air dried. Except for the blank holes,
each hole was added with 50 uL. ELISA reagent to repeat
the above operation. Color developing agent was added to
render without light for 10 mins, and then the stop solution
was added to terminate the reaction. The absorbance of
each hole was determined and the concentration of cyto-
kines was calculated by the standard curve.

In vitro cytotoxicity

HepG2 and 4T1 cells were cultured in RPMI 1640 med-
um with 10% heat-inactivated FBS at 37°C in an atmo-
sphere of 5% CO, humidified atmosphere, respectively.
The cells were maintained in 96-well plate at an initial
density of 5x10° cells per well. After 12 hrs attachment, a)
FPCPNDs at various N/P ratios and b) PNDs, PDs,
CPNDs, PCPNDs and FPCPNDs (N/P=15) were added
into the plates, respectively. 20 pL MTT (5 mg/mL) was
added to each well after incubation for 24, 48 and 72 hrs.
Then, the plates were further incubated for 4 hrs. Before
150 pL. DMSO was added, the wells were shaken for 5
mins, and all of the culture medium was removed. The
absorbance of each sample was evaluated at 490 nm.
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Cellular uptake of complexes

To study the cellular uptake of complexes, PEI was labeled
with FITC. HepG2 cells and 4T1 cells were seeded in 6-
well plates (5x10° cells per well) overnight to allow
attachment, respectively. Then, the plates were cultured
with PNDs, CPNDs, PCPNDs and FPCPNDs (N/P=15,
weight ratio of FA-PEG-CCTS to PEI was 10) for 4 hrs,
respectively. Cells treated free pPDNA were set as control.
The cells were washed twice with precooled PBS, trypsi-
nized and resuspended. Finally, the samples were detected
by BD flow cytometer.

Intracellular trafficking study

Laser scan confocal microscope (LSCM; Olympus, Tokyo,
Japan) was used to evaluate the intracellular trafficking of
FPCPNDs. 4T1 cells were seeded into 6-well plates
(5x10* cells per well) and incubated for 24 hrs.
FPCPNDs (10 pg/mL) were added into wells at different
time points, respectively. The cells were mixed with 50
nM Lysotracker Red for 30 mins and washed with PBS
three times. Then, the plates were treated with Hoechst
33258 (10 pg/mL). The images were observed by LSCM
(Olympus).

In vitro transfection

4TI cells were seeded into 6-well plates (1x10° cells per
well) and incubated in RPMI 1640 medium overnight to
allow attachment. Then, medium was displaced by serum-
free medium prior to adding the 120 uLL complexes contain-
ing 0.5 pg pEGFP-C1 plasmid. After 4 hrs incubation, the
medium was replaced with fresh medium. After an incuba-
tion for another 24 hrs, plates were washed with precooled
PBS and treated with Hoechst 33258 (10 pg/mL) for 0.5 hrs.
The transfection of green fluorescence protein (GFP) was
determined by LSCM. For luciferase activity assay, the
pGL-3 plasmid was used as the reporter gene. Luciferase
gene expression was quantified with Luciferase Assay
System (Promega) and a luminometer (Tecan, Switzerland).

In vivo transfection

Female BALB/c mice were injected with 4T1 cell suspen-
sion (5x10° cells in 0.2 mL PBS) which was subcuta-
neously inoculated into the right axillary fossa of mice.
When the tumor reached approximately 100 mm?, differ-
ent formulations (0.2 mL) were injected via the tail vein at
a dosage of 5 pg pDsRed-M-N1 plasmid per tumor-bear-
ing mouse, respectively. The expression of pDsRed-M-N1

was examined by IVIS image system (Carestream Health,
Rochester, NY, USA) after 24 hrs of injection.

In vivo antitumor activity studies

In the present study, tumor suppressor p53 gene was intro-
duced to investigate the in vivo antitumor study. Tumor-bear-
ing mice were randomly separated into 5 groups (n=6): saline,
free p53, PNDs, PCPNDs and FPCPNDs groups. Mice were
injected with 0.2 mL of formulation via the tail vein every 2
days for 5 times, while the dosage of p53 gene was 3 mg/kg.
The body weight and tumor size of the mice were measured
every 2 days. The tumor volume was calculated as follows:

Tumor volume = (length x width?)/2.

At the 14th day, all mice were sacrificed. The tumors
were harvested and weighed. The inhibition rate (IR%)
was calculated according to the following formula:

IR(%)=(W—W,)/W; x 100%,

where W and W, represent the tumor weight of control
group and treatment group, respectively. Then, p53 protein
expression in tumors was analyzed by Western blotting.
Meanwhile, tumor tissues were fixed, embedded and cut
into slides. The slides were stained using H&E.

Statistics

Data are presented as mean + SD of at least five indepen-
dent samples and each measurement was performed in
triplicate.  Statistical analysis was determined using
Student’s #-test. ***P<(0.001, **P<0.01 and *P<0.05
were applied for revealing statistical significance.

Results and discussion
Characteristics of FA-PEG-CCTS and

preparation of FPCPNDs

FA-PEG-CCTS was characterized by '"H NMR. In the
spectrum (Figure S2), the signals in accordance with
PEG (6=3.23-3.60 ppm), CCTS (6=2.39, 3.43, 4.50
ppm), and FA (6=8.65, 7.65, 6.64, 4.49 ppm) were detect-
able, suggesting FA-PEG-CCTS conjugates were success-
fully prepared. In the present study, we designed a core—
shell structure, which consisted anionic FA-PEG-CCTS
shell and cationic PEI/NLS/pDNA (PNDs) core, to be a
versatile gene delivery FA-PEG-CCTS/PEI/NLS/pDNA
(FPCPNDs). FPCPNDs were prepared via the electrostatic
interaction. NLS peptides have the ability to interact with
the nucleus transport system to facilitate the transfection of
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plasmid DNA. Herein, NLS was incorporated with plas-
mid DNA and PEI to form ternary complexes PNDs.
There is no doubt that PEI provided the prime surface
charge of PNDs and supported the electrostatic adsorption
to the negatively charged FA-PEG-CCTS conjugates,
accordingly forming the FA-PEG-CCTS/PEI/NLS/pDNA
complexes (FPCPNDs).

DNA condensation analysis
The pDNA EE% was evaluated by Hoechst 33258 intercala-
tion and gel retardation assay. As illustrated in Figure 2A, the
EE% of FPCPNDs exhibited upward trend with the increas-
ing N/P ratio. The EE% of PNDs, CPNDs, PCPNDs and
FPCPNDs were all above 90% (N/P ratio above 8) and there
was no evident difference among them (P>0.05) (Figure 2B).
Given that the cationic vectors could deprive the motility of
pDNA in the electric field, we performed the gel retardation
assay to evaluate the binding capability of pDNA. Figure 2C
shows that there was no retardation with pDNA alone. It is
worthwhile mentioning that the retardation of PDs initiated at
an N/P ratio of 4. (Figure 2C, a). pDNA in PDs was substituted
by heparin until N/P ratio was above 8 (Figure 2C, b).
Moreover, PDs could not be resistant to DNase 1 digestion
until the N/P ratio was above 4 (Figure 2C, c). Conversely,
FPCPNDs had the ability to resist DNase I digestion when N/P
ratio was above 1, which was better than the other formula-
tions. Hence, our findings lead us to draw the conclusion that
chitosan derivatives could condense and protect the pDNA to
some extent.

Particle size and (-potential measurement
As we all know, particle size and size distribution are key
arguments for the design of appropriate nanoparticles; they
could influence the targeting capacity and in vivo
distribution.>® Meanwhile, suitable size, (-potential and
morphology of complexes are also essential for benign
cellular uptake and excellent gene transfection.’® As illu-
strated in Figure 3A, when the N/P ratio ranged from 1 to
30, the {-potential of PNDs increased from 1.03+£0.67 to
25.21£1.75 mV, while particle size decreased from 263.11
+8.05 to 69.4+3.54 nm. This indicated that condensation
efficiency relied on the proportion of PEI in the preparation.
Once the ratio of PEI increased, the compression effect on
pDNA enhanced accordingly. In addition, Figure 3B
implied (-potential and particle size of CPNDs relied on
the CCTS segment. In comparison to PNDs, {-potential of
complexes containing CCTS decreased by ~20 mV, while
the size increased by ~95 nm (Figure 3C). Furthermore,

there is a distinct size reduction of FPCPNDs when the pH
value dropped from 7.4 to 5.5 (Figure 3D), suggesting the
electrostatic interaction between FA-PEG-CCTS and PNDs
diminished. This was probably attributed to the protonation
of carboxyl groups in CCTS under acidic conditions, which
facilitated the process of FA-PEG-CCTS conjugates separ-
ating from PNDs. The morphology of FPCPNDs was
visually confirmed via TEM (Figure 3F). The spherical
complexes were in well-defined shapes. While the particle
size around 200 nm (Figure 3E and F) could have an
enhanced effect on the passive targeting of tumor tissues
by the EPR effect. Meanwhile, after incubated with FBS for
24 h, the size of FPCPNDs was stable with no distinct
change (Figure S5).

It is generally accepted that {-potential of gene deliv-
ery system was usually more than 20 mV.*® The positive
surface charge may lead to aggregation, nonspecific
interaction with cells, adsorption to plasma proteins,
cytotoxicity and recognition by the immune system.*!'**
By taking the above matters into account, we coated
PNDs with negatively charged CCTS for the sake of
preventing the nonspecific interaction. CCTS modified
with PEG chains can protect complexes from being
recognized by RES, thereby increasing the circulation
time and accordingly enhancing the tumor accumulation
via the EPR effect.*?

Immunogenicity study

As previously reported, IL-12, a 70-kDa heterodimeric
cytokine, was demonstrated to activate inflammatory and
immune responses.** IFN-B, a glycoprotein secreted by
leukocytes and fibroblasts, is considered to exert immuno-
modulatory effects.*> Therefore, IL-12 and IFN-B can be
considered as indicators to detect immunogenicity. Herein,
we detect the content change of IL-12 and IFN-f in blood
in order to check the immunogenicity of FPCPNDs
(pEGFP-C1 was set as model DNA). After intravenous
injection, the concentrations of IL-12 and IFN- in blood
were detected, respectively. FPCPNDs showed similar
content with saline (Figure 4A and B). As far as we
know, the IL-12 family of cytokines plays as an immuno-
logical leader, shaping immune responses by directly indu-
cing the development of T cells and altering the function
of many cell populations that command disease result.*®
Therefore, the result indicates that FPCPNDs has low

immunogenicity as a gene carrier.
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Figure 2 DNA condensation and protection of complexes by Hoechst 33258 intercalation and gel retardation assay. Encapsulation efficiency of (A) FPCPNDs at N/P ratios
ranging from 0 to 30 (weight ratio of FA-PEG-CCTS to PEl was 10) and (B) encapsulation efficiency of different complexes (fixed N/P ratio at 10, weight ratio of FA-PEG-
CCTS to PEI was 10). (C) Stability and DNA protection efficiency of FPCPNDs by electrophoresis. Complexes were tested after being treated with nothing (column a),
heparin (column b) and DNase | (column c). In column ¢, 0" represents naked DNA without DNase | digestion.

Abbreviations: FPCPNDs, FA-PEG-CCTS/PEI/NLS/pDNA; PNDs, PEI/NLS/pDNA; PDs, PEI/pDNA; PCPNDs, PEG-CCTS/PEI/NLS/pDNA; CPNDs, CCTS/PEI/NLS/pDNA;
FA, folate acid; PEG, polyethylene glycol; CCTS, carboxylated chitosan; PEI, polyethyleneimine; NLS, nuclear localization sequences; EE, encapsulation efficiency.

Cytotoxicity of FPCPNDs in vitro

Besides transfection efficiency, cytotoxicity is another signifi-
cant factor to be deliberated during the design of gene carriers.
Herein, cytotoxicity of FPCPNDs and reference formulations
were investigated on HepG2 and 4T1 cells by the MTT assay.
As illustrated in Figure 4C, while the N/P ratio was above 15 at
24 hrs, an obvious difference (P<0.05) was found in 4T1 cells,

implying that FPCPNDs had more cytotoxic to 4T1 cells at the
same time point. On the contrary, FPCPNDs exhibited no
significant cytotoxicity in HepG2 cells at 24 hrs (P>0.05,
Figure 4E). Similarly, no remarkable difference was found
between each preparation against HepG2 cells at 24 hrs
(P>0.05) (Figure 4F), while FPCPNDs were apparently
more cytotoxic than PNDs against 4T1 cells (P<0.05).
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Abbreviations: FPCPNDs, FA-PEG-CCTS/PEI/NLS/pDNA; PND, PEI/NLS/pDNA; PDs, PEI/pDNA; PCPNDs, PEG-CCTS/PEI/NLS/pDNA; CPNDs, CCTS/PEI/NLS/pDNA;
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Notably, FPCPNDs exhibited more cytotoxic than reference
preparations against 4T1 cells at all time points (Figure 4D).
Increased cytotoxicity of FPCPNDs could be ascribed to the
FR-mediated endocytosis.*” What needs to be pointed out is
that the cell viability was still over 70% even if treated with
FPCPNDs (N/P=30) for 72 hrs, implying that FPCPNDs is a
low cytotoxicity gene delivery system.

Cell uptake study

HepG2 and 4T1 cells were cultured to research the cellular
uptake of FITC-labeled complexes. The mean fluorescence
intensity of various formulations was measured by flow
cytometry. As illustrated in Figure 5A-B, FPCPNDs
showed stronger fluorescent signal than PCPNDs in FR-
positive 4T1 cells (P<0.05), indicating FA-mediated
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not significant.

targeting enhanced the cellular uptake of FPCPNDs. In
contrast, there was no significant difference among
CPNDs, PCPNDs and FPCPNDs in FR-negative HepG2
cells (P>0.05) (Figure 5C-D). Therefore, it could be specu-
lated that the FA segment might promote the cellular uptake
of FPCPNDs via the FR-modified endocytosis. It should be
pointed out that the influence of FA on cellular uptake and
transfection needs further verification.

Intracellular trafficking

After successful cellular internalization, endosomal escape
is a major intracellular barrier for DNA delivery.*® To
explore the intracellular distribution of complexes, we

used FITC to label FPCPNDs. As illustrated in Figure 6,
nucleus and lysosomes were labeled with blue and red
fluorescence separately. At 0.5 hr, part of FPCPNDs had
already entered the cells, the yellow fluorescence merged
by red and green color was clearly seen. However, the
quantity and intensity of yellow fluorescence gradually
decreased at 1 hr. At 4 hrs, only little yellow fluorescence
was visible. In addition, the green fluorescence was partly
superposed with the nucleus. This interesting phenomenon
indicated that FPCPNDs were captured in endosomes first,
escaped later and consequently transported to the nucleus.
The quick endosomal escape could be caused by the “pro-
ton sponge” effect of PEI, resulting in the release of
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Figure 6 Intracellular trafficking of FPCPNDs in 4TI cells at different time intervals, scale bar =20 pm. The fluorescence signals were examined by LSCM with three
channels: blue fluorescence from nuclei stained with Hoechst 33258, green fluorescence from FITC-labeled FPCPNDs and red fluorescence from the lysotracker stained

endo-lysosomes (colocalization indicated by yellow fluorescence).

Abbreviations: FPCPNDs, FA-PEG-CCTS/PEI/NLS/pDNA; PND, PEI/NLS/pDNA; FA, folate acid; PEG, polyethylene glycol; CCTS, carboxylated chitosan; PEIl, polyethy-
leneimine; NLS, nuclear localization sequences; FITC, fluorescein isothiocyanate; LSCM, laser scan confocal microscope.

carriers. Herein, FA-PEG-CCTS was coated on the surface
of PNDs. The pKa value of FA-PEG-CCTS conjugates
was determined to be around 6.0 through acid-base titra-
tion (Figure S3) and the buffering capacity was shown in
Table S1. Consequently, the carboxyl groups of CCTS
would be protonated in the acidic endosome environment
and separate from PNDs, leading to a relatively smaller
size for endosomal escape.

In vitro transfection

It is widely reported that valid transfection of complexes is
obligatory for gene delivery. Herein, LSCM was used to
evaluate the in vitro transfection and expression of GFP.
After treated with PNDs for 24 hrs, the fluorescence intensity
enhanced when the N/P ratio raised from 1 to 15 (Figure 7A).
Nevertheless, the fluorescence intensity slightly decreased
while the N/P ratio was up to 30. This phenomenon was
possibly due to the excessive compression by PEI. pDNA
could not completely dissociate from the complexes, thus
affecting gene expression. Similar result was found in the

luciferase activity study (Figure 7C). Moreover, as shown in
Figure 7B and D, compared with PDs, PNDs exhibited
greater gene transfection level (P<0.05). This phenomenon
might be ascribed to the presence of NLS peptides. As
reported, NLS peptides have been widely applied for gene
delivery owing to the capability of improving the nuclear
transfer for DNA.** To further confirm the role of NLS
peptides upon transfection, we introduced a scrambled
sequence NLS . to form the complex PEI/NLS (s.,/DNA
(PN(ser)Ds). As revealed in Figure 7B and D, it is worth
noting that PNDs showed a higher transfection efficiency
than PN(s.nDs (P<0.05), which stressed the importance of
NLS peptide again. In addition, FPCPNDs exhibited better
transfection efficiency than PCPNDs (P<0.05) before our
eyes. This result would be attributed to the existence of the
FA moiety, which possessed benign combination with FR-
positive 4T1 cells. Meanwhile, FPCPNDs showed preferable
transfection than positive control group (Lipofectamine
2000, P<0.05). The results above showed that FPCPNDs
owned favorable transfection efficiency.
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Figure 7 In vitro transfection and expression of GFP was analyzed by LSCM and luciferase activity in 4T cells. (A, C) FPCPND:s at different N/P ratios for 24 hrs. (B, D)
Different complexes at an N/P ratio of 15 for 24 hrs. Results were expressed as mean * SD (n=3). *P<0.05, **P<0.01, and ***P<0.001. Scale bars =40 pm.

Abbreviations: FPCPNDs, FA-PEG-CCTS/PEI/NLS/pDNA; PND, PEI/NLS/pDNA; PDs, PEI/pDNA; PCPNDs, PEG-CCTS/PEI/NLS/pDNA; CPNDs, CCTS/PEI/NLS/pDNA;
FA, folate acid; PEG, polyethylene glycol; CCTS, carboxylated chitosan; PEIl, polyethyleneimine; NLS, nuclear localization sequences; GFP, green fluorescence protein; LSCM,

laser scan confocal microscope.

Targeting ability of FPCPNDs or with free FA, respectively. There is no denying that lucifer-
To deeply evaluate the targeting ability of FPCPNDs, HepG2  ase activity in 4T1 cells treated with FPCPNDs was higher
and 4T1 cells were treated with FPCPNDs in medium without  than that in HepG2 cells (P<0.001) (Figure 8B). Additionally,
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Figure 8 Targeting ability of FPCPNDs and competitive inhibition of free folic acid.
(A) Fluorescence intensity of GFP expressed in HepG2 and 4T cells treated with
FPCPNDs, with or without the presence of free folic acid. Cells were treated with
I mM folic acid medium or folic acid-free medium before incubating with FPCPNDs.
Scale bar in all pictures indicates 40 uym. (B) Luciferase activity. ***P<0.001.

Abbreviations: FPCPNDs, FA-PEG-CCTS/PEI/NLS/pDNA; FA, folate acid; PEG,
polyethylene glycol; CCTS, carboxylated chitosan; PEI, polyethyleneimine; NLS,
nuclear localization sequences; GFP, green fluorescence protein; n.s., not significant.

as shown in Figure 8A, only little green fluorescence was
visible, which indicated only a small amount of GFP
expressed in HepG2 cells. Oppositely, GFP in 4T1 cells
exhibited an intense green fluorescence. When treated with 1
mM FA, the fluorescence obviously disappeared and there

PDs PNDs

CPNDs

was no significant difference between HepG2 and 4T1 cells
(P>0.05). In addition, there was rare expression under the free
FA condition (P>0.05) (Figure 8B). The interesting phenom-
enon demonstrated FPCPNDs showed higher expression in
FR-positive 4T1 cells than that in FR-negative HepG2 cells.

In vivo expression of FPCPNDs

From the in vitro assays above, we found FPCPNDs possessed
favorable tumor-targeting ability and transfection efficiency.
To evaluate whether these features would be fulfilled in vivo,
the expressed efficiency of red fluorescence protein (RFP) in
tumor-bearing mice was investigated by NIR fluorescence
imaging system at 24 hrs post-administration. Figure 9 exhi-
bits the images, which were treated with various formulations
containing 5 pg plasmid pDs-Red-M-N1 into 4T1 tumor-
bearing mice, respectively. There is an evident difference
among FPCPNDs and reference formulations. As we can
see, PDs group showed no fluorescence, while PNDs group
exhibited little fluorescence in the tumor. This results could be
attributed to the relative instability of PNDs in vivo, they may
aggregate with to plasma proteins, nonspecific interact with
cells, or be recognized and cleared by RES. In comparison
with PNDs, CPNDs and PCPNDs groups, the RFP expression
of FPCPNDs group remarkably enhanced in tumor tissue,
suggesting the excellent tumor targeting ability and desirable
feature for long-term gene therapy. For FPCPNDs, CCTS
modified with PEG chains could protect complexes from
recognized by RES, thereby increasing the circulation time
and accordingly enhancing the tumor accumulation via the
EPR effect. Meanwhile, FPCPNDs had the capability of
actively targeting tumor cells due to the existence of FA.

In vivo antitumor activity
Female BALB/c mice bearing 4T1 tumor xenografts were
used to evaluate the in vivo antitumor activity of

PCPNDs FPCPNDs

—: | ‘ [ 1

14553.5 17700.0 20846.4 23992.9 27139.4

Figure 9 In vivo image of RFP gene expression delivered by FPCPNDs and its reference formulations injected into bearing 4T | tumor xenografts BALB/c mice monitored by

an NIR fluorescence imaging system 24 hrs after injection.
Abbreviations: FPCPNDs, FA-PEG-CCTS/PEI/NLS/pDNA; PND, PEI/NLS/pDNA; PCPNDs, PEG-CCTS/PEI/NLS/pDNA; PDs, PEI/pDNA; CPNDs, CCTS/PEI/NLS/pDNA;
FA, folate acid; PEG, polyethylene glycol; CCTS, carboxylated chitosan; PEIl, polyethyleneimine; NLS, nuclear localization sequences; RFP, red fluorescence protein.
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Figure 10 In vivo antitumor activity. The mean (A) tumor volume, (B) body weight, (C) tumor graph and (D) inhibition rate of BALB/c mice bearing 4T tumor xenografts,
after intravenous administration of saline, free p53, PNDs, PCPNDs and FPCPNDs (n=6). (E, F) Western blotting analysis of p53 protein expression in tumor xenografts
transfected with different formulations, while tumors treated with PBS were served as control. (G) H&E staining of tumors of different groups. Blue and pink represent
nucleic and cytoplasm, respectively. Red circle indicated apoptosis/necrosis regions and scale bars represent 100 pm. **P<0.01 and **P<0.001.

Abbreviations: FPCPNDs, FA-PEG-CCTS/PEI/NLS/pDNA; PND, PEI/NLS/pDNA; PCPNDs, PEG-CCTS/PEI/NLS/pDNA; FA, folate acid; PEG, polyethylene glycol; CCTS,
carboxylated chitosan; PEIl, polyethyleneimine; NLS, nuclear localization sequences; n.s., not significant.

complexes. As shown in Figure 10A, all groups showed no  days. We measured and weighed tumors (Figure 10C), and
remarkable difference in tumor volume in the first few days, then calculated the IR%. There was no obvious difference
while treatment groups exhibited growth inhibition after 4  between free p53 group and saline group (Figure 10D).
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Most probably, the naked pDNA would be readily degraded
in the blood circulation and thus had an indistinctive effect
on tumors. PCPNDs group showed moderate antitumor
efficiency (IR%=47.3%), such a result thus demonstrated
that the PEG-CCTS shell could avoid the clearance by RES
to some extent. In contrast, FPCPNDs displayed a highest
inhibition rate (IR%=59.6%), this could due to the presence
of the FA moiety, which stressed the importance of FA
moiety on tumor targeting. As far as we know, the changes
in body weight are regarded as a direction for safety. As
shown in Figure 10B, the body weight of treatment groups
was heavier than the saline group, suggesting the excellent
compatibility of complexes. To prove that the tumor growth
inhibition was attributed to p53 gene, p53 protein expres-
sion in tumors was detected by Western blotting. As shown
in Figure 10E and F, there was an obvious up-regulation in
the p53 protein expression level,which was consistent with
the result in vitro (Figure S4). FPCPNDs group was 6.7-
fold higher than the control group, where tumors were
treated with saline. Furthermore, H&E staining was used
to analyze the histological changes. Figure 10G illustrates
that FPCPNDs had the largest apoptosis/necrosis region in

comparison with other formulations.

Conclusion

In this paper, a multifunctional endosome acidity-induced
sheddable gene delivery system was successfully con-
structed. FPCPNDs promoted the circulation time and
accumulated in tumor tissues through the EPR effect.
Then, FPCPNDs actively targeted tumor cells because of
high-affinity interactions between FA and highly expressed
FR, accordingly enhancing the cellular uptake. In the
acidic endosomes, FA-PEG-CCTS segment dissociated
from PNDs and then PNDs realized endosomes escape
through the proton sponge effect of PEI. Furthermore,
FPCPNDs exhibited admirable transfection -efficiency
with the help of NLS. In vivo antitumor study demon-
strated FPCPNDs possessed the highest therapeutical
effect and p53 protein expression level among all prepara-
tions. The favorable targeting ability and transfection effi-
ciency in vitro and in vivo imply that this novel carrier is a

suitable strategy for gene delivery.
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Figure S| Synthesis of FA-PEG-CCTS conjugates.
Abbreviations: FA, folate acid; PEG, polyethylene glycol; CCTS, carboxylated chitosan.
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Figure S2 'H-NMR analysis of (A) FA, (B) CCTS, (C) mPEG-COOH, and (D) FA-PEG-CCTS.
Abbreviations: FA, folate acid; PEG, polyethylene glycol; CCTS, carboxylated chitosan.

Acid—base titration

solution was titrated by the stepwise addition of 0.01 M HCl to

The buffering capacity of FA-PEG-CCTS from pH 7.4 to 5.0  obtain the titration profile. The pKa of FA-PEG-CCTS was
was evaluated by acid-base titration. In brief, FA-PEG-CCTS  determined by the primary derivative method and the buffer-
conjugates were dissolved in 0.01 M NaCl (4 mg/mL) and the  ing capacity was defined as the percentage of amino groups
solution was adjusted to pH 12 with 1 M NaOH. The diluted  from pH 7.4 to 5.0.
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Figure S3 Titration curves obtained by titrating aqueous solutions of PEG-CCTS and FA-PEG-CCTS (4 mg/mL) in 0.01 M NaCl (pH 12, adjusted with NaOH) with 0.0 M HCI.
Abbreviations: FA, folate acid; PEG, polyethylene glycol; CCTS, carboxylated chitosan.

Table S| Buffering capacity and pKa determination by acid—base titration

Buffering capacity (%) (pH 7.4-5.0) pKa
CCTS 19.4 6.23
PEG-CCTS 17.7 6.05
FA-PEG-CCTS I1.4 5.71

Abbreviations: FA, folate acid; PEG, polyethylene glycol; CCTS, carboxylated chitosan.

Western blotting

To evaluate the p53 protein expression level of FPCPNDs,
4T1 cells (1x10° cells/well) were seeded on glass cover
slips in 6-well plates and cultured overnight. FPCPNDs
were subsequently added to each well and incubated for 4
hrs. After incubation for 48 hrs, the medium was removed
and washed with PBS. Afterward, the cells were collected,
followed by RIPA lysed on ice for 30 mins. The lysates
were centrifuged at 16,000 r/min for 4 mins and the super-
natant was determined with an enhanced BCA protein assay
kit. Each sample was adjusted to get an identical protein

Control

concentration. In brief, each sample was fractionated and
spacer gel during SDS-PAGE.
Subsequently, the separated protein bands were electrically

concentrated in the
transferred onto polyvinylidene difluoride (PVDF) mem-
branes. p53 and B-actin primary antibodies and horseradish
peroxidase (HRP) conjugated Goat anti-Rabbit IgG were
sequentially incubated with the PVDF membranes. The
ECL Western blotting substrate was added onto the PVDF
membranes and the designated protein bands were visua-
lized by exposed and photographed with MicroChemi 4.2
Gel Imager (DNR, Israel).

FPCPNDs

p53

B-actin

Figure S4 The p53 protein expression level of FPCPNDs was examined by Western blotting on 4T cells. Cells treated with PBS were set as control.
Abbreviations: FPCPNDs, FA-PEG-CCTS/PEI/NLS/pDNA; PND, PEI/NLS/pDNA; PCPNDs, PEG-CCTS/PEI/NLS/pDNA; FA, folate acid; PEG, polyethylene glycol; CCTS,

carboxylated chitosan; PEIl, polyethyleneimine.
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Figure S5 Changes in size of the FPCPNDs following incubation with RPMI-1640 medium containing 10% FBS for 24 hrs.
Abbreviations: FPCPNDs, FA-PEG-CCTS/PEI/NLS/pDNA; PND, PEI/NLS/pDNA; PCPNDs, PEG-CCTS/PEI/NLS/pDNA; FA, folate acid; PEG, polyethylene glycol; CCTS,
carboxylated chitosan; PEIl, polyethyleneimine.
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