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ABSTRACT

Target-specific technique can significantly enhance the efficacy of gene delivery system which
was limited by many cellular barriers. In this work, a new folate-PEG modified poly(2-(2-
aminoethoxy)ethoxy)phosphazene (PAEP), namely, folate-PEG-PAEP was synthesized as a folate receptor
(FR) targeted carrier, and the cytotoxicity, transfection efficiency, cellular uptake and intracellular traf-
ficking of folate-PEG-PAEP/DNA nanoparticles (FPPN) were investigated. Compared with the PAEP/DNA
nanoparticles (PN), the cytotoxicity of FPPN decreased significantly at high dose. FPPN showed much
higher transfection efficiency (15.85 + 1.23%) compared with PN (6.71 £+ 0.42%) in FR overexpressing Hela
cells, but no significant difference was observed in CHO-k1 cells lacking FR. The transfection activity of
FPPN could be reversed in the presence of 1.0 mM free folic acid in Hela cells. The cellular uptake of FPPN
was 37.38% higher than that of PN in Hela cells. These results indicated that FPPN could be a potential

Gene targeted gene delivery system.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Gene therapy can offer a promising way for the treatment of
many diseases such as cancer (El-Aneed, 2004), HIV (Weber et
al., 2008), neurodegeneration diseases (Bergen et al., 2008), etc.
However, a therapeutic gene has to overcome many physiological
barriers to take effect, as a result, a safe and efficient gene delivery
system is necessary for successful gene therapy (Rolland, 2005).
Recently, nonviral vectors have attracted much attention because
of their low safety risk, easy preparation in large quantity and low
cost. Unfortunately, most of nonviral vectors suffer from lower gene
transfection efficiency compared with viral vectors (Luten et al.,
2003; Park et al., 2006; Kawakami et al., 2008).

Poly(phosphazene) could be a candidate vector for efficient gene
delivery because of its biodegradability and lower toxicity com-
pared with poly(ethylenimine) (PEI) (Laurencin et al., 1987; Boussif
et al,, 1995), poly-L-lysine (PLL) (Asayama et al., 1997) and poly(2-
dimethylaminoethyl methacrylate) (PDMAEMA) (Van de watering
et al., 1997). So far, the great efforts have been made to improve its
transfection efficiency by substituting with different side groups,
changing molecular weight or conjugating poly(ethylene glycol)
and ligand (De Wolf et al., 2005, 2007; Luten et al., 2008; Yang et al.,
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2008a,b). Although poly(phosphazene) has shown potential advan-
tage for DNA delivery (De Wolf et al., 2005; Yang et al., 2008b), the
intracellular trafficking of poly(phosphazene)/DNA nanoparticles
has not been explored until today.

In this work, a new poly(phosphazene) derivative, folate-PEG
modified poly(2-(2-aminoethoxy)ethoxy)phosphazene (PAEP),
namely, folate-PEG-PAEP (FPP) was synthesized. The in vitro trans-
fection efficiency, cytotoxicity, cellular uptake and intracellular
trafficking of FPP/DNA nanoparticles (FPPN) were evaluated.

2. Materials and methods
2.1. Materials

All the reagents (analytical grade) were purchased from
Shanghai Chemical Reagents Corp., unless otherwise noted. COOH-
PEG3400-NH,-HCI was obtained from Nektar (Huntsville, AL, USA).
PEI 25K, poly(ethylene glycol) methyl ether (mPEGygg9-OH) and
folic acid were all purchased from Sigma-Aldrich Co. The Lyso-
trancker Red Kit, Hoechst 33258 and YOYO-1 were purchased from
Molecular Probes (Eugene, OR). Plasmid EGFP-N1 and pGL3 con-
trol vector were purchased from Clontech (Palo Alto, CA, USA) and
Promega (Madison, WI), respectively. The plasmid DNA (pDNA) was
amplified in DH5a strain of E. coli and purified by EndFree Plasmid
Mega Kit (Qiagen GmbH, Hilden, Germany).
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Scheme 1. Synthesis of FPP (A), FP (B) and PP (C).

2.2. Cell culture

The Hela and CHO-k1 cells, obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA), were grown in
DMEM (Sigma) and RPMI 1640 (Sigma) containing 10% fetal bovine
serum (FBS, Gibico), 2mM L-glutamine, streptomycin (40 p.g/ml)
and ampicillin (40 U/ml) at 37 °C in a humidified and 5% CO, incu-
bator, respectively.

2.3. Synthesis of polymer

The synthesis of PAEP was carried out according to the Allcock’s
procedure (Allcock and Chang, 1991) and confirmed by a 300 MHz
TH NMR spectrometer (Varian USA) in advance. Three PAEP deriva-
tives were synthesized by coupling folate-PEG3499-COOH, folic acid
or mPEG3pgp-COOH to the amino groups of PAEP as shown in
Scheme 1.

To synthesize FPP, the carboxyl group of folic acid (110 mg,
0.25mmol) was activated by N,N’-dicyclohexylcarbodimide
(DCC)/N-hydroxysuccinimide (NHS) in 5ml anhydrous dimethyl
sulfoxide (DMSO) at the presence of 0.06 ml triethylamine in
dark for 24h at room temperature. DCC was 1.2-fold over folic
acid, and DCC/NHS molar ratio was 1:1. After the dicyclohexy-
lurea (DCU) was filtrated off, the reaction solution containing
folate N-hydroxysuccinimidyl ester (folate-NHS) was incubated
with COOH-PEG3499-NH3-HCl (425mg, 0.125mmol) for 24h.
The resulting solution was dialyzed against deionized water for
48 h, filtrated and lyophilized to obtain folate-PEG3499-COOH.
DCC (19.4 mg, 0.094 mmol), NHS (10.8 mg, 0.094 mmol) and PAEP
(400 mg, 3.16 mmol -NH; ) were added to DMSO (20 ml) containing
folate-PEG34090-COOH (300 mg, 0.078 mmol), and the mixture was
incubated for 24 h at room temperature in dark. The resulting solu-
tion was filtrated, and the filtrate was dialyzed against deionized
water using regenerated cellulose membranes (MWCO: 7kDa,
Spectrum Co.) for 48 h, and finally lyophilized to obtain FPP. The
FPP was confirmed by a 300MHz 'H NMR spectrometer and a
FT-IR spectrometer 750 (Nicolet, USA).

As control, the synthesis of folate-PAEP (FP) was the same as
FPP except that folic acid was used to replace folate-PEGs4q0-
COOH. To obtain PEG-PAEP (PP), mPEG,gp9-COOH was synthesized
from mPEG,0g0-OH according to the literature (Chen et al., 2003).
MPEG;000-COOH was coupled to PAEP following the same protocol
as the synthesis of FPP. FP and PP were confirmed by a 300 MHz
TH NMR spectrometer. The average molecular weights (Mw) and
polydispersity index (PDI=Mw/Mn) of PAEP, FP, PP and FPP were
determined by gel permeation chromatography (GPC) on a Waters
2695 GPC system equipped with Ultrahydrogel columns (250 PKGD
and 1000 PKGD) and a refractive index detector (model 2414).
0.05% aqueous sodium azide solution as mobile phase with a flow
rate of 0.5 ml/min was used. The samples were analyzed and cal-
ibrated by dextran standards (Mp=4400-401,000Da, American
Polymer Standards Corporation, USA).

2.4. Preparation and characteristics of polymer/DNA
nanoparticles

The FPP/DNA nanoparticles (FPPN) were prepared by vortex-
ing polymer solution with EGFP-N1 solution for 30s at various
N/P ratios, and incubated for 30 min at room temperature before
use. To prepare nanoparticles used in cellular uptake and sub-
cellular colocalization, EGFP-N1 was replaced with pGL3 labeled
with YOYO-1 at a ratio of 1 dye molecule to 300 bp. The DNA
condensation ability of polymer was investigated via electrophore-
sis for 45min at 110V/cm in a Tris-acetate-EDTA buffer system
(pH 8.0) using naked DNA as control, and DNA was visual-
ized by ethidium bromide staining. The size distribution and
{-potential of nanoparticles at optimal N/P ratio for transfec-
tion were measured in water by laser light scattering using a
Nicomp 380/ZLS zeta potential analyzer (Particle Sizing System,
USA). As control, PEI/DNA nanoparticles (PEN), PAEP/DNA nanopar-
ticles (PN), FP/DNA nanoparticles (FPN), and PP/DNA nanoparticles
(PPN) also were prepared according to the same procedure as
FPPN.
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2.5. Cell viability 2.6. In vitro transfection

The MTT method was applied to evaluate the cytotoxicity of The transfection efficiency of nanoparticles was evaluated on
nanoparticles, and PEI 25 K was used as control. Cells were seeded Hela cells and CHO-k1 cells using EGFP-N1 as the model DNA. These
(2 x 104 cells/well) in 96-well microtitre plates, and grew for 24 h two cell lines were chosen, because the FR expression levels of them
before the growth media were replaced with 200 .1 fresh DMEM were different. Hela cells were characterized as FR overexpressing
or RPMI 1640 medium containing 10% FBS and different amount of cells (Leamon and Low, 1993; Rosenholm et al., 2009), but CHO-
nanoparticles (2.0, 5.0, 10.0 or 20.0 p.g/ml DNA) with the N/P ratio k1 cells were devoid of FR (Paranjpe et al., 2004; Stevens et al.,
15 for CHO-k1 cells and 25 for Hela cells, respectively. After 3 hincu- 2004). The cells were seeded in 24-well plates at 1 x 10° cells/well
bation, the medium was replaced with 100 p.l of growth medium and grown for 24 h to achieve 60-70% confluence. The cells were
containing 1 mg/ml MTT, and incubated for 4 h further. Thereafter, accustomed for 30 min in 450 .l transfection media (DMED or RPMI
the medium was carefully removed, and 150 .l of DMSO was added 1640 with 10% FBS without antibiotics, 1.0 mM folic acid was added

to dissolve the crystals formed by living cells. Absorbance was mea- in half of the wells for the competition experiment). Thereafter, the
sured at 570 nm using a microplate reader (Infinite 2000, TECAN). cells were transfected for 3 h by adding 50 j.l nanoparticles contain-
The cell viability (%) was calculated according to the following equa- ing 2.5 wg DNA with the optimal N/P ratios 15 and 25 for CHO-k1
tion: and Hela cells, respectively, and incubated for another 45 h in fresh

oD _oDp complete medium. Naked DNA was used as control, and all trans-
Cell viability (%) = —__sample — ~ ~blank fection experiments were conducted in triplicate. The enhanced

ODcontrol — ODpiank green fluorescent protein (EGFP) expressing cells were visualized

ODsamples ODcontrol Tepresented absorption from the cells treated ~ Using fluorescence inversion microscope system (Olympus IX71)
with nanoparticles and PBS, and ODpyay, represented absorption and quantified by a fluorescence activated cell sorter (FACSCalibur,

from the cells not treated with MTT. Becton Dickinson, USA).
o]
0/\\/0-\/\NH2 (QA/O\/KHJJ\FA)X .
.jH',_NjL. +"‘,‘=N‘}‘n‘
i q O g NH-
Q\/q‘\o)\/NHz a 0 Ty
a [4
[+
J e
——
T T T T T T T T T T T T T T T T T T “.l T =~ T T T T T T T T T
0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 0 8.0 7.0 6.0 5.0 4.0 3.0 2.0
a d
1 “
d
b " . o ‘éo/\'\’O\‘/\N mMPEG 2000
YN-—/\QWDY\H%DH iy ] )x a
< O\J\O)\/Nﬂz
a c
b [+
/—F—A_——\
= )
T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
9.0 8.0 7.0 6.0 5.0 4.0 3.0 20 2.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0
c F- . g ™,
L ~
£ , 11 i f
80 - { n
e 1
% |
2 ] |
£ w 7N |
d 5« Lva i ‘ l
d b L ) | Baze
(OA‘/D"‘/\NJL“PEGMM*NH*F?A) o |
PPNty H X a “ | I |
' ] [ 11 Yoz
O‘{E‘D’b\c/wz i L.
[+ 0 || 22
) : e
('—A—\ 0
R . .
; : ; ; ; ; : ; T o r ; © I
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 oo e ww | e 2w 1500 o0 3

Wavenumbers fom-1)

Fig. 1. 'H NMR spectrums of PAEP (A), folate-PEG3400-COOH (B), FPP (C), FP (D), PP (E) in D,0, and FT-IR spectrum of FPP (F).
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Table 1

Molecular weight and polydispersity index of polymer.
Polymers Mw (kDa) PDI
PAEP 13.9 1.36
FP 145 1.42
PP 19.6 1.87
FPP 24.9 1.96

2.7. Cellular uptake experiment

Hela cells were seeded in 24-well plates (1 x 10° cells/well), and
further incubated for 24 h. The cells were accustomed for 30 min in
450 pl transfection medium and transfected for 3 h by adding 50 .l
nanoparticles. Then, cells were incubated with 200 .l trypan blue
(0.4% in PBS 7.4) for 2 min to quench the extra-cellular fluorescence,
washed twice with PBS, collected and finally resuspended in PBS
(pH7.4).The fluorescence was measured using FACSCalibur system.
All experiments were performed in triplicate.

2.8. Sub-cellular localization of pDNA

For the sub-cellular localization experiment, cells were seeded
on 10mm? glass coverslips coated with a cell-adhesion poly-
mer (PLL) in 24-well plates (1 x 10° cells/well), and incubated for
24 h. The cells were accustomed for 30 min in 450 .l transfection
medium, transfected for 3h by adding 50 .l nanoparticles, and
stained for 10 min in 500 .l complete medium containing 10 p.g/ml
Hoechst 33258 and 2 uM Lysotracker Red. The cells were then
incubated with 200 pl trypan blue (0.4% in PBS 7.4) for 2 min to
quench the extra-cellular fluorescence, washed twice with PBS,
and fixed with 4% paraformaldehyde for 20 min in dark. The cells
were mounted on glass slides with 3 ul of MobiGlow (MoBiTec,
Goettingen, Germany) and visualized by confocal microscopy (Leica
Microsystems).

DNA

4.5 3 1.5

Fig.2. The DNA retardation assay of PN (A), FPN (B), PPN (C) and FPPN (D) by agarose
gel electrophoresis using 1% agarose in Tris-acetate running buffer (pH 8.0). 1.5, 3

and 4.5 indicated the N/P ratios of complexes.

Table 2
Particle size and {-potential of nanoparticles with N/P ratio 15 and 25 in distilled
water (n=3).

Particle size (nm) {-Potential (mV)

15 25 15 25
PN 96.4 + 5.5 1132 £ 7.7 13.73 + 1.32 18.12 + 1.70
FPN 1108 + 7.6 1309 + 8.7 11.19 + 1.12 16.20 + 1.14
PPN 97.8 + 4.3 125.5 + 8.9 8.62 + 0.77° 11.90 + 0.93°
FPPN 88.5 + 3.9 1103 + 7.1 7.76 + 0.51° 7.69 + 0.73°

" p<0.01 compared with PN.

2.9. Statistical analysis

Statistical analysis was performed using Student’s t-test. The
differences were considered significant for p<0.05, and very sig-
nificant for p<0.01.

3. Results and discussion
3.1. Synthesis of polymer
Confirmed by 'H NMR spectrometer, PAEP and folate-PEG34qo-

COOH were synthesized successfully (Fig. 1A and B). To investigate
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Fig. 3. Relative cell viability of PEC, PN, FPN, PPN or FPPN in Hela cells (A) and CHO-
k1 cells (B). The N/P ratio was 25 for Hela cells and 15 for CHO-k1 cells. *p <0.05
compared with PN.
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Fig. 4. Fluorescent images of Hela and CHO-k1 cells transfected with PEN, PN, FPN, PPN and FPPN in the absence or presence of 1.0 mM free folic acid.

the effect of PEG and folic acid modification on the transfection
efficiency of PAEP, three PAEP derivatives were synthesized by
coupling folate-PEG3409-COOH, folic acid or mPEG;ggo-COOH to
the amino groups of PAEP. The substitution degree of the PAEP
derivatives was controlled by the molar feed ratio and calculated
via the integration ratio of peaks at 2.6-2.7 (-COCH,CH,CO-)
with those at 2.8-3.1 (-CH;NH,-) for FPP in Fig. 1C, peaks at
3.2-3.3 (-CH,;NHCO-) with those at 2.8-3.1 (-CH;NH,;-) for FP in
Fig. 1D, and peaks at 2.6-2.7 (-COCH,CH,CO-)with those at 2.8-3.1
(-CH;NH,-) for PP in Fig. 1E. The substitution degrees of primary
amines of PAEP were from 1.43% to 1.56% for FPP, from 1.73% to
1.95% for FP and from 1.56% to 1.71% for PP, respectively. The
authenticity of FPP was further confirmed by the infrared spectrum.
The absorbance at 2885.0cm~! was the characteristic absorbance
of CH; due to the presence of PAEP and PEG. The P=N absorbance at
1250.0cm~! demonstrated the presence of PAEP. The absorbance
at 1695.1 and 842.8 cm~! from C=0 and phenyl group, respectively,
demonstrated the presence of FA-PEG3409 (Fig. 1F). FPP showed
good solubility in water (>100 mg/ml) with the hydrolysis half life
(at about 270 h). The Mw and PDI of polymer PAEP determined by
GPC were 13.9 kDa and 1.36, respectively. PEGylation increased the
Mw and PDI of polymer as described in Table 1.

3.2. Physicochemical characteristics of nanoparticles

DNA condensation ability of cationic polymer plays a crucial role
in protecting DNA from degradation. To investigate whether the
conjugation affects the DNA condensation ability of PAEP, a series of
nanoparticles with different N/P ratios was prepared and evaluated
by gel retardation assay. As shown in Fig. 2, the DNA condensation
ability of FP and PAEP did not show significant difference (p > 0.05,
Fig. 2A and B), but the PEGylation of PAEP slightly decreased the
DNA condensation ability of the polymer (Fig. 2C and D). Although

the PEGylation interfered with the compactness of polymer/DNA
nanoparticles as previous report (Erbacher et al., 1999), the N/P
ratio applied in our experiments was over 3, at which FPP or PP
could condense plasmid DNA very well.

Nanoparticles at N/P ratio 15 and 25 were prepared for
the following experiments, because the transfection activity of
nanoparticles at this N/P on CHO-k1 and Hela cells was the high-
est according to our preliminary experiment. The mean particle
sizes and {-potentials of nanoparticles were shown in Table 2.
The particle sizes of four nanoparticles did not demonstrate sig-
nificant difference, but the {-potentials of PPN and FPPN were
sharply decreased compared with those of PN and FPN (p<0.01),
which indicated that PEGylation of the nanoparticles could shield
the surface charge. In addition, PEGylation could also significantly
reduce the opsonization phagocyte recognition, and prolong parti-
cle circulation time through surface charge mask and steric shield
effect (Zahr et al., 2006), which favor further in vivo applica-
tion such as increasing the distribution of nanoparticles in tumor
(Dobrovolskaia et al., 2008).

3.3. Cell viability

The cytotoxicity is one of the obstructions for successful gene
delivery, thus the cytotoxicity of polymer/DNA complexes was
evaluated by MTT method. Compared with PEN, PN showed lower
toxicity when nanoparticles containing 1.0-4.0 ug DNA were added
to Hela and CHO-k1 cells (p<0.01) (Fig. 3). As shown in Fig. 3,
the cytotoxicity of FPPN was significantly lower compared with
that of PN at same dose, when nanoparticles containing 1.0-4.0 pg
DNA were added to Hela cells (p <0.05), which showed that the
PEGylation of the PAEP could decrease the cytotoxicity further. The
same phenomenon was observed when nanoparticles containing
2.0-4.0 g DNA were added to CHO-k1 cells (p <0.05). As the cyto-
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Fig. 5. Transfection efficiency of nanoparticles on Hela cells (A) and CHO-k1 cells
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and 15 for CHO-k1 cells, and PEC at the same N/P ratio was used as control. **p <0.01
compared with FPPN in folic acid free transfection medium, ***p <0.001 compared
with PN.

toxicity of cationic polymers mainly resulted from the electrostatic
interaction between nanoparticles and cell membranes (Kunath et
al., 2003; Qiu and Bae, 2007), the low {-potentials of FPPN could
contribute to their low cytotoxicity.

3.4. Invitro transfection

Receptor targeted gene delivery is an effective way to over-
come the plasma membrane of specific cells (Russ and Wagner,
2007), and folic acid is one of the ideal ligands for targeted gene
delivery (Lu and Low, 2002). The transfection efficiency of PN, FPN,
PPN and FPPN were investigated on Hela and CHO-k1 cells. Trans-
fected cells were visualized using fluorescent microscope (Fig. 4)
and quantified by FACS (Fig. 5). The transfection efficiencies of
PN, FPN and PPN in Hela cells did not show significant differ-
ence (p>0.05), but FPPN showed approximately one time higher
transfection activity compared with other nanoparticles (p <0.001),
which indicated that the modification of folate-PEG-COOH could
significantly increase the transfection efficiency. In the presence of
excess free folic acid (1.0 mM), the transfection efficiency of FPPN
decreased from 15.85+1.23% to 8.43 £0.92% (Fig. 5A). Interest-
ingly, the transfection efficiencies of non-FR target PN and PPN
decreased slightly by adding free folic acid, and the precise mech-
anism is still under investigation in our lab. As the FR located
lipid rafts are abundant of some specific lipids (Kamen and Smith,
2004), one possible mechanism could be as follow: the presence of
free folic acid induced the endocytosis of FR, and further changed
the lipid composition of cell membrane, finally changed the ionic
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Fig. 6. Cellular uptake of pDNA by Hela cells in the form of PN, FPN, PPN or FPPN.
*p<0.05 compared with PN.

interaction between complexes and cell membrane, which could
also be an optional explanation for the different responses to non-
FR targeted nanoparticles between Hela cells and CHO-k1 cells
at the presence of free folic acid. In CHO-k1 cells, FPPN was not
superior to other nanoparticles in the presence or absence of free
folic acid, which indicated that the presence of FR on cell mem-
brane was a very important factor for high transfection efficiency of
FPPN.

3.5. Cellular uptake

In order to explore the effect of FR-dependent endocytosis path-
way on cellular uptake of plasmid DNA, the amounts of DNA
endocytosed by Hela cells were quantified by FACS. According to
Fig. 6, the cellular uptake of FPPN rose by 37.38% compared with
PN (p<0.01), on the contrary, FPN was not superior to PN on cellu-
lar uptake. The difference could result from the difference of their
physical properties, because the {-potential of FPPN was signifi-
cantly lower than that of FPN and PN (Table 1). It has been reported
that the higher {-potential would result in more non-specific inter-
action between nanoparticles and serum or cell membrane (Zahr
etal., 2006), which could consequently bring about the shielding of
folic acid by serum proteins and non-specific endocytosis involv-
ing ionic interaction. Thus, nearly no FPN was endocytosed through
FR-dependent pathway. After PEGylation, the cellular uptake of
PPC did not decrease with {-potential decreasing (Fig. 6), which
could be due to the low PEG substitution degree (Mok et al., 2009).
These results indicated that the FR-dependent endocytosis path-
way played an important role in cellular uptake and transfection
efficiency of FPPN.

3.6. Sub-cellular colocalization

Since FACS cannot discriminate the localization of nanoparti-
cles in cells, confocal microscopy was applied to investigate the
colocalization of nanoparticles with lysosomes (Fig. 7). The uptake
of plasmid DNA into Hela cells was observed by the presence of
green dots from YOYO-1 labeled pDNA in the cytoplasm around
the nucleus (blue structures from Hoechst staining). As the degra-
dation of DNA in lysosome is one of the obstructions for efficient
gene delivery, we focused on the colocalization of lysosomes (red
dots from Lysotracker Red staining) with endocytosed plasmid
DNA. As shown in Fig. 7, FPN (Fig. 7B) or PPN (Fig. 7C) showed
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Fig. 7. Sub-cellular localization of uptaked pDNA in Hela cells treated with PN (A), FPN (B), PPN (C) or FPPN (D) visualized by confocal microscopy. Nuclei (blue), lysosomes
(red) and pDNA (green) were stained with Hoechst, lysotracker Red, and YOYO-1, respectively. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of the article.)

no obvious difference with PN (Fig. 7A) in the localization of plas-
mid DNA and most of endocytosed plasmid DNA was co-localized
with lysosomes. On the contrary, the sub-cellular localization of
FPPN slightly changed, less pDNA was co-localized with lysosomes
(Fig. 7D). For folate modified drug carriers, it is generally assumed
that a triggering mechanism must occur to release the drug from
endosomes (Rui etal., 1998; Kim etal.,2008). The FPPN, lacking pur-
posely designed triggering mechanism, seemed to show lysosomal
escape ability to some extent (Fig. 7), which was also observed from
microgels by Lyon’s group (Nayak et al., 2004). Lysosome escape of
PDNA due to endosomal sorting process could be one of the rea-
sons for enhanced transfection efficiency (Maxfield and McGraw,
2004), which supplemented the effect of increased cellular uptake
of pDNA through FR-dependent endocytosis in enhanced tranfec-
tion efficiency.

4. Conclusion

The folate-PEG-PAEP was synthesized as a folate receptor tar-
geted carrier. The cytotoxicity of FPPN decreased significantly
at high dose compared with the PAEP/DNA nanoparticles. FPPN
showed much higher transfection efficiency in FR overexpressing
Hela cells, but no significant difference was observed in CHO-k1
cells lacking FR. The transfection activity of FPPN could be reversed
in the presence of 1.0 mM free folic acid in Hela cells. The cellular
uptake of FPPN was 37.38% higher than that of PN in Hela cells.
These results suggested that folate-PEG-PAEP could be a promising
gene delivery system.
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