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A tetra(LL-lysine)-grafted poly(organophosphazene) for gene delivery
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Abstract—In order to develop a new gene delivery vector, a novel cationic poly(organophosphazene) was synthesized by stepwise
nucleophilic substitutions of poly(dichlorophosphazene) with a hydrophilic methoxy-poly(ethylene glycol) (MPEG) as a shielding
group and a branched tetra(LL-lysine), LysLys(LysEt)2, as a cationic moiety. The cationic polymer has shown to form a polyplex
by DNA condensation and very low in vitro cytotoxicity probably due to the shielding effect of MPEG, which provides a basis
for improving the low gene transfection yield of cationic polyphosphazenes.
� 2007 Elsevier Ltd. All rights reserved.
Recently, gene delivery systems based on non-viral vec-
tors have attracted much attention in the field of medi-
cine, pharmaceutical sciences, and biotechnology
because of their potential utility for medical treatment
of genetic disorders, infections, and cancers.1,2 Viral vec-
tors show more efficient transfer both in vitro and
in vivo than non-viral vectors.2,3 However, some severe
disadvantages are associated with the use of viral vec-
tors, such as recombination with wild-type viruses, an
immune response against the viral vector, and size limi-
tation of DNA.4,5 For such reasons, various non-viral
vectors over 400 were studied during past two decades,6

but no suitable cationic polymer useful for efficient and
safe gene delivery has been found yet.

The non-viral vectors bearing LL-lysine have been exten-
sively studied since the formation of polyplexes between
PLL and DNA was identified.7 The cationic sites of the
protonated primary e-amine groups of LL-lysine grafted
to polymers interact electrostatically with negatively
charged DNA to form polyplexes, polyelectrolyte com-
plexes. In the case of PLL, it is known that the number
of primary amine groups on the PLL backbone is
important for the polyplex formation.8 The high
molecular weight of PLL has some advantages as a gene
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carrier, but its utility is limited due to its high cytotoxic-
ity and tendency to aggregate and precipitate.9 It is also
known that the cationic surface of polyplexes is the main
cause for cell cytotoxicity,4,9 and rapid clearance of the
polyplexes from the blood stream.10 Therefore, intro-
duction of hydrophilic poly(ethylene glycol) to a
cationic polymer is a well-known approach to prevent
the protein adsorption of polyplexes by hydrophilic
surface shielding effect of cationic charges.9,11 Cationic
polyphosphazenes grafted with tertiary amines12 and
their applications as non-viral gene delivery vectors2,13

were reported in recent years, but all these polyphosp-
hazenes contain only tertiary amines as a side group.

In this context, we have synthesized a novel cationic
polyphosphazene bearing a hydrophilic methoxy-
poly(ethylene glycol) with molecular weight of 350
(MPEG350) as a shielding group and a branched
tetra(LL-lysine), LysLys(LysEt)2, as a cationic side
group. Various useful properties are expected for this
polymer: good shielding effect, good water-solubility,
biodegradability,14 biocompatibility, and effective
DNA condensation. In this paper, we describe its
synthesis, characterization, and properties as a new gene
delivery vector.

The polyphosphazene bearing MPEG350 and the tetral-
ysine was synthesized according to the procedure de-
picted in Scheme 1. Poly(dichlorophosphazene) was
prepared according to our procedure.15 The sodium salt

mailto:yssohn@ewha.ac.kr


N P

Cl

Cl

n N P N N P N
(i) (ii)

(iii)

P P

Cl

(I) (II)

(III)

O O

NH

O

O

O

O

O

O

O O O

O

H N

O

O

Lys

Lys(Boc)2

Lys(Boc)2

N P N P

(IV)

O

NH

O

O

O O

O

H N

O

O

Lys

Lys(TFA)2

Lys(TFA)2

7

7

7
7 7

7

7 7

7

Scheme 1. Synthetic route to the cationic polyphosphazene bearing MPEG350 and a branched tetra(LL-lysine) as side groups. Reagents and

conditions: (i) �65 �C, 8 h, MPEG–Na; (ii) tetra(LL-lysine)[Lys Æ Lys Æ (LysBoc2)2], NEt3, 50 �C, 2 days; (iii) TFA, 8 h.

Figure 1. 31P NMR spectra of poly(dichlorophosphazene) (a),

the PEGylated intermediate (b), and the final product,

[NP(MPEG350)LysLys(LysEt)2]3(c).
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of MPEG350 prepared by reaction of MPEG350
(5.25 g, 15 mmol) with a slight excess of sodium hydride
in THF at reflux was dropped slowly to the solution of I
(1.0 g, 8.62 mmol) dissolved in THF. The reaction mix-
ture was stirred for 4 h at �65 �C to afford PEGylated
polyphosphazene II. Meanwhile, the Boc-blocked tetral-
ysine ethyl ester (6.61 g, 7 mmol) prepared by the litera-
ture procedure16 was dissolved in dry chloroform
containing excess amount of dry triethylamine. This tet-
ralysine solution was slowly added to the polymer solu-
tion of II, and then the mixed solution was stirred at
50 �C for 2 days. The reaction mixture was filtered to re-
move byproduct salts, and the filtrate was concentrated
and reprecipitated twice by a solvent pair of ethanol and
diethyl ether. For further purification, the product dis-
solved in methanol was dialyzed in methanol for 1 day
and in water for 1 day using regenerated cellulose mem-
branes (MWCO: 3.5 · 103). The dialyzed solution was
freeze-dried to obtain the product (III) with the lysine
amine groups blocked by Boc. The Boc protecting group
in the polymer was removed by reaction with excess of
trifluoroacetic acid (TFA) in methylene chloride. The
resulting polymer was dialyzed in water for 1 day and
then freeze-dried to obtain the final cationic polyphos-
phazene, {NP[MPEG350]1.55[LysLys(Lys(TFA)2)2]0.45}n

(IV) (Yield: 74%, 6.5 g).

The present polymer is very soluble in water as well as in
most of polar organic solvents and fully characterized
by means of multinuclear (1H, 31P) NMR spectrosco-
pies, GPC, DLS, f potential, and elemental analyses.
All the synthetic reactions were monitored using 31P
NMR spectroscopy. The 31P NMR spectra of the PEG-
elated intermediate II and the final polymer IV are de-
picted in Figure 1. The stepwise substitution reactions
were continued until only two major peaks of –N–P–
O– and –O–P–O– were observed at 2.87 and
�2.87 ppm, respectively. The molar ratio of PEG and
tetrapeptide was determined by 1H and 31P NMR inte-
gration, which was well in accord with the elemental
analysis data.17 The number average molecular weight
(Mn) and weight average molecular weight (Mw) of the
polymer were measured in a water/acetonitrile mixture
(80:20) by GPC using polyethylene oxide standard
(Mn = 1.4 · 104, Mw = 3.8 · 104, and PDI = 2.79).

We have performed the particle size analysis and f po-
tential measurements for the present polymer to deter-
mine its shielding capability and gene adduct
formation. Polyplex formation of plasmid DNA with
our cationic polymer was studied by DLS and zeta



Figure 3. Schematic representation of the polyplex formed by the

cationic polymer with negatively charged DNA.
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Figure 4. The gene transfection efficiency depending upon the N/P

ratio.
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potential measurements at various N/P ratios (0, 0.5, 1,
2, 3, 4, and 8) in FBS-free media at room temperature.
The size condensation of polyplexes was observed and
the average diameter was about 120 nm at N/P ratios
of 3, 4, and 8, and remained stable for 8 h. The sizes
of gene and neutral polyplexes (N/P = 1) could not be
detected by DLS because of their low scattering yield
at N/P = 0 and the formation of unstable aggregates at
N/P = 1. The surface charge of the polyplex was studied
by f potential measurements at various N/P ratios (0,
0.5, 1, 2, 3, 4, and 8). The f potential of the polyplex in-
creased with increasing N/P ratio from �63 mV at
N/P = 0 ratio to +27 mV at N/P = 4 and 8. Such a f
potential value of +27 mV at N/P = 4 and 8 is unexpect-
edly high, but a similar value of +25 mV at N/P = 4 was
recently observed for dendritic PLL PEGylated18 to the
same degree (60%) as our present polymer bearing 59%
PEG of the polymer. Consequently, successful DNA
condensation and shielding effect of PEG group for
the present polymer were characterized and the results
are shown in Figure 2. The conceptual diagram for the
formation of polyplex by this cationic polymer is
schematically shown in Figure 3.

In vitro cell transfection activity of the present polyplex
tested at various N/P ratios was examined at different
transfection time. Polyplexes were formed by plasmid
DNA and the polymer at various N/P (0, 1, 4, 8, 12,
24, 36, and 48) ratios in FBS-free media for 30 min at
room temperature. The amount of plasmid DNA used
for the polyplex formation was fixed at 1 lg at each
N/P ratio. Following the treatment of cells with poly-
plexes for 2, 4, and 6 h, the media were replaced by
500 lL of media containing 10% FBS, and the cells were
incubated for 2 days. Figure 4 shows the luciferase activ-
ity of the cells. The present polyplex shows a bell-type
curve at the transfection activity, which has been similar
to recently reported other non-viral gene delivery sys-
tems such as PEI22 polyplexes and p(DMAEA)-pzz
polyplexes.2,13 The transfection activity increased with
increasing transfection time up to 6 h in the range of
N/P ratio
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Figure 2. The mean diameter (d) and f potential (j) of the polyplex

prepared at various N/P ratios. In case of N/P = 0 and N/P = 1, the size

of polyplex could not be detected because of their low scattering yield

and low aggregation stability of neutral particles.
N/P ratios from 4 to 48. For 4- and 6-h incubations,
the maximum transfection efficiency was observed at
N/P ratio of 24. The maximum transfection yield of this
polymer is remarkably lower compared with the previ-
ous report,13 probably due to the insufficient number
of available cationic amine sites of the tetralysine groups
grafted to the phosphazene backbone. Therefore, in
order to improve transfection yield of this polymer, it
seems necessary to increase the tetralysine content of
the polymer.

In vitro cell cytotoxicity test was performed using SRB
staining assay according to the previous report.19 As is
seen from Figure 5, the present cationic polymer shows
almost no in vitro cytotoxicity against the SK-OV3 cell
line up to the concentration of 10 mg/ml. Approximately
20% reduction in cell viability was observed at N/P ratio
of 48 (8 mg/ml polymer) after 4- and 6-h incubations. In
the case of 2-h incubation, relatively lower reduction in
cell viability with increasing amount of polymer was
observed than 4- and 6-h incubations.

In conclusion, a new cationic polyphosphazene bearing
MPEG350 and a tetralysine, LysLys(LysEt)2, as side
groups has been prepared for a gene delivery vector,
which was found to form a polyplex with DNA. The size
condensation of the polyplex was observed at 120 nm
and the surface charge was characterized to be approx-
imately 27 mV. The cationic polymer exhibited almost
no in vitro cytotoxicity against the SK-OV3 cell line
probably due to the shielding effect of the PEG groups.
However, the present polyplex exhibited relatively low
transfection yield probably because of the insufficient
number of cationic amine sites of the tetralysine groups
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Figure 5. Cytotoxic effect of the present cationic polymer against the

SK-OV3 cell line after 2-, 4-, and 6-h incubations at 37 �C. Cell

viability was determined by SRB staining assay. Each data point

represents the mean ± SD (n = 3).
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grafted to the polymer backbone, and further study is
underway to improve transfection yield by increasing
the cationic sites of the polymer.
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