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Abstract Polyethylenimine (PEI) is one of the most
widely investigated cationic polymers for gene delivery.
However, PEI/DNA complexes are unstable and tend to
aggregate. PEGylation was used to improve the stability.
The stability of polymer/DNA complexes was investigated
including complexation stability, aggregation stability,
sedimentation stability, and nuclease stability. PEI25K/
DNA complexes were liable to aggregate to large particles
(500-700 nm). The aggregation was proved to be induced
by phosphate anion. In the medium without phosphate
anion, aggregation was prevented by electrostatic repulsion.
Owing to more efficient steric repulsion, PEG2 and PEG5K
excelled PEG750 in facilitating copolymers to form stable
small polyplexes (below 100 nm) without aggregation
regardless of phosphate anion. The steric repulsion pre-
dominated over electrostatic repulsion in stabilization.

1 Introduction
The cationic polymer polyethylenimine (PEI) is a widely

studied and efficient non-viral gene delivery carrier [1-4]. In
physiological pH range, the positively charged amino
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groups in PEl interact with the negatively charged phosphate
groups in DNA by electrostatic attraction and form PEI/
DNA complexes as condensed nanoparticles which may
protect DNA against nuclease degradation [5-7]. Moreover,
the positive surface charge of the nanoparticles at higher N/P
ratios may stabilize the complexes as a result of electrostatic
repulsion [8, 9]. However, some research groups reported
that PEI/DNA complexes tended to aggregate in the pres-
ence of salt [4, 10-12], but little information is available
concerning the reasons for the aggregation.

To improve stability and biocompatibility, PEI has been
modified with nonionic hydrophilic segments, such as
poly(ethylene glycol) (PEG) [8, 10, 12-15], pluronic [16],
and dextran [11, 17]. Out of these, PEG has been widely
used in conjugating to cationic polymers because of its high
solubility in water, non-immunogenicity, and enhanced
biocompatibility. Various types of PEG-PEI copolymers
were extensively investigated [8, 10, 12—15]. However, the
surface charge of PEG-PEI/DNA complexes is shielded by
the nonionic PEG chains in the outer layer, so the electro-
static repulsion between nanoparticles contributed to the
colloidal stability is dramatically reduced. Alternatively,
the PEG chains could provide steric repulsion for stabil-
ization. Then, here come the questions: Is the steric repul-
sion, compared with the electrostatic repulsion, sufficient to
maintain the colloidal stability? Does the PEGylation
impair the physicochemical properties of the cationic
polymer?

In this study, we synthesized three series of PEG-g-PEI
copolymers and investigated the influences of PEG
molecular weight and PEGylation degree on the stability of
polymer/DNA complexes including complexation stability,
colloidal stability, and biological stability, so as to develop
an optimized PEG-PEI copolymer to be used as a non-viral
gene delivery carrier.
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2 Materials and methods
2.1 Materials

Branched PEI (25 KDa) was purchased from Sigma—
Aldrich (St. Louis, MO). Linear monomethoxypoly(ethyl-
ene glycol)-750 (mPEG750), mPEG2K, and mPEG5K
were from Fluka (Buchs, Switzerland). Isophorone diiso-
cyanate (IPDI) was from Huicai (Guangzhou, China).
Dibutyltin dilaurate (DBTL) was from Libao (Guangzhou,
China). Chloroform (99%), light petrol (99%, 40-60°C),
and diethyl ether (99%) were all from Chemical Agent
Factory (Guangzhou, China). Chloroform was treated with
IPDI for 4 h at 60°C and distilled to remove any traces of
water and ethanol.

Plasmid pEGFP-C1, coding for the enhanced green
fluorescent protein (EGFP) gene under the control of the
CMYV immediate-early enhancer/promoter, was a gift from
West China University of Medical Sciences (Chengdu,
China). The plasmid was amplified in a competent Esche-
richia Coli strain DH5o and purified with a QIAGEN
(Chatsworth, CA) kit following the manufacturer’s protocol.

2.2 Synthesis of copolymers

PEG-g-PEI copolymers were synthesized using a two-step
procedure as described previously [18]. Briefly, as shown
in Fig. 1, in the first step of PEG activation, PEG dissolved
in pretreated chloroform reacted with IPDI (10-30 molar
excess) at 70°C for 10 h. DBTL (0.6-0.7 wt%) was added

Fig. 1 Synthesis of PEG-PEI

as a catalyst. Then the polymer was repeatedly precipitated
in light petrol and redissolved in chloroform several times
to remove excessive IPDI and DBTL. In the second step,
the activated PEG and PEI (at given ratios) were refluxed
in chloroform with DBTL as a catalyst at 65°C for 24 h.
Finally, the solution was concentrated and the polymer was
precipitated in a large volume of diethyl ether. The prod-
ucts were dried at reduced pressure. The structure of the
copolymers was confirmed by FT-IR and 'H NMR spec-
troscopy. Molecular weight of the copolymers was calcu-
lated according to the integration areas of ethylenimine and
ethylene glycol units in the "H NMR spectrograms.

2.3 Preparation of polymer/DNA complexes

Polymers were diluted with 1x PBS, unless otherwise
mentioned. Plasmid DNA was diluted to equal volume with
deionized water (20 pg/ml). The polymer solution was
added to the DNA solution and pipetted repeatedly, then
incubated for 30 min at room temperature. The polymer/
DNA ratio was expressed as the N/P ratio, where N rep-
resented moles of amino group in PEI and P represented
moles of phosphate group in DNA.

2.4 Gel retardation assay

Polymer/DNA complexes were prepared as described above
at various N/P ratios, ranging from 0.5 to 6, then incubated
for 30 min at room temperature prior to loading onto an EtBr
containing 0.8% agarose gel. Electrophoresis was run in
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TBE buffer at a voltage of 90 V for 50 min. DNA retarda-
tion was observed using a UV transilluminator.

2.5 Polyanion competition assay

Polymer/DNA complexes were prepared as described
above at an N/P ratio of 10 and incubated for 30 min at
room temperature, then mixed with 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, and 0.8 IU of heparin/pg PEI as a competing
polyanion. The mixture was incubated for 20 min, and then
electrophoresis was carried out as above.

2.6 Measurement of particle size and zeta-potential

Polymer/DNA complexes were prepared as described
above at various N/P ratios of 1, 2, 4, 6, 10, 20, and 30, and
then incubated for 30 min at room temperature. Afterward,
the particle size and zeta-potential were measured with a
Zetasizer Nano Series 90 (Malvern Instruments, UK) at
25°C as described in Ref. [12].

2.7 Sedimentation stability

Polymer/DNA complexes were prepared as described
above at an N/P ratio of 10 and incubated for 30 min at
room temperature, then centrifuged at various gravities for
2 min in a UNIVERSAL 32R centrifuge (Hettich Co.,
Germany). The UV absorbance of the supernatant was
measured at 260 nm by a 6131 Biophotometer (Eppendorf
Co., Germany). The relative value of A/A, was used to
evaluate the sedimentation stability of complexes, where
Ay and A denoted the UV absorbance of the supernatant
before and after centrifuge, respectively.

2.8 Stability against nuclease and ultrasonication

PEI25K formed complexes with DNA at various N/P ratios
of 0.5, 1, 2, 3, and 4. PEG-PEI copolymers formed

complexes at an N/P ratio of 4. All the complexes were
incubated for 30 min at room temperature. Then 10 pl of
naked DNA or complexes (containing 0.4 ng DNA) were
mixed with 4 pl of DNase I (0.4 pg) and incubated at 37°C
for 30 min. Afterward, 4 pl of 250 mM EDTA was added
to the samples and incubated for 10 min to inactivate the
nuclease. Subsequently, the samples were treated with 2 pl
of heparin (1.25 IU) for 20 min to release DNA. Finally,
electrophoresis was carried out as above.

Naked DNA solution was ultrasonicated with a 250 W
water bath sonicator (Kudos Co., China) at 40 KHz for
1,2,3,5,10, and 15 min, respectively. A 10 pl volume of
each sample was analyzed by electrophoresis as above.
Polymer/DNA complexes were prepared at an N/P ratio of
10 and incubated for 30 min at room temperature, then
sonicated under the same conditions. A 5 pl volume of
each sample was treated with 5 pl of heparin for 20 min to
release DNA. Electrophoresis was carried out as above.

3 Results
3.1 Synthesis of copolymers

Three series of PEG-g-PEI copolymers were synthesized
with PEI25K and three different molecular weight mPEGs.
In each series of given molecular weight mPEG, PEI25K
was grafted with various amounts of mPEG. Composition
and molecular weight of PEG-PEI copolymers are pre-
sented in Table 1. PEG-PEI copolymers are designated
here as x—y, where x denotes the molecular weight of PEG
in the copolymers and y denotes the weight proportion (%)
of PEG in the total initial reactants (PEG and PEI). For
instance, 2K-50 indicates that the copolymer was synthe-
sized with mPEG2K and PEI25K fed at 1:1 (w/w). With
the three series of PEG—PEI copolymers, we could study
the influences of PEGylation degree at given molecular

Table 1 Composition and

molecular weight of PEG-PEI Sample name Feed ratio (Wpgg/Wpgr) PEG content (%) Number of MW (Mn)“

copolymers grafted PEG (n)
750-10 mPEG750:PEI = 1:9 13.86 4.14 29.0 K
750-25 mPEG750:PEI = 1:3 19.91 6.39 312K
750-50 mPEG750:PEI = 1:1 44.98 21.02 454 K
2K-10 mPEG2K:PEI = 1:9 10.47 1.32 279 K
2K-25 mPEG2K:PEI = 1:3 26.96 4.15 342K
2K-50 mPEG2K:PEI = 1:1 53.12 12.75 533K
5K-10 mPEGSK:PEI = 1:9 11.26 0.61 282 K
5K-25 mPEGSK:PEI = 1:3 25.08 1.60 334K

“ Calculated based on 'HNMR  5g_50 mPEGSK:PEI = 1:1 52.00 5.19 520K

data
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weight PEG (x-10, x-25, and x-50) and PEG molecular
weight at given PEGylation degree (750-y, 2K-y, and 5K-y)
on the physicochemical properties of the copolymers.

3.2 DNA complexation

To investigate DNA complexation ability of the polymers,
agarose gel retardation assay was performed. As shown in
Fig. 2a, DNA migration was retarded as the N/P ratio
increased. As for PEI25K, complete retardation of DNA
was observed at an N/P ratio of 3. In the case of PEG—PEI
x-10 and x-25, similar results were obtained, showing that
PEGylation degree of 10 and 25% will not impede the
complexation. With regard to PEG-PEI x-50, DNA was
completely complexed at N/P ratio 4, suggesting that
higher PEGylation degree may impede the complexation
slightly. Similar results were reported by Petersen and
coworkers [12], who found grafting PEI with PEG5K
slightly hindered the interaction with DNA. From Fig. 2a,
we also learned that in the case of equivalent PEGylation
degree, there was no difference in DNA complexation for
the PEG-PEI copolymers with different molecular weight
PEGs.

The influence of complexation medium was also inves-
tigated. As shown in Fig. 2b, in pH 7.4 PBS, both PEI25K
and PEG-PEI 2K-25 completely complexed DNA at N/P
ratio 3. This result is similar to that in 1 x PBS, indicating no
distinct impact on the DNA complexation in pH 7.4 PBS.
Similar results were obtained in 150 mM NaCl solution and
in deionized water (data not shown). In pH 4.0 PBS, com-
plete retardation of DNA was observed at N/P ratio 5 for
PEI25K and N/P ratio around 4-5 for PEG-PEI 2K-25. This

Fig. 2 Agarose gel
electrophoresis of polymer/
DNA complexes. Lane 1
plasmid only,

lanes 2-8 N/P = 0.5, 1, 2, 3, 4,
5, and 6.

a Complexes formed in 1x
PBS, b Complexes formed in
various media

b
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PEG-PEI 2K-25 in pH 7.4 PBS
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implies that the complexation is impeded slightly, and the
impact on 2K-25 is less than on PEI25K. It was considered
that in the low pH environment, protonation of the amino
groups in PEI led to an expansion of the polymeric network
due to intramolecular charge repulsion [19], inducing a
portion of DNA releasing from the complexes. In RPMI
1640 culture medium containing 10% serum, DNA was
complexed completely at N/P ratio 4 for PEI25K and N/P
ratio around 3—4 for 2K-25. Here, the impeded complexation
was observed again, and the DNA complexation for 2K-25
was hindered by serum to less extent compared with that for
PEI25K. This finding may provide referenced information
for in vitro cell transfection. Surprisingly, some difference
was found in 5% glucose solution: DNA migration was
incompletely retarded even at a high N/P ratio of 6 for both
PEI25K and 2K-25. Further experiments showed that com-
plete retardation of DNA was achieved at N/P ratio around
4 (data not shown), indicating that the complexation was
impeded remarkably in 5% glucose solution.

3.3 Complexation stability: competition
with polyanion

Heparin was used as a polyanion to compete with DNA for
cationic polymers. The amount of heparin at which DNA
was released from the complexes was used to evaluate the
complexation stability. As shown in Fig. 3, DNA was
released from the complexes as the amount of heparin
increased. As for PEI25K, complexes were dissociated and
DNA was released at a heparin amount of 0.4 1U/pg PEL For
the copolymers with PEG750 and PEG2K blocks at lower
PEGylation degree (10 and 25%), DNA was released at the
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Fig. 3 Stability of complexes against competing polyanion (heparin).
Lane 0 plasmid only, lanes 1-8 complexes (N/P = 10) were added
with 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 IU heparin/pg PEI,
respectively

same amount of heparin (0.4 IU/ug PEI). Therefore, the
complexation stability of PEG-PEI 750-10, 750-25, 2K-10,
and 2K-25 was similar to that of PEI25K, without impact
from the PEGylation. With respect to the copolymers with
higher PEGylation degree (50%), DNA releasing occurred
at a decreased heparin amount of 0.3 IU/pg PEI, suggesting
that the complexation with PEG-PEI x-50 was less stable
than that with PEI25K, probably due to the reduced DNA
condensation ability. This is consistent with the result of gel
retardation assay. Some researchers also reported that for
the polyplexes based on PEGylated PEI25K, increasing
the level of PEG grafting reduced the complexation stability

[9]. In contrast, for PEG-PEI 5K-10 and 5K-25, DNA was
released at a higher heparin amount of 0.5 and 0.6 IU/ng
PEI, respectively, showing improved complexation stabil-
ity. This may be attributed to the unaffected DNA conden-
sation ability, and longer and more flexible side chains of
PEGSK with stronger steric repulsion, preventing the access
of heparin.

3.4 Particle size of the complexes

Particle size of the complexes is influenced markedly by
N/P ratios. It is generally considered that DNA is con-
densed more tightly as the N/P ratio increases, leading to a
smaller particle size [6, 7]. In our experiments, no particle
was detected by the instrument at lower N/P ratios (N/P =
1 and 2), maybe due to inefficiency of the polymers to
condense DNA into particles, or forming loose and
unconsolidated complexes that could not be distinguished
from the bulk solution. At N/P ratio 4, particles were
detected and the particle size decreased with increasing
N/P ratios, as shown in Table 2. The particle size of the
complexes formed with PEI25K was in the range of 500-
700 nm or so, while the complex size for most PEGylated
PEI dramatically decreased (<200 nm). Since no signifi-
cant difference was found in DNA condensation ability
between PEI25K and PEG-PEI copolymers via gel retar-
dation assay, the large particles for PEI25K should not be
ascribed to incomplete DNA condensation. We speculate
that the large particles are aggregates from small particles.
Most PEG—PEI copolymers formed small particles without
aggregation, maybe attributed to the steric repulsion from
the electroneutral and flexible PEG chains.

For PEG2K and PEGS5SK, at an N/P ratio of 10,
copolymers with higher PEGylation degree (25 and 50%)
formed complexes with the size below 100 nm. In contrast,
the complex size for the copolymers with lower PEGyla-
tion degree (10%) increased (190 £ 46 nm for 2K-10 and
147 + 38 nm for 5K-10). This indicates that the steric
repulsion against aggregation becomes remarkable with
increasing PEGylation degree.

For PEG750, at lower N/P ratios (N/P =4 and 6),
copolymers formed aggregated complexes (500-900 nm),
probably due to incomplete compaction and the poor steric
repulsion of PEG750 with short chains. Thus, the steric
repulsion is relevant to the molecular weight of PEG besides
PEGylation degree. Short PEG chains (PEG750), even at
high content (50%), can not provide sufficient steric repul-
sion against aggregation. However, at N/P ratios above 10,
complex size for PEG-PEI 750-y decreased below 100 nm,
suggesting that incompletely condensed complexes were
liable to aggregate.

Preliminary experiments showed that PEI25K formed
large polyplexes in 1x PBS, so the influence of
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Table 2 Particle size (nm) of

polymer/DNA complexes N/P ratio 4 6 10 20 30

prepared in 1x PBS determined  ppyy5i 715 + 115 645 + 109 591 + 104 583 + 88.2 533 + 107

by dynamic light scattering

(DLS) (n = 3) 750-10 961 + 202 879 + 203 128 + 41 83.0 + 15.4 88.7 + 13.6
750-25 828 + 187 807 £ 159 122 + 34.1 772 + 18.8 721 £ 17.1
750-50 721 + 133 548 + 129 98.3 + 23.7 69.9 + 18.7 60.3 + 19.5
2K-10 386 + 76.2 186 + 43.7 190 + 46.4 80.3 + 22.4 87.1 + 19.5
2K-25 161 + 49.7 107 + 3122 85.3 + 19.9 753 + 332 66.9 £ 22.6
2K-50 108 + 31.6 91.4 + 257 724 + 172 59.7 + 13.7 60.8 + 13.9
5K-10 191 + 415 175 + 46.3 147 + 38.0 85.7 + 17.8 68.7 + 29.6
5K-25 103 + 16.8 86.4 + 33.5 70.7 + 8.55 79.7 + 11.2 59.4 + 6.39
5K-50 94.7 + 11.6 725 £ 9.18 732 +9.32 552 + 7.86 40.1 £ 5.17

Table 3 Particle size (nm) of polymer/DNA complexes prepared in
various media“® determined by DLS (n = 3)

N/P ratio
Polymer Medium 10 20 30
PEI25K pH74 PBS 555+ 125 548 4+ 130 546 =+ 125
pH 4.0 PBS 447 £87.8 5234 132 535 £ 115
Deionized  45.1 & 13.1 433 + 12.1 424 + 104
water
150 mM 97.7 £ 30.0 61.7 £ 13.6 52.7 + 133
NaCl
5% glucose  54.3 + 14.8 51.5 & 13.7 42.7 £ 109
PEG-PEI  pH4.0PBS 75.6+ 18.1 71.0 + 18.2 70.9 & 16.5
2K-25 150 mM 69.1 + 18.6 50.1 £ 16.2 57.7 + 13.7
NaCl

5% glucose 71.5 £ 19.1 555 £ 162 558 £ 15.7

pH 7.4 PBS composition: 50 mM KH,PO,, 40 mM NaOH
pH 4.0 PBS composition: 57 mM Na,HPO,, 42 mM citric acid

“ 1x PBS composition: 137 mM NaCl, 2.7 mM KCl, 10 mM
NazHPO4, 2 mM KH2PO4

complexation medium with different concentration of
phosphate anion was also investigated. As shown in
Table 3, in the media of pH 7.4 and 4.0 PBS containing
abundant phosphate anion, PEI25K complexed with DNA
to form large particles that were 400-600 nm in diameter.
While in the media without phosphate anion such as
deionized water, 5% glucose and 150 mM NaCl, the
diameters of the PEI/DNA complexes were smaller than
100 nm. We concluded previously that there was no sig-
nificant difference in DNA condensation ability between
various complexation media investigated via gel retarda-
tion assay, thus the PEI/DNA complexes exhibited large
size in PBS were not due to incomplete DNA condensation.
We believe once again that the large particles are aggre-
gates from small particles. Moreover, the aggregation is
induced by phosphate anion. However, the particle sizes of
the complexes formed with copolymer 2K-25 in various

@ Springer

Table 4 Particle size (nm) of different polymer/DNA complexes
prepared in 1x PBS determined by DLS (n = 3)

N/P ratio 10 20 30

Homopolymer PEI25K 591 £ 104 583 4+ 88.2 533 £ 107
Mixture PEI2SK/mPEG2K 513 + 104 565 £ 106 555 £+ 106
Copolymer PEG-PEI 2K-25 85.3 £ 19.9 75.3 £ 33.2 66.9 £ 22.6
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Fig. 4 Dynamic process of the particle size of the polyplexes after
complexation with PEI25K and PEG-PEI 2K-25 in 1x PBS (N/P =
10), determined by DLS

media were all below 100 nm, indicating better stability of
the complexes, owing to the steric repulsion from PEG
blocks against aggregation.

Particle size of the complexes formed in 1x PBS with
homopolymer PEI25K, copolymer 2K-25, and simple
mixture of mPEG2K and PEI25K (1:3, w/w) was compared
in Table 4. Complex size for mixed polymers was similar
to that for homopolymer PEI25K (500-600 nm), but dif-
ferent from that for copolymer 2K-25 (below 100 nm).
Therefore, simply mixing PEI with PEG could not provide
efficient steric repulsion against aggregation.

Particle size of the complexes (N/P = 10) formed in
1 x PBS was measured over time. As shown in Fig. 4, during
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measurement, complex size for PEI25K increased from 300
to 700 nm, indicating aggregation of the complexes. In
contrast, complex size for PEG-PEI 2K-25 remained con-
stant below 100 nm, showing excellent stability against
aggregation.

3.5 Zeta-potential of the complexes

Zeta-potential of the complexes gradually increased with
increasing N/P ratios. As shown in Table 5, at lower N/P
ratios (N/P = 1 and 2), no condensed complexes formed
and the zeta-potential was negative (—20 to —40 mV),
mainly due to the phosphate groups of DNA backbone. The
zeta-potential increased to nearly electrical neutrality as
DNA was completely condensed. As the N/P ratio contin-
ued to increase, the complexes associated with excessive
polycations and exhibited positive zeta-potential. However,
the zeta-potential did not increase further at N/P ratio above
10, suggesting that complex formation reached equilibrium
state. Meanwhile, Table 5 revealed that, for condensed
complexes at various N/P ratios, the zeta-potential for
PEG-PEI copolymers remarkably reduced compared with
that for PEI25K. This implies that the flexible nonionic PEG
chains in the outer layer of the complexes are able to shield
the positive charge of the inner polycation/DNA core. The
negative zeta-potential of the complexes for both PEI25K
and PEG-PEI copolymers inflected to positive at N/P ratio 6
or so. Therefore, the charge shielding effect of PEG had
only marginal influence on the polymers to condense DNA.
For PEG2K and PEGS5K, at an N/P ratio of 10 or above,
copolymers with higher PEGylation degree (25 and 50%)
formed complexes with the zeta-potential reduced to +1 to
+2 mV, compared with 410 to +12 mV for PEI25K. In
contrast, the copolymers with lower PEGylation degree
(10%) formed complexes with the zeta-potential reduced
only to +3 to +6 mV. Hence, the charge shielding effect
augmented with increasing PEGylation degree.

Table 6 Zeta potential (mV) of PEI25K/DNA complexes formed in
various media determined by LDA (n = 3)

N/P ratio 10 20 30

Deionized water +7.93 £ 1.81 +9.64 £ 146 +9.81 £ 1.75
5% glucose +10.1 £ 1.15  +11.3 £ 196 +13.4 £ 2.10
150 mM NaCl +258 £ 4.61 +243 +4.68 +25.6 +4.15
pH 7.4 PBS —122+196 —11.1 £1.86 —9.40 + 1.64
pH 4.0 PBS —17.8 £2.76  —13.1 £1.59 —4.13 £ 916

For PEG750, the zeta-potential of the complexes only
reduced to 45 to +6 mV, regardless of the PEGylation
degree, suggesting the relatively poor shielding effect of
short PEG chains. Thus, the charge shielding effect is
relevant to the molecular weight of PEG as well as
PEGylation degree. Short PEG chains (PEG750), even at
high content (50%) and a high N/P ratio of 30, can not
further reduce the zeta-potential of the complexes.

The influence of complexation medium on the zeta-
potential of the complexes for PEI25K was shown in
Table 6. In the medium without phosphate anion, such as
deionized water, 5% glucose, or 150 mM NaCl, the zeta-
potential was positive, due to the excess of polycations. In
contrast, in pH 7.4 and 4.0 PBS containing abundant
phosphate anion, the zeta-potential at various N/P ratios
dramatically reduced to negative (yet exhibiting increasing
tendency with increasing N/P ratios). Therefore, the neg-
ative zeta-potential may be ascribed to the complexes
adsorbing the multivalent phosphate anion with high den-
sity of negative charge. Hence, the zeta-potential of the
complexes is influenced by ionic species and ionic strength
of the complexation medium. Since the surface charge of
the complexes contributes to the interaction with cell
membrane, and then transfection efficiency, this finding may
provide referenced information for in vitro cell transfection.
As for the copolymer 2K-25, the zeta-potential in various

Table 5 Zeta potential (mV) of polymer/DNA complexes prepared in 1x PBS determined by laser Doppler anemometry (LDA) (n = 3)

N/P ratio 1 2 4 10 20 30

PEI25K —387+6.69 237 +447 —183 £247 2.51 £ 0.267 9.70 £ 1.62 11.5 £ 2.03 122 £ 2.74
750-10 —233+491 —-12.1+224 752+ 121 —0.313 £ 0.0411 4.44 £+ 0.572 498 £ 0.969  6.30 £+ 1.17
750-25 —33.6 £ 640 —20.9 £ 4.81 —18.8 +£2.28 —4.56 + 0.516 5.24 £ 0.618 5.16 £ 1.13 5.53 £ 0.904
750-50 —26.6 £487 —134+286 —6.78 £ 1.17 —2.37 £ 0.276 2.60 + 0.383 5.84 £ 1.61 5.31 £ 0.921
2K-10 —341+£631 —-269+583 —6.66+ 1.01 2.96 £ 0.352 3.39 £ 0.407 4.86 £ 0.927 6.51 £ 1.016
2K-25 —327+£568 —6.17£132 —4.60 £ 0.609 —0.957 £ 0.151 2.36 £ 0.361 1.74 £ 0384  1.83 £ 0.331
2K-50 —28.6+541 —-164 +£3.82 —0.45 £ 0.0657 0.198 £ 0.0271  0.790 £+ 0.120 0.843 £ 0.186  1.78 £ 0.321
5K-10 -399+781 -355+7.01 —296=+ 0414 —0.914 £ 0.110 3.53 £0.485 253 £0560 4.93 £0.883
5K-25 —40.5 +£792 288 £5.67 —7.18 £ 1.71 —1.03 £+ 0.131 1.07 £ 0.193 1.87 £0.347 231 £ 0.329
5K-50 —38.0+648 —134+286 —2.31 £ 0.364 0.170 £ 0.0187  0.373 £ 0.0448 143 £0.268 1.19 £ 0.220
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media remained constant (data not shown), showing better
stability, owing to the charge shielding effect from PEG
blocks.

3.6 Sedimentation stability

DNA has absorption at 260 nm. Pilot experiments revealed
that DNA condensed in complexes also showed absorbance

(a) 11
—o— PEI25K/DNA
0.8 —=— 2K-25/DNA
0.6
so
<
0.4
0.2
0 Il Il Il Il I}
0 5 10 15 20 25
x1000g
(b) O before centrifuge
12 O after centrifuge
1.0F — — — — e —
0.8~
< o06f
3 0.6
04+
0.2
0.0 _.r_| = L |
pH7.4 pH4.0 NaCl water  glucose glucose*

PBS PBS

Fig. 5 Sedimentation stability of complexes (N/P = 10) a Com-
plexes prepared in 1x PBS centrifuged at various gravities for 2 min;
b PEI25K/DNA complexes formed in various media centrifuged at
10000x g for 2 min (* centrifuged at 22000x g for 10 min)

at 260 nm (but not the same value as free DNA), while
PEI25K and PEG-PEI had no absorption at that wave-
length. Therefore, the absorbance of the supernatant sig-
nified the presence of DNA. As the complexes for PEI25K
centrifuged at 2500x g for 2 min, the A/A, value decreased
to 0.012 (Fig. 5a), indicating complete sedimentation of the
complexes. Under the same conditions, the A/A value for
PEG-PEI 2K-25 was 0.766. Even centrifuged at 22000x g
for 2 min, the complexes remained at a value of 0.383.
Hence, PEG-PEI copolymers, compared with PEI25K,
formed complexes with better sedimentation stability,
maybe due to the steric repulsion from PEG blocks.

Sedimentation stability of the complexes for PEI25K
formed in various media was shown in Fig 5b. After cen-
trifugation at 10000x g for 2 min, complete sedimentation
occurred for the complexes with large size formed in pH
7.4 and 4.0 PBS, similar to that in 1x PBS. Interestingly,
complexes with small size (similar to that for PEG-PEI
2K-25) formed in 150 mM NaCl solution and deionized
water, however, precipitated (A/Ay < 0.081) under the
same condition. On this condition, the A/A, value for
PEG-PEI 2K-25 was 0.540 (Fig. 5a). Therefore, the sedi-
mentation stability is independent of particle size. Sur-
prisingly, the A/A, value for the complexes formed with
PEI25K in 5% glucose was 0.978 after centrifugation at
10000xg for 2 min. Even centrifuged at 22000xg for
10 min, the complexes remained at a value of 0.688.
Considering the results of gel retardation assay, we spec-
ulate that DNA is loosely complexed in 5% glucose and the
supernatant may exist free DNA that will not precipitate
from the solution by centrifugation.

3.7 Stability against nuclease and ultrasonication

Complexes formed with various polymers were treated with
DNase I to investigate the nuclease stability. As shown in
Fig. 6, DNA was completely complexed with PEI25K at
N/P ratio 4 and no migration of DNA was observed (Lane 2).
The condensed DNA could be released by heparin and

P B — o S S T—  S—  S—

1 2 34 5 6 7 8 9

10 11 12 13 1415 16 17 18

Fig. 6 Stability of polymer/DNA complexes against DNase I. Lane 1
plasmid only; lane 2 PEI25SK/DNA complexes (N/P = 4); lane 3
PEI25K/DNA complexes (N/P = 4) + heparin; lane 4 naked
DNA + DNase I + heparin; lanes 5-9 PEI25K/DNA complexes
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(N/P = 0.5, 1, 2, 3,4) + DNase I + heparin; lanes 10-18 PEG-PEI/
DNA complexes (N/P = 4, 750-10, 750-25, 750-50, 2K-10, 2K-25,
2K-50, 5K-10, 5K-25, 5K-50) + DNase I + heparin
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Fig. 7 Stability against ultrasonic a effect of ultrasonic on naked
plasmid DNA. Lane 1 plasmid only; lanes 2-7 naked DNA
ultrasonicated for 1, 2, 3, 5, 10, and 15 min, respectively; lane 8
DNA ladder. b and ¢ Protection against ultrasonic. Lane 1 plasmid
only; lanes 2—8 polymer/DNA complexes (N/P = 10) ultrasonicated
for 0, 1, 2, 3, 5, 10, and 15 min, respectively, then released by heparin

migrated as free DNA (Lane 3). Naked DNA was com-
pletely degraded when treated with DNase I (Lane 4).
Complexes formed with PEI25K at given N/P ratios pro-
vided protection against nuclease (Lane 5-9). The intensity
of the DNA band in lane 5 fainted slightly, suggesting part of
the DNA was degraded due to the incomplete complexation

at lower N/P ratio. Bright DNA bands were obtained at N/P
ratios above 1, indicating more intact DNA survived from
nuclease degradation with increasing N/P ratios. All the
PEG-PEI copolymers provided sufficient protection against
DNase I even at a low N/P ratio of 4 (Lane 10-18). There-
fore, PEGylation did not impair the nuclease stability.
Similar results were reported by Brus and co-workers [20].

Ultrasonication is one of the common techniques to
prepare nanoparticles. As a premise, ultrasonication stability
is required for the samples. Feasibility of ultrasonication for
polymer/DNA nanoparticles was investigated. As shown in
Fig. 7a, naked DNA sonicated within 3 min was partially
destructed to small pieces of nucleic acid. When sonicated
more than 5 min, the plasmid DNA was completely des-
tructed to nucleic acid debris around 500 bp. DNA com-
plexed with polymers was sonicated under the same
conditions. After treated with heparin, the plasmid DNA was
released and migrated as intact (Fig. 7b, c¢), suggesting both
PEI25K and PEG-PEI copolymers were able to provide
sufficient protection against ultrasonic.

4 Discussion

It has been reported that conjugating PEG to PEI improved
the stability and biocompatibility of the complexes with
DNA as gene delivery system [8, 10, 12—15]. In this study,
we synthesized three series of PEG-PEI copolymers and
investigated the influence of PEG molecular weight and
PEGylation degree on the stability of polymer/DNA
complexes.

In our work, PEG and PEI blocks were directly linked
together with a coupling reagent. Grafting PEG onto PEI
with diisocyanate as a coupling reagent such as hexam-
ethylene diisocyanate (HMDI) was reported previously
[21]. We chose IPDI as a coupling reagent because of its
good stability, safety and low toxicity. Moreover, the
reactivity of the two isocyanate groups in the IPDI mole-
cule is different. The alicyclic isocyanate group is more
reactive than the aliphatic one [22]. In the presence of
excessive IPDI, mPEG reacts chiefly with the alicyclic
isocyanate group rather than the aliphatic one, avoiding
mPEG-IPDI-mPEG byproducts. In contrast, the two iso-
cyanate groups of HMDI have the same reactivity, due to
its symmetric molecular structure.

By particle size measurements, we found that PEI25K/
DNA complexes formed large particles (500-700 nm) in the
medium containing phosphate anion but small particles
(below 100 nm) in the medium without phosphate anion.
Some research groups reported that PEI/DNA complexes
tended to aggregate in the presence of salt [4, 10-12].
Therefore, the large particles may be aggregates from small
particles. It was reported that counterions in the medium may
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induce electrostatic attraction between like-charged poly-
electrolytes by ionic bridging and cause aggregation [23, 24].
Moreover, multivalent counterions were more effective in
mediating ionic bridging compared with monovalent coun-
terions [25]. Considering the positively charged PEI25K/
DNA complexes and the negative multivalent phosphate
anions in the medium, we suppose the aggregation is induced
by the bridging effect of the phosphate anion.

Glodde et al. [9] reported that nonaggregating particles
were formed only if there was enough repulsion (electro-
static or steric) between the individual particles. Without
steric repulsion from PEG, the aggregation stability of
PEI25K/DNA complexes mainly relies on electrostatic
repulsion. In the medium without phosphate anion, small
particle size was observed without aggregation owing to
electrostatic repulsion, whereas in the medium containing
phosphate anion, the electrostatic repulsion was insufficient
to prevent the aggregation induced by phosphate anion,
leading to large particle size. Moreover, the nonaggregated
complexes formed in the medium without phosphate
anion still precipitated after centrifugation. Hence, the
electrostatic repulsion provides minor contribution to the
stabilization. In contrast, PEG-PEI copolymers formed
small-sized complexes (below 100 nm) without aggregation
regardless of phosphate anion. Therefore, the steric repul-
sion from PEG blocks is sufficient to prevent the aggrega-
tion induced by phosphate anion. Similar conclusion has
been reported [8—10, 12]. Additionally, the sedimentation
stability was improved after PEGylation. Hence, the steric
repulsion, rather than electrostatic repulsion, mainly con-
tributes to the stabilization.

The surface charge of complexes is described with zeta-
potential. Electrostatic repulsion increases as the absolute
value of zeta-potential increases, giving rise to improved
colloidal stability. We found that complexes formed with
PEI25K, though with higher zeta-potential, were liable to
aggregate. Nevertheless, PEG-PEI formed stable com-
plexes with smaller size (below 100 nm), resistant to
aggregation even at nearly electrical neutrality. These
demonstrate again that steric repulsion but not electrostatic
repulsion contributes mainly to the stabilization.

5 Conclusion

In this study, we synthesized three series of PEG-g-PEI
copolymers. Compared with PEI25K, the complexation
ability and complexation stability for the copolymers with
lower PEGylation degree remained nearly unchanged, but
slightly declined at 50% PEGylation degree. Complexes
for PEI25K tended to form aggregates induced by phos-
phate anion. PEG2K and PEGS5K excelled PEG750 in
providing efficient steric repulsion to prevent aggregation.

@ Springer

Therefore, the optimal copolymer PEG-PEI 2K-25 may be
a promising carrier for in vitro transfection.
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