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a b s t r a c t
While an effective non-viral gene carrier, 25 kDa branched polyethylenimine (PEI) is cytotoxic, and
decreasing its toxicity while maintaining its functionality is vital. Conjugation of carriers with polyethylene glycol (PEG) is a common approach to decreasing toxicity and improving biodistribution; however,
the effect of PEGylation on PEI transfection efﬁcacy is contradictory at present. The aim of this work
was to reveal the details of this dependence. Polymers were synthesized by grafting 2 kDa PEG to
25 kDa PEI at multiple ratios. Unlike typical investigations, parallel studies based on either total polymer
weight or PEI-backbone weight were employed at the same time for accurate investigation into the speciﬁc effects of PEGylation. Polymers were assessed for toxicity and plasmid DNA (pDNA) binding, while
polyplexes were formed at various polymer/pDNA weight ratios and monitored by dynamic light scattering (DLS) in the presence of serum. The efﬁcacy of the polyplexes for pDNA delivery and transgene
expression in HEK293 cells was assessed by ﬂow cytometry. This approach unexpectedly revealed that
increased PEG substitution caused lower toxicity and pDNA-binding on a per total polymer weight basis,
but not on a per PEI-backbone weight basis. DLS indicated that high PEGylation prevents an increase in
polyplex size in the presence of serum. Plasmid uptake and transgene expression were found to have a
complex relationship with PEG substitution, dependent on the polymer/plasmid-DNA weight ratio. PEGylation generally decreased the transfection efﬁcacy of PEI, but under ideal conditions of PEG substitution
and polymer/pDNA ratio, PEGylation provided more effective carrier formulations than the native PEI
itself.
Ó 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Polyethylenimine (PEI) was one of the ﬁrst polycations to act as
a successful transfection reagent [1]. Its capacity to complex nucleic acid is attributed to formation of electrostatic interactions between the anionic phosphate backbone of nucleic acids and its high
density of charged amines. Upon condensation, the positively
charged polyplexes enter cells by various uptake mechanisms,
depending on both cell type and particle size [2–5]. The gradual decrease in pH during endocytosis is thought to cause a proton
sponge effect by which increased protonation of PEI causes an inﬂux of counterions and an inward osmotic gradient, hence rupturing the vesicular membrane and releasing entrapped polyplexes
[6,7]. The ability of PEI to effectively deliver nucleic acid intracellularly has led to extensive investigation into the effectiveness of var⇑ Corresponding author at: Department of Chemical and Materials Engineering,
Faculty of Engineering, University of Alberta, Edmonton, Alberta, Canada T6G 2G6.
Tel.: +1 780 492 0344; fax: +1 780 492 2881.
E-mail address: hasan.uludag@ualberta.ca (H. Uludağ).

ious forms of the polymer in terms of molecular weight (MW) and
degrees of branching [8,9]. Despite optimization of the PEI by modifying the architecture of the polycation, the main detriment of PEI
remains its toxicity. The cytotoxic effect of PEI has been attributed
to both necrotic and apoptotic mechanisms resulting from membrane damage and can be reduced by decreasing branching and
MW [10–12]. One solution to the toxicity problem is incorporation
of biodegradable linkages in PEI-based polymers to facilitate their
breakdown to less toxic smaller PEI [13–15]. This modiﬁcation,
however, conceivably has no effect on the toxicity of the polymer
in its intact high MW state. Additionally, it fails to address other
problematic issues concerning the biodistribution of PEI polyplexes
when used for in vivo applications [16].
An alternative solution to PEI’s shortcomings is to covalently attach polyethylene glycol (PEG) to PEI polymers. The highly hydrophilic nature of PEG produces a hydration shell around its
conjugated partner, hence reducing intermolecular interactions
and resultantly decreasing toxicity. PEG incorporation is an established method to improve the biodistribution of nanocarrier systems, including a variety of polyplexes and PEI-based systems
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[17–20]. PEI synthesis with bifunctionalized PEG to form alternating block copolymers has been performed with a variety of linkage
chemistries [21–23]. Similarly, simply grafting PEG to PEI has been
performed using a variety of PEG MW and degrees of substitution
[24–28]. In all studies where the toxicity is assessed, covalent modiﬁcation of PEI with PEG appears to reduce the toxicity of the polymer, but its speciﬁc effect regarding nucleic acid delivery was
conﬂicting and/or poorly deﬁned.
In terms of transfection efﬁcacy, some studies have suggested
that incorporation of PEG into PEI-based polymers has either little
effect or possibly a beneﬁcial effect, depending on PEG MW and ratio of polymer to nucleic acid [23–25]. Others demonstrated that
PEGylation generally decreases the effectiveness of PEI [28–30],
but this inhibitory effect may depend on the payload molecule itself (pDNA or siRNA) and whether nuclear delivery is required or
not. This contention is further complicated by the fact that the
majority of studies assessing transfection are pursued by normalizing transfection to protein concentrations (i.e., luciferase assays)
rather than by individual cell analysis using ﬂow cytometry. The
latter is more precise, especially in situations where toxicity is involved and typical normalization methods (e.g., per protein or DNA
unit) conceal the investigated effect. Finally, reported studies frequently do not account for the contribution of PEG to total polymer
weight when comparing polymers on a per weight basis. This leads
to comparisons of different concentrations of PEI backbone and
does not accurately assess the effect of PEGylation on PEI. Considering that PEI is a leading non-viral alternative for gene therapy
and that PEGylation is a ﬁrmly established method of improving
biocompatibility, addressing this controversy and clarifying the effect of PEG on PEI-facilitated gene delivery is imperative.
Both the ratio of polymer/nucleic acid and the degree of PEG
substitution are critical factors for transgene expression. The two
variables may be responsible for both increasing and decreasing
the effectiveness of PEGylated PEI in an interdependent manner
[27,31]; however, this relationship is poorly deﬁned at present.
For this reason, the present work reports a focused examination
of these two variables and their relationship to physical properties
and transfection efﬁciencies of PEI–PEG polyplexes using a range of
polymer/pDNA ratios and PEG substitutions. These studies were
approached in a manner that addresses the effects of PEGylation
on a per-polymer weight basis (i.e., using total polymer weight
as the independent variable) and on a per-PEI backbone weight basis (i.e., using PEI backbone weight as the independent variable) in
order to accurately discern the speciﬁc effect of PEGylation on PEI.
This parallel approach was not previously utilized and permitted a
novel examination into which effects of PEGylation previously described without PEG weight correction fail to persist when analyzed more rigorously on a per-backbone basis.
2. Materials and methods
2.1. Materials
Both 25 kDa branched PEI and trinitrobenzene sulfonate (TNBS)
were purchased from Sigma–Aldrich (St Louis, MO), and 2 kDa
mPEG-NHS (succinimidyl carboxy methyl ester of PEG) was purchased from Creative PEG Works (Winston-Salem, NC). The sources
of all plasmids and tissue culture reagents were described previously [32]. SYBR Green I was purchased from Invitrogen (Carlsbad,
CA). Cy3 labelling kit was purchased from Mirus Bio (Madison, WI).
2.2. PEI–PEG synthesis and characterization
PEG grafting was accomplished by conjugating mPEG-NHS to
PEI amines (Fig. 1). PEI–PEG polymers were synthesized by com-

bining 4 mg ml 1 branched 25 kDa PEI dissolved in phosphate buffer (0.1 M pH 7.2) with an equal volume of 75% DMSO containing
mPEG-NHS at 0.5, 2.5 and 7.5 mM. After reacting for 4 h at room
temperature, conjugates were extensively dialyzed against
double-distilled dH2O and lyophilized. Polymers were analyzed
by 1H-NMR in D2O and the degree of PEG substitution was determined by comparing the peaks of CH2CH2O (3.6 ppm) with
CH2CH2N (2.5–3.1 ppm). Differences in primary amines between
each polymer were also detected via a colorimetric assay, in which
20 ll of aqueous polymer was combined in a 96-well plate with
180 ll TNBS solution (0.34 mM TNBS in 50 mM borate buffer,
pH 9.0). Following 0.5 h incubation at 37 °C, absorbance of each
sample was assessed at 405 nm with a microplate reader. The slope
(m) of each polymer (D absorbance/D total polymer concentration)
was compared with the slope of unmodiﬁed PEI to determine the
percentage modiﬁcation of primary amines: 100%  {[m(unmodiﬁed PEI) m(polymer of interest)]  [m(unmodiﬁed PEI)]}.
2.3. Assessment of polymer toxicity
The details of cell culture and passage were described in Ref.
[32]. Polymers were added to HEK293 cells in 24-well plates 24 h
after cell seeding. In one study, the amount of polymer added
was based on the total polymer weight and, in another, only the
weight of the PEI backbone was accounted to correct for PEG contribution to the total polymer weight. Both studies were performed
in triplicate. After 24 h, 100 ll of 5 mg ml 1 methylthiazolydiphenyl-tetrazolium bromide (MTT) was added to each well and incubated for 2 h, after which medium was replaced with 0.5 ml
DMSO. Then 100 ll of each sample was transferred to a 96-well
plate and the absorbance read at 570 nm. Relative cell viability
(%) was determined by normalizing with untreated cells.
2.4. Assessment of polymer–DNA binding afﬁnity
The complexes of polymers and plasmid DNA (pDNA) were
formed with polymer/DNA weight ratios from 0 to 8. Two distinct
studies were performed using polymer concentrations based on total polymer weight and PEI component alone. Two microliters of
0.025 lg ll 1 gWIZ-GFP was vortexed with 118 ll polymer of
various concentrations (in 150 mM NaCl). After 30 min, 200 ll
of SYBR Green I (1X) was added and gently vortexed, and 200 ll
of complexes were transferred to a 96-well plate for analysis
(kex = 485 nm, kem = 527 nm). Polyplexes were assessed for percentage complexation by comparing the ﬂuorescence (F) of samples with the reference which contained pDNA but no polymer,
and the background which contained neither: 100%  {[F(DNA
only) F(polymer/DNA weight ratio)]  [F(DNA only) F(background)]}. Three parameter sigmoidal curves for each polymer
(SigmaPlot11) and bc50 values (polymer/DNA ratio with 50% binding) were determined. Two independent quintuplicate experiments were performed for each experimental group. For native
PEI, the nitrogen/phosphorus (N/P) ratio for PEI/pDNA complexes
was assumed to be 7.74 for a PEI:pDNA weight ratio of 1:1. For
PEG-modiﬁed PEI, the N/P ratio in the complexes was calculated
by considering the weight fraction of PEI alone in the complexes.
This was followed by correction for the amines consumed by PEG
grafting from the integrated 1H-NMR.
2.5. Dynamic light scattering
Polyplexes were formed by combining polymers (2 mg ml 1 in
150 mM NaCl) with 4 lg gWIZ-GFP pDNA made up to a total volume of 100 ll with 150 mM NaCl, and immediately vortexing.
Polymer/pDNA weight ratios were 2, 5 and 10 (determined with
and without PEG weight correction). Following 30 min incubation,
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Fig. 1. (A) Reaction scheme for PEGylation of PEI via NHS moiety of functionalized methoxy-PEG. (B) 1H-NMR spectra of polymer products. Conjugates were synthesized by
reacting 25 kDa branched PEI with varying concentrations of 2 kDa mPEG-NHS: (a) 0.25 mM; (b) 1.25 mM: (c) 3.75 mM. By comparing the peaks of CH2CH2O (3.6 ppm) with
CH2CH2N (2.5–3.1 ppm), the PEG substitutions of the three conjugates were determined as 2.7, 13.6 and 37.2 PEG chains/PEI backbone.

complexes were added to 0.6 ml medium with 10% serum. DLS was
performed immediately after adding to medium and 1 h later,
using a Brookhaven ZetaPlus. Five consecutive measurements
(20 s) were made for each sample (25 °C, 660 nm, real = 1.333
imag. = 0). Two independent samples were prepared per experimental group.
2.6. DNA uptake studies
gWIZ was labelled using a Mirus Cy3 Label IT kit, and the extent
of labelling was determined using A260 and A550 values, as per the
manufacturer’s instructions. The reacted plasmid was found to
have 24 labels per plasmid and was diluted with unlabelled plasmid such that there was an average of ﬁve labels per plasmid, and
the ﬁnal gWIZ concentration was 0.4 mg ml 1. HEK293 cells were
seeded 24 h prior to transfection in 48-well plates (in triplicate).
Complexes were formed as for DLS measurements with either labelled or unlabelled gWIZ (control) and added to cells 30 min after
vortexing (0.5 lg DNA well 1). After 5 h, the medium was replaced,
cells were prepared for ﬂow cytometry 24 h post-transfection and
analyzed for Cy3 ﬂuorescence (FL2 channel [32]).
2.7. Assessment of transgene expression
Complexes were formed as for DLS measurements with either
gWIZ-GFP or gWIZ (blank control) and added to HEK293 cells in

24-well plates 30 min after vortexing (1 lg DNA well 1). After
5 h, the medium was replaced, and cells were processed for ﬂow
cytometry and analyzed for GFP ﬂuorescence (FL1 channel) after
48 h, as described in [32]. Two independent experiments were performed in triplicate. Gating of positive cells was performed by setting a control of untreated cells to exhibit 1–1.5% positive events.
Since cells transfected with gWIZ blank plasmid gave autoﬂuorescence values identical to that of untreated cells, these results were
not shown for uptake and transfection studies.
2.8. Statistical analysis
The results shown are summarized as mean ± SD of the indicated number of experiments (see legends). Where indicated, the
coefﬁcient of correlation (r2) was calculated using Pearson’s correlation method. Statistical differences were investigated by ANOVA
(p < 0.05) and Tukey post hoc tests.
3. Results and discussion
3.1. Polymer characterization
PEGylation of PEI was conﬁrmed by 1H-NMR (Fig. 1). 1H-NMR
spectra integration indicated PEG substitutions of the three conjugates to be 2.7, 13.6 and 37.2 PEG chains/PEI backbone, which result in polymers consisting of 17.7 wt.%, 52.1 wt.% and 74.8 wt.%
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R.E.B. Fitzsimmons, H. Uludağ / Acta Biomaterialia 8 (2012) 3941–3955

PEG (Table 1). The colorimetric TNBS assay for the PEI primary
amines demonstrated (Fig. 2a) that grafting reactions with a higher
mPEG-NHS concentration produced polymers with a relatively decreased slope in the TNBS assay (m: Dabsorbance/Dtotal polymer
concentration). From these slopes, the extent of primary amine
modiﬁcations for the three conjugates were calculated to be
52.9%, 79.4% and 99.9%. The absolute accuracy in the latter case
is expected to be limited by the sensitivity of TNBS assay. Based
on the 1H-NMR and TNBS data, wt.% PEG composition and% primary amine modiﬁcation corroborated each other with a signiﬁcant Pearson correlation (Fig. 2b; r2 = 0.9063, p = 0.0485). Hence,
direct modiﬁcation of the PEI backbone with PEG was apparent,
as opposed to simply a mixture of separate unconjugated reagents
in the product. This assortment of polymers with a range of conﬁrmed substitutions permitted a comprehensive survey of the effects of PEGylation on PEI polyplexes in regard to their toxicity,
effectiveness and physical properties.
3.2. Effect of PEG modiﬁcation on polymer toxicity
The MTT assay indicated that PEGylation decreased the toxicity
of PEI (Fig. 3a). However, this could be as a result of decreasing
amount of PEI added to the cells as the PEG contribution to total
polymer weight was increased. When the amount of each polymer
added to the cells was corrected so that an equal amount of PEI
backbone was added per well, PEGylation appeared to have no effect on toxicity (Fig. 3b). Toxicity data were then re-plotted to explore correlations between the wt.% PEG and the observed
viability. This analysis revealed no signiﬁcance for any concentration when an equal amount of backbone was applied to the cells
(Fig. 4b) whereas, without this PEG weight correction, signiﬁcant
correlations were found (Fig. 4a). For polymer concentrations 5,
10 and 15 lg ml 1, the correlation coefﬁcients (r2) were 0.968,
0.964 and 0.988, respectively (p = 0.0162, p = 0.0185, p = 0.0062).
Hence, it is concluded that PEGylation was effective in decreasing
toxicity on a per-polymer basis, but not on a per-PEI backbone
basis.
The observation that incorporation of PEG decreases the toxicity
of PEI on a per-polymer basis is well supported by previous studies
[23,27,31]. This was expected, as these studies conducted toxicity
assays by varying the weight of polymer added to cells and the
toxic component, PEI backbone, decreases in proportion to total
polymer weight with PEG substitution. All these studies cannot
deﬁnitively conclude that PEG decreases the toxicity of PEI on a
per-backbone basis. Studies that form polyplexes at identical N/P
ratios with polymers with varying amounts of PEG composition address this question more accurately. Cytotoxicity assays previously
performed in this manner generally indicated that the increased
PEG composition decreased toxicity [24,28,30]. This is contradictory to the ﬁndings here that, on a per-PEI backbone basis, PEGylation had no effect on toxicity. The major difference between the
reported studies and this work is that they assessed the toxicity
of their polymer library by forming complexes, whereas the present study used free polymer. Considering that PEI-based polymers
are more toxic in free form than formulated as a complex [28], it is
possible that the differences in toxicity were not detected as a result of free polymers having similar (and greater) toxicities,
whereas with complexed polymers, differences in toxicity due to
PEG composition may be more apparent. This is logical, considering that differences in PEG substitution would most likely produce
greater hydration differences at polymer–environment interfaces
in a smaller volume (a polyplex) than in a larger volume (a free
polymer) where there is more exposed PEI backbone and hence
more opportunity for PEI-environment interaction uninhibited by
PEG. The differences between the parallel per-polymer and perbackbone studies may have particularly important implications

for in vitro polyplex incubations over extended periods of time,
as well as for in vivo administration.
3.3. pDNA binding by PEGylated PEI
The effect of PEGylation on pDNA binding is summarized in
Fig. 5, where the binding was independently assessed as a function
of total polymer concentration (Fig. 5a) or PEI backbone concentration alone (Fig. 5b). Binding curves with polymer/pDNA (w/w) ratios determined using the total polymer weight shifted to the right
with increasing PEGylation, whereas no shifts were seen if the
polymers were added such that an equal amount of PEI backbone
was present in each solution. This indicated that PEGylation only
affected binding as a result of its contribution to the weight of
the total polymer. Upon combining the data from both studies by
converting the w/w ratios to N/P values, the same pattern was
seen: PEGylation only shifted the binding curves rightward if unequal PEI backbone was being added (Fig. 6a). A correlation between the bc50 values and the percentage of PEG composition
was then pursued based on the binding curves obtained. The results (Fig. 6b) showed increasing bc50 with increasing % PEG content in each polymer (r2 = 0.922, p = 0.0404), indicating a
detrimental effect of the presence of PEG in polymer formulation.
However, when equal PEI backbone was present, there was no correlation between the bc50 values and the % PEG content in each
polymer. Hence, on a per-polymer basis, PEGylation affected DNA
binding, but not on a per-PEI backbone basis.
Decreased DNA binding due to increased PEG composition has
been noted before [24,27,28,31]. These studies monitored DNA
binding by adjusting the N/P ratio, and all but one noted a decreased binding afﬁnity speciﬁcally with 25 kDa PEI conjugated
to 2 kDa PEG (the same MW PEG used in this work). They are in
disagreement, however, with the ﬁnding that, when equal backbone was present for each polymer, no differences in binding were
noted as a function of N/P ratio or weight ratio. The observations
reported by other groups were in agreement with the present
binding curves that were based on the total polymer weight. Binding differences noted between studies with and without PEG
weight correction using the parallel approach implies that, despite
PEGylation, much of the PEI backbone remained accessible for DNA
binding. This may suggest that steric effects are negligible for the
range of substitutions tested, or a conformational change in polymers permits efﬁcient binding to DNA. The binding curves in
Fig. 6, however, are not completely overlapping, and it is possible
that (i) subtle differences among PEGylated samples and (ii) experimental errors might have prevented complete overlap among the
binding curves.
3.4. Sizes of PEI–PEG polyplexes
DLS measurements indicated that most polyplexes were between 200 and 300 nm (Fig. 7). Particle size generally increased
after 60 min incubation in medium with 10% serum compared with
initial sizes, and this increase appeared more prominent with
increasing polymer/DNA and PEI backbone/DNA ratios. PEGylation
appeared to prevent the size increase, especially at the highest PEG
substitution. In general, no remarkable differences in size were
noted between particles formed with either equal polymer or equal
PEI backbone. Particle sizes at both time points also tended to increase with increasing polymer/DNA and PEI backbone/DNA ratios.
The only exception was the most PEG substituted polymer; for the
study based on PEI backbone/DNA ratios, all ratios produced similar sized polyplexes, while for the study based on polymer/DNA ratios, the size decreased from a ratio of 2 to 5 and then slightly
increased from 5 to 10. The polyplex with the most striking difference in size after 60 min incubation in 10% serum was formed
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Table 1
Degree of substitution of branched PEI (25 kDa) with PEG (2 kDa) determined using the 1H-NMR spectra by comparing the peaks of CH2CH2O (3.6 ppm) with CH2CH2N (2.5–
3.1 ppm).
[PEG]/[PEI] ratio in
synthesis

PEG substitution (PEG chains/
PEI)

Total polymer MW
(kDa)

Wt.% PEG (PEG/total
polymer)

% amines modiﬁed (from
NMR)

Weight correction
factor

0/0.08 mM
0.25 mM/0.08 mM
1.25 mM/0.08 mM
3.75 mM/0.08 mM

0
2.7
13.6
37.2

25.0
30.4
52.2
99.3

0.0
17.7
52.1
74.8

0.0
0.5
2.3
6.4

1
1.214
2.086
3.974

The degree of substitution was used to calculate the proportion of PEG weight to PEI weight and amine modiﬁcation for each polymer; the weight correction factor was also
calculated in order to determine the weight of each polymer required to have the same weight of backbone as unmodiﬁed PEI.

using the moderately substituted polymer (13.6 PEG/PEI) at a PEI
backbone/DNA ratio of 10. Given that only one preparation exhibited this notable increase, this may be indicative that the aggregation of PEI–PEG polyplexes was the result of a multivariable
dependence, which presumably works in a non-linear fashion over
some ranges of PEG substitution, PEI/DNA weight ratio and incubation time.
The sizes in this study were generally larger than previous DLS
measurements of PEI–PEG polyplexes. In some cases, this lower
size range (100 nm at 0 min) may be attributed to the use of
low ionic buffers, such as 5 mM HEPES or 10 mM NaCl [23,30]. Larger size ranges (150–250 nm) closer to the range observed here
were noted, using solutions with ionic strengths more similar to
the cell medium, such as PBS or 150 mM NaCl [27,29]. Presumably,
the higher ionic strength allowed better shielding of polyplexes,
facilitating their interactions and formation of aggregates in solution. The presence of 10% serum, which was avoided by most studies, may explain the greater size of polyplexes observed in this
work. In one study, where the size measurements of PEI polyplexes
were reported in 1% serum, the observed sizes (210–663 nm) were
in line with the current study at similar DNA and polymer concentrations [32].
The previous studies were in agreement with the present
authors’ observations that PEGylation generally decreased polyplex size, particularly after extended incubation. This is most likely
the result of the hydration shell produced by PEG providing steric
protection of polyplexes. While the present studies noted a general
increase in polyplex size with increasing polymer/DNA ratio, both
Zhong et al., who used PEG–PEI–PEG triblock copolymers, and
Zhang et al., who used PEI–PEG, observed a decrease in size with
increasing polymer/DNA ratio [23,27]. The presence of 10% serum
in this study, and the use of 5 mM HEPES and PBS in the other studies may be the cause of this difference. The use of serum was considered an absolute necessity to mimic better the culture
conditions in which the polyplexes function and to facilitate the direct comparison between size measurements and transfection
studies undertaken in complete medium.
Zeta-potential measurements were not included in this study,
since it was not possible to measure them in cell culture buffers.
Nonetheless, it is posited that, if polymers with higher PEG substitution demonstrate a reduced zeta-potential as polymer/DNA and
backbone/DNA weight ratio increases, this trend would probably
be more severe for assays performed on a per-polymer weight basis. This could be attributed to both PEI backbone composition and
PEI–DNA electrostatic interactions reducing concomitantly with
increasing PEG substitution, owing to the lack of PEG weight
correction.
3.5. Plasmid delivery to cells by PEI–PEG polyplexes
Plasmid uptake was assessed using Cy3-labeled gWIZ to measure the relative delivery efﬁciency mediated by polymers. Two
general trends were evident (Fig. 8). First, plasmid delivery was

found to increase with increasing polymer/DNA ratio. This was
the case whether the complexes were prepared with equal polymer or PEI backbone amount. The only exception to this was with
the most PEGylated polyplexes prepared without PEG weight correction; complexes containing 37.2 PEG/PEI had no uptake at any
ratio (Fig. 8a), possibly as a result of too little PEI backbone. Secondly, while PEG-modiﬁed polymers gave lower plasmid delivery
on an equal polymer weight basis, correcting for the PEI backbone
in complexes resulted in equivalent delivery in the case of lowmodiﬁed PEI. To reveal better the effect of PEGylation, a surface
plot of plasmid delivery as a function of both PEG-content and N/
P ratio was plotted (Fig. 8c). At low PEG composition (<20%), a general trend of increasing cell delivery with increasing N/P ratio was
evident, whereas in the higher PEG range, an uptake peak in the
range 40–60% PEG weight at N/P = 40–60 was apparent.
It was previously demonstrated that, using a range of substitutions and MW, PEG modiﬁcation generally decreased the uptake of
pDNA [28]. The likely reason for this is PEG creating a steric barrier
between the polyplex surface and cell surface proteoglycans, inhibiting interaction and decreasing uptake. The data here suggested a
more complex relationship, where an optimal cellular delivery was
evident at select PEG amounts and N/P ratios. The increase in uptake with increasing N/P ratio at low PEG composition is easily explained by the increasing cationic nature of polyplexes, which is
more conducive to cell interactions. The cause for the peak in the
ideal range of N/P ratio and PEG composition is less obvious, seeing
that PEG should decrease any ionic interaction between charged
amines and the immediate environment of a polyplex. One possibility may be that polyplexes in this range have sufﬁcient amines
to initiate binding, despite PEGylation, and this particular composition of PEG chains causes minor destabilization of the polyplex
upon binding. Such destabilization would reveal more amines than
typically available in a less PEGylated polyplex and, as a result, improve binding.
3.6. Transfection properties of PEI–PEG polyplexes
Transfection efﬁciency of PEG-modiﬁed PEI polymers is shown
in Fig. 9 (a,b: mean GFP ﬂuorescence of cell population; c,d: %
GFP-positive cells). When complexes were formed with ratios
based on total polymer weight (Fig. 9a and c), complexes at the
low ratio (=2) were relatively ineffective for transgene expression,
as seen with a signiﬁcant decrease in % transfection compared with
unmodiﬁed PEI for polymers with 13.6 and 37.2 PEG/PEI (p = 0.01
and p = 0.008). However, effectiveness was greatly improved with
increasing weight ratio. A higher weight ratio was needed to increase effectiveness for polymers with higher PEG substitution
compared with polymers with lower substitution. Such a transfection pattern has been noted previously by independent groups for
N/P ratio <10 with 2 kDa PEG grafted PEI [29] and for N/P ratio
<20, in which the pattern was more severe for polymers with a
higher PEG composition due to greater PEG substitution and/or
PEG weight [30].
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Fig. 2. (A) Changes in PEI amine groups after PEG substitution, as measured by the TNBS assay. The slope for each polymer was compared with the slope of unmodiﬁed PEI to
determine the percentage of primary amine modiﬁcation: 52.9%, 79.4% and 99.9% modiﬁcation was obtained for increasing concentration of NHS–PEG. (B) Correlation
between the % modiﬁcation (from TNBS assay) and wt.% PEG (determined by 1H-NMR) of the conjugates was analyzed by Pearson correlation (r2 = 0.9063).

When the same transfection study was conducted again using
PEG weight correction, such that equal PEI backbone was used
for all complexes, the effects of PEG grafting became more apparent (Fig. 9b and d). In general, mean GFP ﬂuorescence and % transfection were relatively lower for polymers with higher PEG
substitution. Mean ﬂuorescence was signiﬁcantly decreased compared with unmodiﬁed PEI at a high weight ratio (=10) for polymers with 13.6 and 37.2 PEG/PEI (p = 0.011 and p = 0.003). With
% transfection, the general trend of decreasing transfection with
increasing PEGylation appeared only past a certain substitution
threshold, which is well demonstrated by a decrease in effectiveness for 37.2 PEG/PEI polymer, but not 13.6 and 2.7 PEG/PEI polymers. The presence of a substitution threshold has been observed
previously with PEI conjugated with 2 kDa and 5 kDa PEG
[27,31]. Zhang et al. observed a decrease in transfection at N/P ra-

tios 10, 20 and 30 (compared with unmodiﬁed) for 2 kDa PEG-conjugated PEI at 2.9 and 10.5 PEG/PEI, but not 1.89 PEG/PEI. For the
5 kDa PEG-conjugated PEI, the same effect was seen at 1.8 PEG/
PEI and 7.2 PEG/PEI, but not at 0.66 PEG/PEI substitution. Tang
et al. similarly noted a decrease for 2 kDa PEG-conjugated PEI at
2.5, 5.0 and 14.5 PEG/PEI, but not at 1.0 or 1.3 PEG/PEI [31]. Such
a threshold effect has also been noted for grafted PEG chains of
lower MW. Grafting with PEG chains of 0.35 kDa, 0.75 kDa and
1.9 kDa decreased transfection (albeit only at speciﬁc N/P ratios),
and the substitution threshold resulting in decreased effectiveness
appeared lower for polymers grafted with a higher PEG MW [30].
Given that the speciﬁc substitution threshold appears dependent
on the PEG MW, the grafting threshold for each PEGylated polymer
must be determined empirically. The grafting threshold of 2 kDa
PEG-conjugated PEI, for example, appears to fall in the range
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Fig. 3. Toxicity of unmodiﬁed and PEGylated PEI, as determined by MTT assay. The results were averaged from triplicate toxicity experiments. The observed viability values
were summarized for distinct studies performed using either (A) total polymer concentration (includes PEG component) or (B) the PEI backbone (excludes PEG component).
Signiﬁcant differences in polymer toxicity were evident when one considered the total polymer concentration, but little difference in toxicity was evident when the cell
viability was expressed as a function of PEI concentration alone.

1.3–2.5 PEG per 25 kDa PEI, based on the conservative estimate of
Tang et al. or 2.7–13.6 PEG per 25 kDa PEI in this study. Ultimately,
knowing this threshold assists in deciding the optimal degree
of substitution in combination with knowing the effect of PEG
grafting on toxicity and the severity to which exceeding this
threshold affects transfection.
Unlike the uncorrected study, however, increasing the polymer/
pDNA ratio did not generally increase transfection when PEG contribution to total polymer weight was corrected. This observation
may have been the result of an increasing proportion of free to
DNA-bound polymer as the ratio of PEI backbone/DNA increased
and PEG grafting became detrimental to binding. Free polymers
are likely to compete in binding to cellular components such as
the proteoglycans of cell membranes and endosomal membranes.
Increased PEG grafting of this uncomplexed polymer may interrupt

interactions directly or indirectly by presenting steric hindrance
between the particle and its binding partner. Alternatively, PEGylation could decrease complex stability as demonstrated by increased sensitivity of PEGylated PEI to heparin-induced DNA
displacement [25,28]; this decrease in effectiveness at high N/P ratio and high PEGylation may be a result of premature unpacking in
cytosol (possibly in endosomes) before nuclear association. The
polyplexes within this range of N/P ratio and PEGylation may have
a density of hydrophilic PEG chains exceeding an instability
threshold not experienced by polyplexes, which either have a lower N/P ratio or lower % PEG composition.
It must be noted that there was an increase in transfection
efﬁciency from a weight ratio of 2 to 5 followed by a decrease from
a ratio of 5 to 10. This observed peak was the highest of all
preparations including unmodiﬁed PEI, and suggests PEGylation
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Fig. 4. Correlation between cell viabilities and PEG composition. The association between wt.% PEG and cell viability for distinct studies (A) without and (B) with PEG weight
correction. Note the lack of correlations when cell viabilities were plotted as a function of PEI content (by excluding PEG fraction) at PEI concentrations of 2, 5, 10 and
15 lg ml 1.

to be beneﬁcial for transfection if the parameters of PEG substitution and weight ratio are amenable. Such an optimal effect of
PEGylation has been noted previously [27,31]; Zhang et al. observed
an increase in transfection compared with unmodiﬁed PEI using
2 kDa PEG-conjugated PEI with 1.9 PEG/PEI at a N/P = 30, as well
as a smaller increase using 5 kDa PEG-conjugated PEI with 0.7
PEG/PEI at the same N/P ratio. Tang et al. observed optimal transfection exceeding that of unmodiﬁed PEI using 2 kDa PEG with 1.0
PEG/PEI in the N/P range 5–20, as well as a similar result using a
substitution of 1.3 PEG/PEI. While Petersen et al. found that all their
PEGylated polymers had similar or improved transfection compared with unmodiﬁed PEI, the optimal polymer had 35 PEG/PEI
of 0.55 kDa PEG used at a N/P = 50, followed by a polymer having
2 PEG/PEI of 5 kDa PEG used in the N/P range 20–50 [24]. Hence,
based on the present work and previous observations, it appears
that, when the grafted PEG chains are in the 2–5 kDa range, a low

substitution (0.7–2.7) at N/P = 20–50 is more effective than unmodiﬁed PEI. Also, as demonstrated by Petersen et al., conjugating PEG
chains of lower weight at a higher substitution may exceed the
effectiveness of unmodiﬁed PEI, suggesting that this phenomenon
may be partly the result of the proportion of PEG and PEI within
the polymer and not speciﬁcally the substitution ratio or the PEG
chain length [24].
The reason for higher efﬁciency of PEG-substituted PEI may lie
in differences in intracellular trafﬁcking. Previous studies suggest
that siRNA delivery is less inhibited by PEI PEGylation than plasmid
delivery [25,28], and lower stability of PEGylated complexes was
attributed to greater cargo release intracellularly. By extension, it
is possible that higher cytosolic unpacking may be the same reason
for a high degree of PEGylation decreasing plasmid transfection;
premature unpacking of polyplexes in the cytosol decreases the
likelihood of the plasmid bypassing the nuclear envelope, owing
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Fig. 5. Polymer binding to pDNA. The complexation of gWIZ-GFP plasmid with increasing concentrations of polymers was monitored using SYBR Green I dye. The results are
summarized from distinct studies which assessed binding either as a function of (A) total polymer concentration or (B) PEI alone. Note the differences in binding pattern for
the two types of concentrations employed.

to its larger size and negative charge [33]. The question remains
then, how does a low degree of PEG substitution increase the transfection efﬁciency of PEI, compared with unmodiﬁed PEI? One possibility is that, while a polyplex with a high PEG composition will
prematurely unpack in the cytosol, a polyplex with a low PEG composition would remain intact in the cytosol and, upon entrance to
the nucleus, would exhibit improved unpacking by the competing
chromatin compared with unmodiﬁed PEI. Such a mechanism is
supported by the observations that branched PEI remained complexed with pDNA 24 h after transfection, and colocalization of
the two components was noted in the nucleus, which suggests that
intact polyplexes can undergo nuclear uptake [34,35]. Perhaps a
small amount of instability induced by low PEG modiﬁcation,
which is not signiﬁcant in cytosolic events, may have a signiﬁcant
impact in nuclear events. The increase in transfection efﬁciency
noted with low PEG substitution, whether it is due to modulating

the location of unpacking or not, serves as a rationale for PEI PEGylation independent of its effect on polymer toxicity.
In order to reveal better the effect of N/P ratio on transfection,
the transfection results from different weight ratios are combined
in Fig. 10. With increasing N/P ratio, all polymers followed a similar
trend at low N/P ratios, followed by divergence with increasing N/P
ratios for each polymer. In the low N/P range, where transfection
efﬁciency starkly increased with N/P ratio, the degree of PEGylation appeared to have little inﬂuence on effectiveness, as seen with
the seemingly indiscriminate order of data points of each polymer.
The N/P ratio appeared to be the predominant variable, in that the
data in this range are linear and superimposed, especially for %
transfection. At higher N/P ratios, in contrast, different effectiveness ceilings seemed to exist for each polymer. For N/P > 20, polymers with moderate and high PEG substitution (13.6 and 37.2 PEG/
PEI) had decreased effectiveness compared with unmodiﬁed PEI,
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Fig. 6. (A) Polymer binding to pDNA as a function of N/P ratio and (B) correlation to PEG composition. Results from Fig. 5 were combined by plotting the curves as a function
of N/P ratio. Pearson correlation between the %PEG weight and the bc50 of each polymer (determined from Fig. 5) was calculated for both studies. While an increasing bc50
was obtained with increasing wt.% PEG in polymers for the study without PEG weight correction, no effect of wt.% PEG was noted for the study with PEG weight correction.

Fig. 7. Polyplex sizes. Polyplexes were formed at polymer:pDNA weight ratios (w/w) of 2, 5 and 10, based on (a) total polymer amount or (b) the PEI backbone amount. Two
independent samples were prepared for each type of complex, and average sizes obtained from these studies were combined.
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Fig. 8. Plasmid delivery by native and PEG-modiﬁed PEI. Polyplexes were formed with Cy3-labeled gWIZ using polymer:pDNA weight ratios (w/w) of 2, 5 and 10 based on
either (A) total polymer amount or (B) PEI backbone amount. Data are mean (±SD) of triplicate experiments. Note the generally increasing plasmid delivery at increasing
polymer:pDNA weight ratios. Surface plot of plasmid delivery as a function of N/P ratio and wt.% PEG is shown in (C).

Fig. 9. Transfection efﬁcacy of native and PEG-modiﬁed PEI. (A, B) The mean ﬂuorescence and (C, D) % transfection of HEK293 cells was determined by ﬂow cytometry after
transfection with gWIZ-GFP. Distinct studies were performed with polyplexes at weight ratios (w/w) 2, 5 and 10 based on (A, C) total polymer or (B, D) PEI backbone amounts.
Data are mean (±SD) of two independent experiments performed in triplicate. Asterisks indicate signiﬁcant differences compared with unmodiﬁed PEI at the same weight
ratio: ⁄p < 0.05; ⁄⁄p < 0.01.
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Fig. 10. Transfection efﬁcacy as a function of N/P ratio. (A) The mean ﬂuorescence and (B) per cent transfection of HEK293 cells treated with polyplexes formed with gWIZGFP at different polymer:pDNA weight ratios. All results shown in Fig. 9 were used to present the transfection efﬁciency as a function of N/P ratio.

while minor PEG substitution (2.7 PEG/PEI) resulted in similar or
increased effectiveness. This transition of ‘‘superimposed linearity’’
to differing ‘‘effectiveness ceilings’’ may represent the transition
from the need for an adequate number of positive charges to form
condensed particles to a mechanism revealing the speciﬁc effect of
PEG grafting when the adequately functioning polyplexes (i.e., sufﬁcient cationic charge) were formed. In this regard, (1) for complexes with limited PEI content, PEG seems to have little effect
on transfection, and (2) in the presence of sufﬁcient PEI (i.e., adequate assembly), increasing PEG substitution generally resulted
in detrimental effects on transfection efﬁciency, as evidenced by
decreasing effectiveness ceilings with higher PEGylation.
While speciﬁcally analyzing the role of PEG composition and
N/P ratio independently is invaluable, the two variables ultimately
work in concert. Consequently, three-dimensional surfaces exploring the effect of both variables on mean GFP ﬂuorescence and %
cells transfected are displayed in Fig. 11. It is evident that there

is an optimal combination of the two variables, as well as ineffective combinations highlighted by the valleys and troughs of the
surfaces. Both surfaces clearly illustrate that the relationship of
effectiveness with PEG substitution is complex and is inextricably
related to N/P ratio. Ultimately, the resulting surfaces are expected
to be the result of the physicochemical and intracellular trafﬁcking
differences among the polyplexes examined. All polyplexes in this
study were in the range 200–300 nm (with the exception of one
formulation increasing to 600 nm after incubation in 10% serum).
For polyplexes with sizes <500 nm, uptake relies on both clathrinmediated and caveolin-mediated endocytosis (with the preferred
mechanism dependent on cell type), while polyplexes >500 nm
use ﬂuid phase endocytosis [3,4,36]. The polyplexes are expected
to be internalized in a similar manner; observed differences in
transfection should not be attributed to polyplex size. Note that
this analysis assumes no speciﬁc changes in uptake mechanisms
due to the presence of PEG, and that particle size dictates the
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Fig. 11. Surface plots of (A) mean ﬂuorescence and (B) per cent transfection. The mean ﬂuorescence and % transfected cells as a result of treatment with gWIZ-GFP polyplexes,
as determined by ﬂow cytometry. The transfection efﬁciency was plotted as a dependent function of N/P ratio and wt.% PEG.

internalization mechanism. It was also interesting to note that the
uptake peak of Fig. 8c (40–65% PEG; N/P = 40–70) was in the same
region with low transfection (>45% PEG; N/P > 45; Fig. 11), and not
in the region with high transfection (<55% PEG; N/P = 20–35). This
lack of overlap suggests that uptake and transfection are not
directly related.

4. Concluding remarks
The complex relationship between PEG substitution and N/P ratio explains why there are disagreements in the literature regarding the effect of PEGylation on PEI effectiveness. The fact that some
studies report a beneﬁcial effect, whereas others report an inhibitory effect may be the result of various studies only observing a
limited portion of the effectiveness surface, such that some studies

may be in a trough, while others limit their observations to a peak.
Given the various effects of PEG length on transfection, the shape
of such surfaces will most likely depend not only on the N/P ratio
and PEG substitution, but also on the MW of grafted PEG. While
this makes direct comparisons between studies difﬁcult, it also
suggests that the screening of any PEI–PEG library requires an indepth study using a wide range of substitutions and N/P ratios.
While many studies have noted the importance of these variables,
the relevance of the two variables acting in concert has only been
considered via a transfection surface recently: Ulasov et al. [33]
reported the transfection surfaces (PEG chains/PEI vs N/P vs
%transfection) of numerous cell types, all having similar
peaks, but with the elevation dependent on cell type. The present
study investigated a broader range of substitutions and N/P
ratios in comparison, using 0–37.2 PEG/PEI with a maximum
N/P = 70, whereas Ulasov et al. used 0–8 PEG/PEI with a
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maximum N/P = 40. However, the surfaces they observed are
remarkably similar to the surfaces reported here within the same
corresponding region. Most notably, Ulasov et al. noted a peak at
PEG/PEI = 1.2 in the N/P range 30–40, while the present work
revealed a similar peak at the low substitution of PEG/PEI = 2.7 in
the N/P range 31.7–38.5. This provides support for the accuracy
of both observations and suggests HEK293 cells transfect in a
similar manner to the cell types that Ulasov et al. tested.
It is important to recognize both the limits and transferable predictions of these surfaces. While these observations are useful for
in vitro purposes, ex vivo gene therapy approaches and possibly
some localized in vivo therapies, these data may not accurately
predict the efﬁcacy of injected polyplexes for all locally or systemically delivered gene therapies. It has been demonstrated with
mice injections that blood levels remained higher for polyplexes
with many short PEG chains compared with fewer longer PEG
chains [20]. This is presumably due to differences in opsonization,
and this study highlights the importance of optimization in the
most appropriate and similar conditions that the polyplexes will
be applied in. An in vivo investigation adopting the approaches
established here, with a focus on the multivariable relationship between polymer/pDNA ratio and PEG substitution, may prove an
illuminative guide for systemic gene delivery. Finally, knowing
the optimal PEG substitution and N/P ratios may be useful in
designing novel carriers other than 25 kDa PEI and/or help to better design carriers that combine other PEG moieties (e.g., with different MW and architectures) and assisting biomimetic peptides.
The incorporation of endosomal escape peptides and nuclear localization sequences into PEI–PEG polyplexes formed using the optimal PEG substitution and N/P ratio outlined in the present
studies may produce an additive effect on transfection efﬁciency.
The complex relationship noted between N/P ratio and PEG substitution in determining transgene expression may be applicable to
other conjugated ligands. This would suggest that detailed studies,
similar to those described in this work regarding PEG grafting,
should be conducted for each ligand to develop the best possible
nanocarriers for gene delivery. As such, given the distinct conclusions generated using a parallel approach, future studies may
also beneﬁt from independently examining delivery systems on a
per-polymer and per-backbone basis to determine precisely the
effects of a particular ligand or copolymer.
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