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• Effect of PEGylation on DNA binding
thermodynamics is quantified for the
first time.

• Polyplex aggregation thermodynamics
are quantified for the first time.

• Limitations of popular indirect DNA
binding assays are revealed.

• PEGylation reduces affinity as a func-
tion of molecular weight and % conju-
gation.
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Poly(ethylene glycol) (PEG) is often conjugated to polyethylenimine (PEI) to provide colloidal stability to PEI–DNA
polyplexes and shield charge leading to toxicity. Here, a library of nine cationic copolymers was synthesized by
grafting threemolecularweights (750, 2000, 5000Da) of PEG to linear PEI at three conjugation ratios. Using isother-
mal titration calorimetry, we have quantified the thermodynamics of the associations between the copolymers and
DNAanddetermined the extent towhich binding is hindered as a function of PEGmolecularweight and conjugation
ratio. Low conjugation ratios of 750 Da PEG to PEI resulted in little decrease in DNA affinity, but a significant
decrease—up to two orders of magnitude—was found for the other copolymers. We identified limitations in deter-
mination of affinity using indirect assays (electrophoreticmobility shift and ethidiumbromide exclusion) common-
ly used in the field. Dynamic light scattering of the DNA complexes at physiological ionic strength showed that PEI
modifications that did not reduce DNA affinity also did not confer significant colloidal stability, a finding that was
supported by calorimetric data on the aggregation process. These results quantify the DNA interaction thermody-
namics of PEGylatedpolycations for thefirst time and indicate that there is anoptimumPEGchain length anddegree
of substitution in the design of agents that have desirable properties for effective in vivo gene delivery.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Gene-based therapies have potential to treat many acquired and
inherited disorders, such as cancers, blindness, blood diseases, deafness,
Parkinson's disease, X-SCID, sickle cell anemia, and cystic fibrosis [1–8].
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Increasing PEG Molecular Weight
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Fig. 1. The series of PEG-g-PEI copolymers synthesized to study the effect of increasing PEG
molecular weight and degree of substitution on the DNA affinity and colloidal stability of
the polyplexes.
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Cationic polymers, such as polyamidoamine dendrimer, poly-L-lysine,
and polyethylenimine, have been shown to complex nucleic acids,
have effective cell transfection properties, and are easily modified
[9–11]. Amajor hurdle in the development of a viable gene therapy sys-
tem, however, has been the effectiveness of the nucleic acid delivery
in vivo. There are many undesirable side effects of current nonviral de-
livery agents, such as cytotoxicity, nonspecific cellular uptake and com-
plement activation by the host's immune system, which leads to poor
blood circulation time (Zhang, Satterlee and Huang provide a nice re-
view [12]).

Polyethylenimine (PEI) is one of the most effective nonviral gene de-
livery vectors [9,13]. Previous research has shown that complexation by
PEI protects the nucleic acid against enzymatic degradation and aids in
endosomal escape via what has been dubbed the “proton sponge
hypothesis [13–15].” The latter characteristic is a result of PEI's buffer ca-
pacity through its many amines, which have a range of pKas to absorb
protons as the pH drops to about 6 in early endosomes, 5.5 in late
endosomes and 5 in lysosomes [16,17]. However, PEI can be cytotoxic,
permeabilizing the cell plasma membrane, which is a function of its
charge density [18–20]. In addition, PEI/DNA complexes (referred to as
polyplexes) are susceptible to nonspecific cell uptake and targeting by
the reticuloendothelial system (RES) when they aggregate at physiologi-
cal ionic strength [21–25], and as a result, exhibit short circulation time
in vivo [25–27].

To improve colloidal stability and biocompatibility, polyethylene
glycol (PEG) is often grafted to PEI [26,28–34]. Since PEG is a neutral, hy-
drophilic molecule, it shields the PEI/DNA polyplex positive surface
charge and provides steric hindrance to flocculation in physiological
media [23,25,27,32–34]. Usually longer PEG chains are necessary; how-
ever, at high conjugation ratios, relatively short 350 Da PEG were effec-
tive at preventing PEI polyplex aggregation at physiological ionic
strength [23]. In vivo experiments in mice showed improved circulation
time of PEI/DNA polyplexes as a result of PEGylation [25,27]. Many
groups have studied the biological properties of block copolymers of
25 kDa branched PEI and linear PEG as a function of amount of grafting
and PEG molecular weight [23,25,27,31,33,34]. Cytotoxicity was re-
duced as a function of the amount of PEG grafting, but independent of
PEG chain length, in 3T3 mouse fibroblast and human cervix epithelial
carcinoma cells [31,34]. These results suggest that reducing the charge
density of the PEI amines is more important than steric hindrance for
biocompatibility of these agents. However, Sung et al. found that both
PEG conjugation ratio and molecular weight affect cytotoxicity of PEI
in C3 tumor cells, with higher total PEG mass per PEI reducing deleteri-
ous effects [23]. Unfortunately, the in vitro transfection efficiency of
many of these polyplexes was compromised by PEGylation [23,31,34].
These results demonstrate that there is a delicate balance between
PEG molecular weight and degree of grafting for optimal biological
properties of these gene delivery agents.

Although the addition of PEG chains enhances stability and biocom-
patibility, it also likely affects PEI's ability to complex DNA. A few groups
have shown indirect evidence of weaker association with PEGylated PEI
through exclusion of a DNA intercalator or gel retardation assays [23,
33]. A study conducted by Luo et al. is the only one known where the ef-
fect of PEGmolecularweight and conjugation ratio on PEI polyplex stabil-
ity was investigated thoroughly [32]. All PEGylated branched PEIs
protected bound DNA from degradation by DNase I. A heparin displace-
ment assay was also performed which showed that all PEI complexes
were susceptible to competitive release of bound DNA and that com-
plexes formed using PEI copolymers with 50% PEG by weight were espe-
cially reversible. These reports warrant a deeper understanding of
interaction energetics.

This study herein presents a quantitative investigation of how
PEG molecular weight and conjugation ratio affect not only the ther-
modynamics of the complexation of DNA by PEI but also the tenden-
cy of PEI/DNA polyplexes to aggregate. A library of nine copolymers
was synthesized with commonly used commercially available PEGs
of 750, 2000 and 5000 Da conjugated from low to high degrees of
substitution (Fig. 1), which reflect a range that is both relevant to bi-
ological data in the literature and likely to reveal differences in func-
tion. Amine coupling through N-hydroxysuccinimide-activated ester
was selected for its ease and efficiency and, hence, popularity for PEG
conjugation. Then, the DNA affinity of each polymer was investigated
through ethidium bromide exclusion assays (EBEA), electrophoretic
mobility shift assays (EMSA), and isothermal titration calorimetry
(ITC). Dynamic light scattering (DLS) characterized the colloidal sta-
bility of the polyplexes in physiological conditions, which was fur-
ther supported by quantitative calorimetry data. The conclusions of
this research reveal disadvantages of using common, indirect assays
to compare DNA affinity and provide a detailed thermodynamic ex-
planation of the biological efficacy of PEGylated PEI gene delivery
agents.

2. Materials and methods

O-[(N-Succinimidyl)succinyl-aminoethyl]-O′-methylpolyethylene
glycol 750, 2000 and 5000 Da MW [PEG(750), PEG(2000) and PEG
(5000), respectively] and phosphate buffered saline (PBS) were pur-
chased from Sigma Aldrich (St. Louis,MO) and usedwithout further pu-
rification. Linear polyethylenimine, MW 25 kDa (Polysciences, Inc.;
Warrington, PA) was solubilized in water by the addition of 0.1 M HCl
and stirred for 48 h. Sodium hydroxide was then added to return the
pH to 7.4. To remove lowmolecularweight impurities, dialysis was per-
formed using 8–10 kDa MWCO Spectra/Por cellulose tubing (Spectrum
Laboratories, Inc.; RanchoDominguez, CA) against nanopurewaterwith
five water changes over a period of 48 h and the final product was ly-
ophilized. Technical-grade 3546 bp plasmid DNA with a CMV promoter
was purchased from PlasmidFactory (Bielefeld, Germany). SYBR®
Green I nucleic acid gel stain was from Life Technologies; Carlsbad, CA.
2,7-Diamino-10-ethyl-9-phenyl-phenanthridinium bromide (95%)
was purchased from Sigma Aldrich (St. Louis, MO). Deuterium Oxide
(99.9%) was purchased from Cambridge Isotope Laboratories, Inc.
(Anderover, MA). Genetic technology grade agarose was purchased
from MP Biomedicals, LLC (Solon, OH).

2.1. Conjugation of PEG

Purified PEI was dissolved in 2 mL of 10 mM phosphate buffer pH 8.
The same volume of PEG solution in the same buffer was added drop-
wise to the PEI with vigorous stirring, and the mixture was allowed to
react for 24 h at room temperature. The product was then dialyzed ex-
tensively against nanopure water and lyophilized. This procedure was
completed as described for all nine copolymers with molar feeding
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ratios of 1:3, 1:12, and 1:30 PEG:PEI amine. Each productwas character-
ized via 1H and 1H –13C HSQCNMR. The results were used to correct the
number of protonatable amines per repeat unit of PEI, and this corrected
number was used to determine all N/P ratios used throughout the DNA
binding and flocculation studies.

2.2. Ethidium bromide exclusion assay

The decrease in fluorescence of DNA-intercalated ethidium upon
polymer binding was used to compare the relative DNA binding af-
finities of the polymers, according to the method of Read et al. [35].
A Horiba Fluoromax spectrophotometer was used to record fluores-
cence under the following data acquisition parameters: λex =
510 nm, λem = 588 nm, slit width = 10 nm, integration time of 3 s,
and an acquisition mode = S/R. All solutions were made in 10 mM
phosphate buffer, pH 7.4. A 1.000 mL aliquot of an 800 μg/mL solu-
tion of ethidium bromide (EtBr) was mixed with 1.000 mL of
1.0 μg/mL DNA in a 1-cm pathlength quartz cuvette. Titrations of
DNA were performed with each polymer in 50.0 μL aliquots to
reach an N/P ratio (moles of polymer amine/moles of DNA phos-
phate) of 6. After each addition of polymer, the solution was gently
mixed, and the reduced fluorescence (F) was measured. This proce-
dure was performed in triplicate for each of the nine copolymers as
well as unconjugated PEI. The relative fluorescence was determined
using Eq. (1):

relative fluorescence ¼ F−Fbg
FDNA−Fbg

ð1Þ

where Fbg is the background fluorescence of free ethidium in buffer
and FDNA is the fluorescence of ethidium–DNA complex before addi-
tion of polycation.

2.3. Electrophoretic mobility shift assay

Polyplexes were formed by adding an equal volume of polymer
solution to 10.0 μL of 20 μg/mL pDNA solution, both in DNase-/
RNase-free water, to result in N/P ratios of 0–30. The two solutions
were mixed well for each ratio and incubated at room temperature
for 20 min. To each well of a 0.6% agarose gel, 10 μL of polyplex sam-
ple mixed with loading dye was added. The gel was run at 60 V for
approximately 50 min in 1× TAE buffer. Afterward, the gel was
stained with SYBR® Green in water for 30 min, followed by 5 min
destaining.

2.4. Isothermal titration calorimetry

Binding thermodynamic parameters were obtained with a NanoITC
(TA Instruments; Newcastle, DE) at 25 °C. All solutions were in 10 mM
HEPES buffer at pH 7.4 and degassed prior to injection. A 0.50–1.2 mM
polymer solution was titrated into 0.996 mL of 0.10 mM DNA solution
using 10 μL injections with a 300 s spacing between to allow equilibra-
tion. The heat of dilution of the polymer was obtained by averaging the
last few injections and subtracting this heat from each peak in the titra-
tion. The magnitude of this dilution heat was identical to that found
through performing a control titration of polymer into buffer (data not
shown). A similar control experiment of buffer into DNA solution was
performed, and its dilution heat was found to be negligible. The data
was fit to a standard Multiple Site model using Nanoanalyze software,
with the enthalpy (ΔH), binding constant (K), and stoichiometry
(n) as free-floating parameters. Eq. (2) describes the experimentalmea-
surement

ΔQi ¼ Qi þ
dVi

Vo

Qi þ Qi−1

2

� �
−Qi−1 ð2Þ
whereΔQi is the heat absorbed or released as a result of the ith injection,
Vo is the active cell volume, and dVi is the change in volume due to the
injection. The total heat content Qi is related to the thermodynamic pa-
rameters using Eq. (3):

Qi ¼ nΘiMΔHVo ð3Þ

where n is the number of sites, ΔH is the change in enthalpy, Θi is the
ratio of sites occupied by ligand X after the ith injection, and M is the
bulk concentration of macromolecule in Vo. Solving for Θi provides
Eq. (4):

Qi ¼
nMΔHVo

2
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where X is the bulk concentration of ligand, andK is the association con-
stant. TheMultiple Sitemodel is an extension of the Independentmodel
above where a second set of thermodynamic parameters adds to the
total heat content Q, as in Eq. (5):

Q ¼ MtVo n1Θ1ΔH1 þ n2Θ2ΔH2ð Þ: ð5Þ

The PEI–DNA interaction was also studied in different buffers of
the same ionic strength to determine the intrinsic binding enthalpy
and the number of protons taken up by PEI upon binding. The chosen
buffers were 3-morpholino-2-hydroxypropanesulfonic acid (MOPSO)
and 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris) and 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) with ionization
enthalpies of 25.0, 47.5 and 20.4 kJ/mol, respectively at 25 °C [36].

2.5. Dynamic light scattering

PEI polyplexes were formed at N/P = 6 using 150.0 μL of polymer
and 150.0 μL of 0.040 mg/μL DNA both in DNase-/RNase-free water.
The polyplexes were incubated at room temperature for 20 min before
being diluted with 700.0 μL of water or 1× PBS. The hydrodynamic di-
ameters were measured after 0, 40, 80, and 120 min at 37 °C on a
Malvern Zetasizer Nano ZS (Worchestershire, UK) with a 4 mW He–
Ne laser operating at 633 nm with a 173° scattering angle. Three sepa-
rately prepared polyplex samples were measured (diameters reported
as the z-average), then averaged and the standard deviations reported.

3. Results

3.1. Characterization of copolymers

A series of PEI copolymers with a range of amine conjugation ratios
of PEG(750), PEG(2000) and PEG(5000) was synthesized through dif-
ferent molar feeding ratios of the two components to obtain a library
of increasing PEG content. Each product was characterized with 1D 1H
and 2D 1H–13C HSQC NMR spectroscopy. Due to the large molecular
weight of the polymers (and hence, slow tumbling rate on the NMR
timescale), broad, overlapping peaks were observed in all spectra. Inte-
gration of the PEG methoxy peak against the PEG methylene peak
(Fig. 2, A and B, respectively) provided the accurate degrees of polymer-
ization for the commercially available polyethylene glycols. These num-
bers were used to determine the molecular weight of each copolymer.
To determine degrees of PEG substitution on PEI, integration of the
PEG methoxy peak against the PEI methylene peak (Fig. 2, A and D, re-
spectively) was used. For the PEG(750) copolymers, the PEG methoxy
peak was overlaid with that of two of the PEG methylene protons on
the end of the chain (clearly represented by the triplet at 3.22 ppm in
Fig. 2 and confirmed by HSQC spectra, Supplemental Information
Fig. S2 and S3); therefore, this peak was integrated to five protons.
The feeding ratios of the conjugation reactions and resulting degrees
of PEG substitution are presented in Table 1.



Fig. 2. 1H NMR spectrum of PEI-g-PEG(750)13 in D2O.
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3.2. Electrophoretic mobility shift assay

The well in which DNAmigration was prevented represents the N/P
ratio at which DNA is fully complexed to our polymer and the overall
charge of the polyplex is neutral. Thus, this N/P ratio reflects polyplex
stoichiometry. Fig. 3 contains the gel images from EMSA of unconjugat-
ed PEI (a) and PEI-g-PEG(5000)5.5 (b). Table 2 displays this average N/P
ratio for each polymer as determined by EMSA performed in triplicate.
Some copolymers exhibited partial DNA binding, indicated by smearing
of the bands. In these cases, the stoichiometric N/P ratio was taken as
that where all of the nucleic acid was retained in the loading well. Pref-
erential binding of the copolymers to the supercoiled fraction of the
plasmid DNA was observed, as indicated by the disappearance of the
band with the most mobility first. All PEGylated PEIs showed higher
stoichiometries compared to unconjugated PEI, as expected due to ste-
ric hindrance. It can be noted that the 1:30 conjugation series had the
lowest observed stoichiometries (only slightly higher than that of un-
conjugated PEI), while the 1:3 series was in general found to have the
highest stoichiometries, suggesting weaker DNA binding with increas-
ing degree of substitution. A trend of increasing N/P ratio with increas-
ing PEG molecular weight was observed within the 1:30 and 1:12
Table 1
Composition of PEI-g-PEG copolymers.

Copolymer Feeding ratio (moles
PEG:moles PEI N)

Product ratio (moles
PEG:moles PEI N)

Degree of
substitution
(%)

PEI-g-PEG(750)13 1:3 1:8 13
PEI-g-PEG(750)5.0 1:12 1:20 5.0
PEI-g-PEG(750)3.2 1:30 1:31 3.2
PEI-g-PEG(2000)25 1:3 1:4 25
PEI-g-PEG(2000)5.0 1:12 1:20 5.0
PEI-g-PEG(2000)3.3 1:30 1:30 3.3
PEI-g-PEG(5000)20 1:3 1:5 20
PEI-g-PEG(5000)5.5 1:12 1:18 5.5
PEI-g-PEG(5000)2.6 1:30 1:38 2.6
conjugation series, as expected. However, the trend was not as clear
for the most PEGylated 1:3 series.

3.3. Ethidium bromide exclusion assays

DNA-intercalated ethidium cation is displaced as polycation binds
the nucleic acid. Since water quenches the ethidium fluorescence, a de-
crease in intensity is seen as a function of increasing polymer concentra-
tion or N/P ratio. The fluorescence intensity of each titration point was
normalized to that of N/P = 0 (free DNA) and the titration curves are
plotted in Fig. 4 below. The half maximal inhibitory concentration
(IC50) of each polymer was found, and the corresponding N/P ratio
was recorded. Most of the copolymers exhibited similar IC50 values to
unconjugated PEI, however it can be noted that the average IC50 value
of the 1:30 series is lower than the average IC50 value of the 1:12 series.
Only the most PEGylated copolymers, PEI-g-PEG(2000)25 and PEI-g-
PEG(5000)20, showed significantly larger IC50 values. These titration
curves mimicked those of adding PEG or buffer to DNA, suggesting
that there was no interaction for these two copolymers, according to
this assay. Table 3 displays the IC50 values of the entire polymer library.

3.4. Isothermal titration calorimetry

Nonlinear least squares regression analysis of each polymer–DNA
thermogram to the Independent (Eq. (3)) and Multiple Site (Eq. (5))
modelswasperformed. The Independentmodel, corresponding to a sin-
gular binding event, provided a poor fit to the data; therefore the bind-
ing thermodynamic parameters, K1, ΔH1, n1, K2, ΔH2, and n2 (for Site 1
and Site 2, respectively) of each polymer to DNA were determined by
fitting all thermograms to the Multiple Site model and averaging at
least three independent titrations. An example thermogram and fit is
shown in Fig. 5 for PEI-g-PEG(5000)5.5. The Site 1 interaction is exother-
mic for unconjugated PEI and all copolymers, and the stoichiometries
range from N/P = 0.33 to N/P = 1.7. The association constant for this
site (K1) for all copolymers, ranging from 5.4 × 106 to 5.4 × 108 M−1,
is smaller than that for unconjugated PEI (7.6 × 108M−1). The Site 2 in-
teraction is endothermic for all polymers and the stoichiometries are all



Fig. 3. Electrophoretic mobility shift assay, as a function of N/P ratio, in agarose gel for DNA complexes of a) unconjugated PEI and b) PEI-g-PEG(5000)5.5.
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betweenN/P=0.10 andN/P=0.40. The similarity of n2 values suggests
that the Site 2 interaction is not very structurally dependent. The K2

values vary, however, ranging from 4.4 × 104 to 2.2 × 107M−1, showing
a significant decrease with copolymer PEG content. Fig. 6 graphically
compares the average K1 and K2 values for the interaction of each poly-
mer with DNA. Binding entropies were calculated for each copolymer
from the K and ΔH values, and the enthalpy–entropy compensation
for each interaction is shown in Fig. 7. Based on the fit parameters,
Site 1 is attributed to electrostatic polymer amine–DNA phosphate
binding, and Site 2 is aggregation of charge neutral polyplexes, as de-
scribed in more detail below.

The unconjugated PEI–DNA interaction was studied in different
buffers. The association constants did not change significantly, but the
observed binding enthalpy did. The relationship between the heat of
ionization of the buffer, ΔHion, and the enthalpy of interaction, ΔHobs,
was linear, as shown in Fig. 8. The slope of the best-fit line provides
the fraction of PEI amines taking up protons upon binding DNA and
was found to be 0.28. The y-intercept of the line,−8.7 kJ/mol, provides
the intrinsic heat of binding, independent of buffer effects.
3.5. Dynamic light scattering

The average hydrodynamic diameter of the polyplexes formed at N/
P=6wasmeasured inwater (data not shown) and PBS (Fig. 9) over the
course of 2 h. Polyplexes formed with unconjugated PEI are roughly
275 nm and remain that size in water but aggregate in conditions of
physiological ionic strength to particles over 1 μm in hydrodynamic di-
ameter. PEGylation prevents aggregation of PEI/DNA polyplexes as a
function of PEG molecular weight and conjugation ratio. As shown in
Fig. 9, copolymers with the shortest PEG chains [PEI-g-PEG(750)3.2
and PEI-g-PEG(750)5.0] form polyplexes that flocculate over time to
the same size as those of unconjugated PEI, while copolymers with
higher PEG content, even the 750Da PEGwhen at high degree of substi-
tution, form colloidally stable polyplexes.
Table 2
The average N/P ratio of the EMSA well in which DNA ceases to
migrate.

Copolymer N/P ratio

PEI 2.0
PEI-g-PEG(750)13 9.0
PEI-g-PEG(2000)25 4.0
PEI-g-PEG(5000)20 9.0
PEI-g-PEG(750)5.0 2.5
PEI-g-PEG(2000)5.0 5.0
PEI-g-PEG(5000)5.5 10
PEI-g-PEG(750)3.2 2.5
PEI-g-PEG(2000)3.3 3.0
PEI-g-PEG(5000)2.6 3.0
4. Discussion

There is an abundance of empirical data on the effect of PEGylation
on the transfection efficiency and cytotoxicity of polyethylenimine;
however the conclusions are conflicting. Much of the confusion seems
to be attributable to the way in which the agents are compared. For ex-
ample, many authors use equal mass of each, in which case PEI with
higher conjugation ratios or higher PEG molecular weight provides a
lower concentration of protonatable amines. Onewould expect such co-
polymers to demonstrate lower cytotoxicity and lower cellular uptake,
due to decreased charge density of the delivery agent, and this has
been shown.

Fitzsimmons et al. was the first to point out the difference between
comparing PEGylated PEIs of equal mass versus equal amine content
[37]. The authors showed that when polyplex N/P ratios were corrected
for amine content, the cytotoxicity in two cell lines was comparable
throughout conjugation ratio and less difference in transfection effi-
ciency was seen amongst the agents. Many groups hypothesize that
low transfection efficiency of PEGylated PEIs is due toweaker/reversible
DNA binding [34], so an understanding of copolymer–DNA thermody-
namics is needed to explain biological efficacy. Thus, we completed a
detailed analysis of the DNA binding affinity of a representative library
of PEI–PEG copolymers of varying PEG molecular weight and degree
of substitution through common qualitative studies used in the field
of gene delivery, such as electrophoretic mobility shift and ethidium
bromide exclusion assays, and quantitative thermodynamic studies
through isothermal titration calorimetry, comparing all polymers
through amine content.
Fig. 4. Relative fluorescence of DNA–ethidium complexes titrated to increasing N/P ratios
with PEI-g-PEG(750)3.2 ( ), PEG(2000)3.3 ( ), PEI-g-PEG(5000)2.6 ( ), PEI-g-PEG(750)5.0
( ), PEI-g-PEI-g-PEG(2000)5.0 ( ), PEI-g-PEG(5000)5.5 ( ), PEI-g-PEG(750)13 ( ),
PEI-g-PEG(2000)25 ( ), PEI-g-PEG(5000)20 ( ), unmodified PEI ( ), PEG(5000)
(×), buffer (+).



Table 3
Ethidium bromide exclusion assay IC50 values for polymer–DNA
interactions.

Polymer IC50 (N/P ratio)

PEI 2.5
PEI-g-PEG(750)13 2.8
PEI-g-PEG(2000)25 N6.0
PEI-g-PEG(5000)20 N6.0
PEI-g-PEG(750)5.0 2.1
PEI-g-PEG(2000)5.0 2.2
PEI-g-PEG(5000)5.5 2.0
PEI-g-PEG(750)3.2 2.0
PEI-g-PEG(2000)3.3 1.8
PEI-g-PEG(5000)2.6 1.0

Fig. 6. The average K1 (striped) and K2 (solid) values of each copolymer/DNA binding in-
teraction, as determined by ITC.
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The different experiments herein all reveal DNA binding affinity but in
variousways. Electrophoreticmobility shift assays use lack of DNAmigra-
tion in an electric field to represent association via charge neutralization
and increased complex mass. The output is information about the
complex stoichiometry. In Fig. 3 and Table 2, we report the complex
formulation ratio as an N/P ratio, where PEG-conjugated amines have
been excluded, since the resultant amides are not protonatable
(pKa = −0.5). EMSA results showed that all PEGylated copolymers
formDNA complexeswith higher N/P stoichiometries than unconjugated
PEI. This means more polymer amine was needed to neutralize the DNA
phosphate backbone, suggesting inaccessibility due to steric hindrance.
Petersen et al. showed the same result for PEGylated branched PEIs [31].

According to our EMSA results, increasing either PEG molecular
weight or conjugation ratio negatively affected PEI–DNA complex for-
mation. The PEG chain length trend is generally clear. We saw no differ-
ence between PEI-g-PEG(2000)3.3 and PEI-g-PEG(5000)2.6 but that is
likely due to the fact that there are slightly less PEG chains on the PEI-
g-PEG(5000)2.6. Similarly, Zhang et al. found that PEI-g-PEG(2000)
bound DNA more efficiently than PEI-g-PEG(5000) at the same 0.3%
ratio [34]. In terms of conjugation ratio, we noticed a threshold of
PEG content where the difference in binding stoichiometry was
detectable. There was a large jump in N/P from PEI-g-PEG(5000)2.6 to
PEI-g-PEG(5000)5.5, but no change in N/P for the PEG(750) series until
the highest degree of substitution. Zhang et al. showed similar thresh-
olds with PEG(2000) and PEG(5000) on branched PEI [34]. The ratios
atwhich these differences are significant reflect large increases in copol-
ymer molecular weight, which would affect gel electrophoresis migra-
tion. Petersen et al. saw no effect of PEG(5000) conjugation ratio on
DNA agarose gel mobility, but they only compared copolymers with
up to 3% substitution of the PEI amines [31]. They were under the
threshold of PEG content at which EMSA reveals differences in complex
stoichiometry. These results suggest some limitations to this method of
DNA binding analysis for PEGylated agents.
Fig. 5. a) ITC thermogram of PEI-g-PEG(750)13 titrated into DNA in 10mMHEPES buffer pH 7.4 a
Ethidium bromide exclusion assays reveal DNA affinity through de-
creased fluorescence of the dye as it is sterically or electrostatically
displaced from its intercalated state to free in solution, as PEI interacts.
This is a commonly used assay for characterizing polyplex formation
of nonviral gene delivery agents. Here, our results show that the most
PEGylated PEIs (PEI-g-PEG(2000)25 and PEI-g-PEG(5000)20) are unable
to displace ethidium from its intercalated state, with titrations curves
similar to those of DNA-ethidium with unconjugated PEG or buffer
(Fig. 4). This indicates that high PEG content in the copolymer signifi-
cantly reduces DNA affinity. In fact, EBEA reports no DNA interaction
for PEI-g-PEG(2000)25 and PEI-g-PEG(5000)20. We also saw statistically
insignificant differences inDNAbinding affinity amongst the seven least
PEGylated copolymers, as did Maurstad et al. for a PEGylated chitosan
series [38]. Thus, we conclude that this particular assay is not sensitive
enough to probe the variations in binding seenwith these gene delivery
systems and with very weak associations, may provide false negative
results.

The cause could be attributed to the nature of EBEA, in that it moni-
tors DNA compaction rather than the electrostatic interaction directly. It
is also important to note that intercalation of the ethidium cation may
affect the interaction of the copolymers, due to induced DNA conforma-
tional changes (lengthening, unwinding and base pair tilting) [39–41]
and partial DNA charge neutralization. Fant et al. thoroughly studied
the use of ethidium for investigating DNA–polymer complexation [42].
They found that PEGylating a generation 5 polyamidoamine dendrimer
did not affect the accessibility of DNA for ethidium, which renders our
method valid for comparing across PEGmolecularweights and conjuga-
tion ratios. They also showed a 10-fold decrease in the ethidium–DNA
t 25 °C. b) Integrated heat signal of thermogram fit withMultiple Sitemodel and residuals.



Fig. 7. Enthalpy and entropy contributions to the free energy of a) Site 1 and b) Site 2 as-
sociations at 25 °C.

Fig. 9. Polyplex (N/P=6) hydrodynamic diameter as a function of time in phosphate buff-
ered saline, as measured with dynamic light scattering.
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binding constant with PEGylation of the dendrimer, suggesting that
PEGylation leads to a more reversible DNA interaction. In support, we
did notice differences in the total ethidium displaced from the
polyplexes at the end of the titrations. At the higher PEG degrees of sub-
stitution, the fluorescence saturates at a higher intensity (see Fig. 4),
suggesting that these copolymers are not able to condense the DNA to
the same extent as unconjugated PEI. Although the assay was per-
formed differently (adding ethidium to preformed polyplexes), Fant
et al. saw evidence of looser complexation betweenDNA anddendrimer
PEGylated at 20% degree of substitution [42]. This result is consistent
with that of our similarly PEGylated PEI-g-PEG(2000)25 and PEI-g-
PEG(5000)20, although the difference between unconjugated and
PEGylated polymer is more pronounced in our studies, perhaps due to
the traditional ethidium exclusion procedure or to the linear architec-
ture of PEI leading to different binding mechanism than branched
PAMAMdendrimer. In the study by Petersen et al., PEGylating branched
PEI at high conjugation ratios led to larger, less spherical polyplexes,
reflecting less DNA condensation [31].
Fig. 8.Observedbinding enthalpy (ΔHobs) versus buffer ionization enthalpy (ΔHion; HEPES
20.4 kJ/mol, MOPSO 25.0 kJ/mol and Tris 47.5 kJ/mol) for the unconjugated PEI–DNA
interaction.
Interestingly, there is no correlation between the results of EMSA
and EBEA (Supplemental Information Fig. S5). As stated above, this is
likely due to the indirect nature of the assays and serves as further evi-
dence of the carewithwhich one should interpret DNA affinity based on
these two common methods.

Isothermal titration calorimetry is a very sensitive technique for si-
multaneously obtaining the equilibrium constant, enthalpy and stoichi-
ometry of a binding event. Recently, isothermal titration calorimetry
(ITC) has been used to determine the thermodynamics of the DNA
or siRNA interactions of PEI, poly-L-lysine, poly(2-(dimethylamino)
ethyl methacrylate), poly(2-(diethylamino)ethyl methacrylate), poly
(glycoamidoamine) and chitosan [43–54]. The difficulty with application
of ITC is that not only binding heat is detected. For example, dilution heats
can be significant. Binding-induced aggregation of neutral complexes is
common at the end of most titrations and is not incorporated into stan-
dard fitting models. Also, polymers with buffering capacity can present
significant heat as a result of proton uptake uponbinding,which is a func-
tion of the ionization enthalpy of the buffer inwhich the titration is taking
place. Each of these contributions to the heat signal must be dealt with
properly to obtain meaningful thermodynamic binding data.

Here, we accounted for dilution heats by performing control titra-
tions of polymer into buffer and buffer into DNA (the former matched
the steady heat signal at the end of the titrations and the latterwas neg-
ligible). There are two binding events occurring during our titrations of
DNA with PEI copolymers. Bimodal isotherms have been observed for
multivalent cations and nucleic acids before and were described as
binding and then condensation [21,43,46,50,51,55]. The first, exother-
mic event, described by K1, ΔH1 and n1, is the electrostatic interaction
between protonated PEI amines and the phosphate groups of the DNA
backbone. Supportive of this assignment is how this event was demon-
strated to be entropy driven (Fig. 7a) as are most polyelectrolyte inter-
actions, which are driven by the release of bound counterions andwater
upon complexation [54,56–60]. The binding constant we determined
for unconjugated PEI (7.6 × 108 M−1) is larger than that reported by
Utsuno et al. (1 × 106 M−1), but that study investigated amuch smaller
600Da branched PEI and linear, salmon testes DNA [46]. Such structural
differences can significantly affect the thermodynamics of the associa-
tion. All of the PEGylated PEIs show similar or lower K1 values compared
to unconjugated PEI, reflecting weaker electrostatic interaction with
DNA. Increasing PEGmolecularweight inhibits DNA binding, as demon-
strated by a decrease in K1 from 9.4 × 108 M−1 to 1.6 × 108 M−1

to 2.0 × 107 M−1 for PEI-g-PEG(750)5.0, PEI-g-PEG(2000)5.0 and
PEI-g-PEG(5000)5.5, respectively. We attribute this lower association
constant to steric hindrance by the well hydrated, flexible PEG chains.
At high overall PEG content, the K1 values overlap for the different
PEG molecular weights, suggesting there is a saturation point where
DNA affinity is similarly reduced. This was also seen in the EMSA results
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for the highest conjugation ratio series (Table 2). Our ITC results
also show that PEG conjugation ratios affect DNA association but to
less of an extent than molecular weight. For example, PEI-g-
PEG(750)5.0 has a K1 of 9.4 × 108 M−1, while PEI-g-PEG(750)13 showed
4.3 × 106 M−1. Higher conjugation results in lower charge density on
the polycations, limiting positive binding cooperativity, which is also
supported by the larger N/P stoichiometries found for higher degrees
of PEG substitution on the PEI. For the PEG(2000) and PEG(5000) copol-
ymers, however, the effect of degree of substitution is not as clear. Per-
haps the role of sterics is dominant here.

Since PEI is known for being a “proton sponge” [16,17] and DNA
binding is likely to induce amine pKa shifts, we determined the number
of protons taken up on binding for the unconjugated polymer, which
comes from the slope of the line relating observed enthalpy to buffer
ionization enthalpy (Fig. 8) [61]. This data showed that 28% of the PEI
amines became protonated as a result of polymer charge neutralization
by DNA phosphates. This fraction is reasonable considering that linear
PEI is approximately 50% protonated at physiological pH due to charge
repulsion down the chain [62]. As DNA electrostatically binds, this
charge repulsion is relieved and the pKas of nearby amines should rise.
A similar 25% increase in the protonation state of linear PEI amines
after DNA binding was found by Ziebarth and Wang through Monte
Carlo simulations [63]. Our results provide a nice experimental compli-
ment in support of the fact that PEI retains buffering capacity, even in its
bound form,which has implications for endosomal escape. The intrinsic
binding enthalpy, for which the heat of buffering has been eliminated,
was obtained by extrapolating the line to ΔHion = 0 and was found to
be−8.7 kJ/mol. Thus, the interaction is more exothermic than reported
in Table 4 and Fig. 7 for HEPES buffer, but the driving force is still entro-
pic release of locally bound water and counterions. Although this pro-
tonation study was not performed for the full series of copolymers,
the buffer effect is expected to be similar for each, and copolymer pro-
tonation is expected upon DNA interaction. The association constants
did not change significantly with buffer identity; therefore, the specific
buffer ions are not involved in the binding.

The second ITC event is aggregation of neutral polyplexes. This
assignment is based on dynamic light scattering titrations of the
same solutions (data not shown) and the EMSA results, which
show charge neutralization at similar N/P ratios. Choosakoonkriang
et al. also saw this aggregation in the ITC experiments with branched
PEI and DNA, and therefore, decided not to fit the data to extract
thermodynamic parameters for the interaction [21]. The magnitude
of K2 should then reflect the extent of aggregation. As seen in Fig. 6,
K2 is 1–2 orders of magnitude larger for PEI, PEI-g-PEG(750)3.2 and
PEI-g-PEG(750)5.0 compared to that of the other copolymers. This
trend is mirrored by the DLS data showing only PEI, PEI-g-
PEG(750)3.2 and PEI-g-PEG(750)5.0 polyplexes flocculate in physio-
logical ionic strength PBS (Fig. 9). There is a clear trend of reduced
K2 with increasing PEG molecular weight for the 1:30 and 1:12 feed-
ing ratios. At the highest degree of substitution, polyplex aggregation
is so weak that the effects of PEGmolecular weight are indistinguish-
able. An effect of PEG conjugation ratio is also noticed. For the shorter
Table 4
DNA binding thermodynamic parameters.

K1 × 10−7 (M−1) ΔH1 (kJ/mol) n1 (

PEI 76 ± 3 −3.1 ± 0.7 0.79
PEI-g-PEG(750)13 0.67 ± 0.21 −6.1 ± 1.6 1.7
PEI-g-PEG(2000)25 0.54 ± 0.11 −3.5 ± 0.9 1.4
PEI-g-PEG(5000)20 1.0 ± 0.2 −2.2 ± 0.4 0.52
PEI-g-PEG(750)5.0 54 ± 1 −1.1 ± 0.8 0.33
PEI-g-PEG(2000)5.0 3.4 ± 0.7 −1.9 ± 0.7 0.70
PEI-g-PEG(5000)5.5 2.0 ± 0.9 −1.7 ± 1.3 0.63
PEI-g-PEG(750)3.2 14 ± 3 −2.5 ± 0.3 0.75
PEI-g-PEG(2000)3.3 1.4 ± 0.1 −4.2 ± 0.2 0.81
PEI-g-PEG(5000)2.6 3.3 ± 0.4 −0.54 ± 0.49 0.52
PEG chains (750 and 2000 Da), increasing PEG density on the linear PEI
leads to decreased aggregation. All of the PEG(5000) copolymers
formed complexes with remarkably similarly low aggregation
constants (2.8 × 105, 2.8 × 105 and 2.9 × 105 M−1 for PEI-g-
PEG(5000)2.6, PEI-g-PEG(5000)5.5 and PEI-g-PEG(5000)20, respective-
ly). Such results indicate that when the PEG chain is long enough, a
fewer number of them are needed to sterically hinder flocculation.
This aggregation event is endothermic, as was seen with branched
PEI–siRNA complexes [45], and entropy driven (Fig. 7b) by the release
of polyplex-boundwater. Interestingly, ITC is able to detect reduced ag-
gregation of polyplexes when DLS cannot, as indicated by the lower K2

value for PEI-g-PEG(750)3.2 and PEI-g-PEG(750)5.0 compared to uncon-
jugated PEI. Thus, we have identified a more sensitive method of char-
acterizing the colloidal stability of polyplexes. Also, the positive
assignment of the nature of the second event occurring in these titration
curves is highly informative to those trying to interpret convoluted ITC
data in any field of polyelectrolyte interactions.
5. Conclusion

In summary, we have investigated the effect of polyethylene glycol
molecular weight and conjugation ratio on the interaction of DNA and
linear polyethylenimine. ITC studies revealed quantitative thermody-
namic parameters, describing two types of entropy-driven interactions
(electrostatic binding and polyplex aggregation). We have found that
PEGylation reduces DNA affinity as a function of either grafting charac-
teristic. It is important to point out that common assays for comparing
DNA affinity of gene delivery agents (ethidium bromide exclusion and
electrophoretic mobility shift assays) demonstrated limitations and
were often ineffective at distinguishing subtle differences. Such results
should be taken into consideration when performing structure–func-
tion relationship studies of these systems. Interestingly, we discovered
that there is an optimal molecular weight and conjugation ratio of PEG
on PEI to obtain strong DNA association with weak polyplex aggrega-
tion, and it is about 3% substitution of PEI amines with PEG(5000)
chains. This work helps us understand driving forces of polyplex forma-
tion and stability and may lead to the rational design of nonviral deliv-
ery vehicles that are more effective in vivo.
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N/P) K2 × 10−7 (M−1) ΔH2 (kJ/mol) n2 (N/P)

± 0.09 2.2 ± 0.8 1.4 ± 0.2 0.10 ± 0.00
± 0.2 0.0044 ± 0.0016 2.1 ± 0.4 0.40 ± 0.22
± 0.3 0.014 ± 0.003 1.6 ± 0.4 0.21 ± 0.19
± 0.02 0.029 ± 0.023 2.3 ± 0.2 0.11 ± 0.01
± 0.10 0.17 ± 0.08 1.4 ± 0.3 0.10 ± 0.00
± 0.22 0.034 ± 0.019 1.4 ± 0.8 0.20 ± 0.12
± 0.16 0.028 ± 0.011 1.3 ± 0.9 0.12 ± 0.03
± 0.02 0.40 ± 0.17 1.2 ± 0.4 0.10 ± 0.00
± 0.10 0.092 ± 0.008 2.0 ± 0.3 0.11 ± 0.01
± 0.04 0.028 ± 0.017 1.6 ± 0.5 0.10 ± 0.01
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