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Abstract
The success of polyethyleneimine (PEI) as a non-viral based gene delivery vector has been attributed
to its proton buffering capacity. Despite the great interest in PEI for its use in non-viral based gene
delivery, the protonation behavior of PEI in solution is not well understood. Earlier experimental
studies have reported inconsistent values of the protonation state of PEI. In this work, we report our
investigation of the protonation behavior of a realistic linear PEI (lPEI) with computational
approaches. Reported experimental pKa values of several diamine compounds are first examined. A
screened coulombic interaction with a distance dependence dielectric is shown to reproduce the
shifted pKa values of the model diamine compounds. Then atomistic molecular dynamics simulations
of lPEI chain with 20 repeating units are performed and the results are used to provide parameters
for a coarse-grained polyamine model. The screened coulombic interaction is then incorporated in
the coarse-grained lPEI chain and computational titrations are performed. The obtained
computational titration curves of lPEI in solutions were found to be in best agreement with
experimental results by Smits et al, but the computational titration curves have too strong of a
dependence on salt concentration compared to the experimental results by Smits et al. Disregarding
the discrepancy in the salt dependence, our computational titrations reveal that approximately 55%
of the lPEI amine groups are protonated under physiological conditions in solution with a nearly
alternating arrangement of protonated and non-protonated amines. Titrations of lPEI in the presence
of a polyanion are also performed to determine how the charge state of lPEI could be affected by
complexation with DNA in gene therapy preparations. While the presence of the polyanion increases
the degree of protonation of the PEI, many of PEI amines remain unprotonated under physiological
conditions, providing evidence that PEI complexed with DNA could still have proton buffering
capacity. Potential sources of error that have resulted in the inconsistency of previously reported
protonation states of PEI were also discussed.
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1. Introduction
A little over a decade ago, the cationic polymer, polyethyleneimine (PEI: -(NH2-CH2-
CH2)n-), was first reported to have high transfection efficiencies as a gene delivery vector both
in vitro and in vivo,1 and, in the years since, has been used extensively in the design of a variety
of more sophisticated delivery vectors.2, 3 In contrast with other polyamines, such as poly-L-
lysine, PEI has shown the ability to provide DNA with greater protection from enzyme
degradation4 and also has higher transfection efficiencies.1, 5 The effectiveness of PEI as a
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gene delivery vector is considered to be due in large part to a balance between two factors
related to its charge density. Since the positively charged groups of PEI are directly along the
chain backbone, PEI has a high charge density, enabling strong interactions with negatively
charged DNA. However, PEI is also believed to not be fully protonated under physiological
conditions, allowing for the possibility that the protonation state of PEI increases in cells. After
PEI-DNA complexes enter cells through endocytosis, the endosomal compartments become
increasingly acidic, and PEI may act as a “proton sponge”, adsorbing some of the entering
protons.1, 5, 6 The proton sponge effect is thought to play a key role in the release of the
polyplexes from endosomes resulting in high transfection efficiencies. The change in PEI
protonation state in endosomes may also impact the polyplex structure, potentially
destabilizing the polyplex and releasing the DNA.

Despite the importance of the presumed proton sponge effect of PEI, the actual protonation
state of PEI, both free in solution and bound with DNA, is not very well known. Inconsistent
values of the protonation state of PEI are reported in the literature. Many studies of gene
delivery with PEI use the value of PEI protonation provided by titrations of branched PEI
performed by Suh et al. in 1994,7 who found that only 10–20% of PEI amine groups are
protonated at physiological pH (~7.4). Nagaya et al.8 reported that approximately 30% of
branched PEI amines are protonated at pH 7.4, while others9, 10 have reported chain length
dependent pKa’s for a series of PEI samples in the range of 8.2 to 9.5, indicating that most PEI
amine would be protonated at physiological pH. One recent review article11 on non-viral based
gene delivery cited that linear PEI has 90% amines protonated at pH~7. Koper and
coworkers12–19 have determined the degree of protonation for linear, star-like, and comb-like
PEI using both experimental titrations and Ising-model based computational methods. In a
review of their findings, they reported that all forms of PEI have approximately 50% of the
amine groups protonated at pH = 7.4 and that inclusion of doublet and triplet interactions,
arising from the protonation of nearest neighbor amine groups, are essential in replicating
experimental titration curves. Finally, the pKa’s of polyamines with 2–6 protonatable sites has
been reviewed, showing that polyamines with structures similar to PEI typically have at least
50% of the amine groups protonated at physiological pH.20 The uncertainty in the actual PEI
protonation state also causes difficulty in estimating the overall charge of PEI-DNA complexes,
which is an important factor to consider in the gene delivery process. There also have been
conflicting reports on how changes in PEI concentration affected the zeta potential of the
resulting DNA-polycation complexes, with one report showing that the zeta potential of PEI-
DNA complexes increased with concentration of PEI,21 while a second report found that zeta
potential decreased.22 These inconsistent experimental results remain to be resolved.

The actual protonation state of a polyelectrolyte chain such as PEI, theoretically speaking, can
be understood and predicted reasonably well with the help of computational methods. While
small molecules are typically sufficiently separated in solution so that the titration of the
individual molecules occurs independently, titrations of different sites on a polyelectrolyte are
correlated. If titratable sites on a polyelectrolyte are close together, the protonation state of a
site will electrostatically affect the protonation of nearby sites. Additionally, as a chain becomes
increasingly charged, the cumulative build-up of multiple charge-charge interactions could
lead to significant deviation in the protonation behavior from that of an independent single site.
This deviation can be either interpreted as having a shifted pKa value if protonation of
individual site can still be monitored, or the deviation may simply show up as an unusual
titration curve. Accounting for such multiple charge-charge interactions by an analytically
tractable theory is a difficult task, but is not difficult if one makes use of a computational
approach. Changes in the pKa’s of titratable groups in proteins caused by surrounding charges
have been studied with great interest for many years.23–27 Typically, in the case of proteins,
simulations are simplified by assuming that the protein is a rigid, unmoving object, so that
changes in the protonation of different sites do not result in changes in macromolecular
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structure. For more flexible synthetic polymers, this simplification is not appropriate, and
conformation changes resulting from electrostatic repulsion along the chain must be
considered. In fact, the latter (i.e, the change of polyelectrolyte conformation) often becomes
the focus of discussion instead of protonation states. Protein simulations however have another
challenge. The titratable residues are often separated or buried inside globular proteins which
have a much lower dielectric constant than water. The charge/charge interaction is a sensitive
function of the surrounding dielectric medium. Therefore, much effort in protein simulations
has been devoted to obtaining accurate calculation of charge/charge interactions in a complex
dielectric medium defined by the protein/water surface boundary. For polyelectrolytes, this is
of less concern since polyelectrolytes are unlikely to form a globule core with a low dielectric
constant.

The protonation behavior of flexible polyelectrolytes has been studied earlier using a variety
of computational methods. Reed and Reed28 used a rotational isomeric state model for a
polyelectrolyte chain and studied how the degree of protonation of a polyelectrolyte as a
function of pH was affected by the distance and angle between titratable sites. Ullner et al.29

simulated the titration of a freely jointed polyelectrolyte chain and compared the protonation
of chains using a screened Coulomb potential with a model that included explicit counterions
and salt.30 The equilibrium charge distribution31, 32 and radius of gyration33–35 of
polyelectrolytes as a function of their charge state has been determined under various solvent
conditions. The interaction of polyelectrolytes with oppositely charge nano-36, 37 and
colloidal38 particles has also been studied, and it has been shown that the presence of the
oppositely charged object increases the fraction of charged polyelectrolyte monomers at a given
pH.

We are interested in determining the protonation states of a realistic PEI chain at various
conditions, for the purpose of understanding the proton sponge effect in gene delivery. We first
examine experimentally reported pKa values in diamines and show that the shift in pKa
observed for diamines can be reasonably modeled with a screened coulombic interaction and
a distance dependent dielectric constant. We then extract a coarse grained model for a PEI
chain based on results from atomistic simulations of 20-mer PEI chains in explicit water and
counter ions. This coarse-grained model of PEI chain is then used in Monte Carlo simulations
where conformational relaxation and variation in protonation states are both considered. The
protonation behavior of linear PEI, both free in solution and in the presence of DNA, at different
ionic conditions are then studied and are compared against the reported literature values. Our
computational results support the results by Smits et al12 and we also discuss potential sources
of errors in the inconsistent reported PEI states.

2. Methods
2.1 Atomistic molecular dynamics simulations of PEI

In order to parameterize our coarse-grained model of PEI, atomistic simulations of a 20
monomer long PEI chain were performed using the AMBER gaff force field39 and the AMBER
8 software package.40 The partial charges used for the PEI were determined with the RESP
method39, 41 using the Gaussian03 program42 with the 6-31G* basis set. The chains were
neutralized with Cl− ions and solvated with a rectangular 20 Å shell of TIP3P water surrounding
the chain. The systems were first equilibrated with 2000 steps of energy minimization with
harmonic restraints on the PEI atoms and, subsequently, 1000 steps of unrestrained
minimization. The temperature was increased to 300 K over 20 ps of constant pressure
simulation followed by 1.2 ns of an equilibration simulation at constant temperature (300K)
and pressure (1 bar) using Langevin temperature equilibration with a collision frequency of
1.0 ps−1. The restraints were then removed and the production runs were performed with
constant temperature and pressure for ~10 ns. A time step of 2 fs was used throughout all the
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simulations with SHAKE constraints43, 44 on covalent bonds with hydrogen atoms. The
particle mesh Ewald method45 was used to treat long-range electrostatic interactions with a 10
Å direct space cutoff. The average distance between nearest neighbor and next-nearest neighbor
nitrogen atoms was calculated using ptraj. These distance distributions are used to derive the
coarse-grained model of PEI chain.

2.2 Coarse-grained models of PEI and DNA
In the Monte Carlo titrations, PEI was modeled with a bead-spring model, with each bead
representing a monomer of PEI and the bead centered at the nitrogen atom of the amine group.
The beads were connected via harmonic bond and harmonic angle bending potentials, given
by

(1)

and

(2)

where kbond = 200kBT/Å2, l0 = 3.85 Å, kang = 0.002kBT/deg2, and θ0 = 150°. The values of l0
and θ0 were chosen to replicate the average distances between nearest neighbor amine nitrogen
atoms and next-nearest neighbor amine nitrogen atoms found in the atomistic simulations,
respectively. Non-bonded monomers separated by a distance less than l0 interacted through a
purely repulsive 12-6 Lennard Jones potential

(3)

where εLJ = kBT. The Lennard-Jones potential was included only to prevent overlap between
non-bonded beads and typically resulted in very low energies except during the equilibration
stage of the simulation. The chains used in the titrations of free PEI had length, N = 100, while
the chains used that formed complexes with the polyanion had length 50.

Double stranded DNA was modeled as a very simple polyanion formed by two parallel, linear
strings of negatively charged beads. The two strands of the polyanion were separated by 10 Å,
while the distance between consecutive charges on a strand was 5 Å. Each strand of the
polyanion was 50 beads long, forming a polyanion with a total charge of −100. We have
previously shown that the structure of a DNA duplex does not change significantly upon
complexation with a smaller PEI,46 and therefore did not allow the polyanion to move in the
simulation. In addition to electrostatic interactions, the polyanion beads interacted with the PEI
as hard spheres, allowing for a minimum distance between the PEI and polyanion beads of 5
Å, preventing the PEI from moving in between the two strands of the polyanion.

2.3 Monte Carlo titrations
The titrations of PEI were performed using Metropolis Monte Carlo simulations with different
steps that allowed for movement and titration of the PEI chain simultaneously. Two types of
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chain moves were allowed for free PEI: local bead translations that allowed for relaxation of
the internal structure of the chain and pivot moves that resulted in larger scale conformational
changes. For simulations of PEI in the presence of a polyanion, there were additional moves
that allowed for translation of the entire chain and reptation of the chain. Trial chain movements
were accepted based on the sum of bond, angle, Lennard-Jones, and electrostatic energies, as
well as checking for overlap with DNA beads.

During a titration step, a bead, i, of the PEI chain was randomly chosen and its charge, q, was
switched from 0 to +1 or +1 to 0. The titration step was accepted or rejected according to the
Metropolis rule based on considering the intrinsic energy change associated with protonation
or deprotonation as well as the electrostatic energy change resulting from the protonation
switch24

(4)

where Wij is the electrostatic interaction energy between sites i and j, M was the total number
of beads in the chain, and pK0 was the intrinsic pKa of site i as an isolated amine group. The
± sign was changed depending on whether a protonation or deprotonation was attempted. pH-
pK0 was an input parameter of the simulation and pK0 was assumed to be the same for all of
the titratable beads of PEI. A screened Coulomb potential was used, giving an electrostatic
interaction of

(5)

where ε is the dielectric constant of the system and κ−1 is the Debye screening length, given
by

(6)

where ε0 is the permittivity of a vacuum, e is the elementary charge, NA is Avogadro’s number,
and Cs is the monovalent salt concentration expressed in moles/liter (M). Two different models
for dielectric values were used: a constant dielectric, CD, model with εCD = 78.3, and a distance
dependent dielectric, DD, model with

(7)

where rmax = 78.3/4 = 19.58Å and rij is the distance between charges in Å. Theoretical
understanding on microscopic dielectric properties of solvent currently is limited and is under
developing.47 In the literature, other forms of distance dependent dielectric constant models
have been proposed,48, 49 which have more complex mathematical forms and sometimes with
fitting parameters. The form in Eq. 7 being mathematically simple is frequently used in
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simulations of macromolecules including DNA50 and proteins.51, 52 Use of a distance
dependent dielectric has been found to better represent solutions to the Poisson equation and
solvation energies than a CD model.53 More discussion on why we use DD model will be
presented later in section 3.1. When the DD model was used, changes in εDD caused
corresponding changes in κ−1.

A typical Monte Carlo simulation involving a free PEI chain involved an equilibration stage
of 100,000 pivot moves, each followed by many internal translation moves. The chain was
initially fully deprotonated (i.e, uncharged) and the pH was well above pK0. At each value of
pH, 1000N titration moves were attempted with 100 pivot moves, and subsequent internal
translations, attempted after each N titration attempts. The pH was then increased by 0.2 pH
units. The average fraction of protonated amine sites, α, at the given pH was calculated by
simply averaging the charges over all sites:

(8)

The procedure for titrations in the presence of polyanion was similar, except the chain was
initially fully protonated with the initial pH several units below pK0 and reptation and chain
translation moves were included. The initial configuration of the system had the PEI near the
polyanion, but no additional constraints were used to keep the PEI and polyanion together.

3. Results
3.1 Shift of pKa of diamines

In order to understand the protonation behavior of PEI, we first discuss protonation behavior
of diamines, a subject that has recently been reviewed by Bencini et al.,20 who discussed how
the protonation of the first amine group affects the subsequent protonation of the second amine
of the molecule. Table 1 summarizes experimentally determined first and second pKa’s, as
well as their difference ΔpK, for several diamines separated by varying the number of (CH2)
groups. The protonation of the second amine is shifted to a lower pH than the first pKa,
reflecting the influence of the charge/charge interaction between two positively charged
amines. For ethylenediamine, ΔpK is a large value; it requires a significantly lower pH for
protonation of the second amine to occur after the first amine group has been protonated. In
comparison, the ΔpK of propylenediamine is significantly smaller, as the extra distance
between amine groups caused by the addition of a third methylene group reduces the
electrostatic repulsion between the two protonated sites.20 As the distance between the amine
groups is further increased, ΔpK continues to drop, and the change in ΔpK becomes smaller.
For example, the difference in ΔpK for pentamethylenediamine and hexamethylenediamine is
small enough that it may be attributed to statistical error.20 From these experimental data, one
can already appreciate that influence of protonation states between neighboring amines in PEI
will be significant, however when the methylene units between two amines increases, the
influence will be reduced.

These experimental data motivated us to examine if the change in pKa of these diamines could
be solely attributed to electrostatic repulsion between two charged amine groups. Because there
are two amines groups in each diamine, the following diagram54 can be used in relating the
microscopic equilibrium constants K1

micro and K2
micro, which can be computationally

estimated, to the macroscopically measured K1 and K2:
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Unlike many small molecules with two ionizable groups, these diamines are symmetrical, and
the two singly protonated microstates are identical, resulting in K1=2K1

micro. Also,
K1K2=K1

microK2
micro. Therefore,

(9)

Values of K1
micro and K2

micro depend on microscopic free energy changes when protonating
the first and second amine respectively. We will assume that the standard free energy change
of the first protonation is the same as a primary amine, i.e, K1

micro=K0. However, protonation
of the second amine has an additional free energy cost due to electrostatic repulsion between
the two amine sites:

(10)

The charge/charge interaction can be approximated by a screened Columbic interaction so that
ΔGelec=qiqjWij, where qi=qj=+1 for the second protonation and Wij is given in Eq. 5. To get a
realistic estimate of rij, we performed atomistic molecular dynamic simulations of diamines in
explicit water using AMBER 8 when only one amine is protonated and when both amines are
protonated. Figure 1 presents the probability distribution of distances of singly and doubly
protonated ethylenediamine and pentamethylenediamine. The distance between two amine
groups, especially in the case of ethylenediamine, varies with the protonation states. For the
singly protonated ethylenediamine, there is one peak centered around 2.9 Å in the distance
distribution. For the doubly protonated species, the average distance between nitrogen atoms
increases to around 3.5 Å, and the distribution is more complex, with a peak centered around
3.8 Å and a shorter peak centered around 3.1 Å. For pentamethylenediamine, the distribution
for both the species is much broader and there is no apparent shift in equilibrium bond distance.
We used rij=3.5 Å and 6.7 Å in Eq. 5 for ethylenediamine and pentamethylenediamine,
respectively. Similar protocols were used to estimate the distance between two amine groups
in the other diamines. Table 1 shows the computed ΔpK according to Eq. 9 and 10 with a
constant dielectric for water, εCD=78.3. The predicted ΔpK do not agree very well with the
experimentally observed ΔpK; the constant dielectric model underestimates the ΔpK when the
distance between the two amines is short (i.e., in the case of ethylenediamines). This is not too
surprising since dielectric constant of water at short distance can not reach the value of 78.3.
We calculated ΔpK of the diamines using the distance dependent dielectric shown in Eq. 7.
The predicted ΔpK with the distance dependent dielectric constant agreed much better with
the experimentally observed ΔpK’s, especially for ethylenediamine. We also tried the
Columbic interaction with the distance dependent dielectric, but the calculated ΔpK were too
large for all the diamines. Other forms of distance dependent dielectric constant could be used,
but since current theoretical understanding on microscopic dielectric constant is limited, at this
stage, we will use this simple form with no adjustable fitting parameters. We will also retain
both CD and DD forms in the rest of study keeping in mind that distance dependent dielectric
model is a better model to reproduce experimental results for diamines.
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3.2 Monte Carlo Titration of diamines compounds
Before we present the titration of PEI chains, we first present Monte Carlo titration of diamines
as a model system to validate our Monte Carlo titration method. The titrations of diamine model
compounds follow the method used for PEI chains as outlined in the method section with only
small modifications. All the diamine compounds were represented by two beads connected via
a harmonic bond potential given in Eq. 2, where l0 is the equilibrium bond distance listed in
Table 1, and kbond is chosen such that the bond distribution between the two beads matches
approximately with the bond distribution from the atomistic simulation with the double
protonated state. Typical values for kbond were around 5 to 20 kBT/Å2. In Figure 1, the
equilibrium distance distribution obtained in the Monte Carlo titrations is overlayed with that
from the atomistic MD simulations. For the ethylenediamine, we have chosen kbond so that the
bond distribution is a broad peak, centered around the average distance, that encompasses much
of both of the peaks in the distribution of the double protonated atomistic species. The charge
on the two beads, q, was switched between 0 and +1 using a Monte Carlo titration step, which
was accepted or rejected according to the Metropolis rule by considering the intrinsic energy
changes associated with protonation or deprotonation as given in Eq. 4 in the method. We note
Wij used was the same screened coulombic interaction. For these diamines, we have also
monitored the fraction of doubly protonated, α2, singly protonated, α1, and zero-protonated
species, α0, as a function of pH, in addition to the fraction of protonated amines, α. Figure 2
presents the dependence of these four fractions of diamines on pH. The average fraction of
protonated amines α is a quantity that can be monitored experimentally through potentiometric
titrations. One may observe that the dependence of α on pH in Figure 2 showed a two-step
dissociation. The numerical curve could be fitted to extract the two apparent pKa’s, but such
a method does not yield reliable values especially when the two pKa’s are close to each other.
The more accurate way to locate the two pKa’s is to monitor the doubly, singly, and non-
protonated species (i.e, α2, α1 and α0) individually. The macroscopic pK1 value is then
determined by locating the pH where α1 =α0, and pK2 is the pH where α2=α1. The values of
ΔpK determined by this approach are included in Table 1 as well. We note that the
computationally determined ΔpK values will not be exactly same as the computed ΔpK through
Eq. 9, although the two are very close, since during the Monte Carlo titration, the bond length
fluctuates around the equilibrium bond length.

For diamines with more than 4 methylene groups, the calculated ΔpK values are similar
whether using the CD or the DD model. At the longer distances, the electrostatic repulsion is
similar for both CD and DD situations for Cs = 0.1 M, because, while the DD results in an
increase in the direct electrostatic interaction energy, it also increases the damping effect of
the screened Coulomb factor, as the Debye length increases for the smaller dielectric values.
There is a much greater difference between CD and DD models for ethylenediamine and
propylenediamine, and the ΔpK values using the DD model are significantly higher than in the
CD model. The DD also better approximates the experimental ΔpK values, as the CD
underestimates the energy penalty for having two charged groups at such close distances. For
amine groups separated by only a few angstroms, there is little room for water molecules to
come between the amines to screen the electrostatic repulsion, and much of the space between
the charges is occupied by methylene groups, creating an environment with a much lower
dielectric medium than pure water. Overall, the agreement between Monte Carlo titration data
and experimental data are very good especially when distance dependent dielectric constant is
used. These data serve to validate our computational titration method.

3.3 Titrations of linear PEI
The coarse grained model of linear PEI chain used in the titrations has been given in the method
section. Figure 3 presents distance distributions for nearest-neighbor and next-nearest neighbor
amine groups from atomistic simulations of a 20-mer lPEI chain with three different
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protonation states: a chain with no protonated amine groups, one in which every other amine
is protonated, and a fully protonated chain. While the nearest-neighbor distance distributions
for the unprotonated and half-protonated chains have a larger peak centered near 2.9 Å and a
smaller peak at 3.8 Å, only the peak at 3.8 Å appears in the distribution of the fully protonated
chain. We also note that the nearest-neighbor distance distribution for the fully charged chain
differs from that of the diprotonated ethylenediamine, the latter also had two peaks in the
distance distribution. Except for the terminal beads of the chains, the amines of the fully
protonated lPEI were neighbors with two charged sites, not just one site as in the case of a
diamine, resulting in the chains taking conformation that increase the distance between charges
in order to reduce the electrostatic repulsion. In the distance distributions for the next-nearest
neighbors, there is a large difference between the unprotonated and half-protonated chain, as
the maximum peak in the distribution of the half-protonated chain is shifted to a distance of ~
1.5 Å greater than the maximum peak for the unprotonated chain. As every other amine in the
half-protonated chain is charged, all next-nearest neighbor pairs repel each other and the chain
takes conformations that reduce the repulsion. Similar to the nearest-neighbor distribution, the
increased electrostatic repulsion in the fully charged chain shifts the peaks in the next-nearest
neighbor distribution to even larger distances. Figure 3 also shows nearest and next-nearest
neighbor distributions of the coarse-grained model of PEI using the parameters given in section
2.2. The coarse-grained model of lPEI was designed to reproduce the behavior of the fully
charged lPEI chain. As will be discussed later, the primary factor that limits the protonation of
PEI is the electrostatic repulsion resulting from protonation of neighboring amine groups, and,
therefore, the main goal of our model was to correctly include the electrostatic interaction
between nearby protonated sites. If a chain already has a significant fraction of amine groups
protonated, subsequent attempts to protonate uncharged sites are more likely to be successful
if the distance to charged sites is greater, i.e., protonation of site i that is 3.8 Å away from
charged site i+1 is more likely than protonation of site j that is 2.9 Å from charged site j+1.
Additionally, PEI is flexible and local conformations that are similar to fully charged PEI are
accessible to chains with lower degrees of protonation. Therefore, the fully protonated chain
will best replicate the local structure and electrostatic interaction that occurs when attempting
to protonate a site nearby other charges.

In contrast to diamines, it is not feasible to determine the individual pKa for each step of the
protonation, and we instead monitor α, the fraction of protonated amine groups. Figure 4 shows
plots of α as a function of pH for linear PEI with N = 100 at various salt concentrations using
both CD and DD models. At high salt concentration (Cs = 1.0), the models result in similar
behavior, with both models showing a steep rise in protonation as the pH approaches pK0 and
the chain being completely protonated when pH-pK0 ≈ −2. As the salt concentration decreases,
protonation of the chains becomes more difficult, as there are fewer ions to screen the
electrostatic repulsion of nearby charges on the chain. For both models, there is significant
change in the titration curves as salt concentration changes, a result that is not fully in agreement
with the experimental curves for linear PEI by Smits et al.,12 but is in agreement with
computational results reported in other studies.29, 55 The two models behave differently for
lower salt concentrations, as it becomes more difficult to protonate amines using the DD model
in low salt. For example, for Cs = 0.01 M, the chain is completely protonated using the CD
model when pH – pK0 ≈ −4, but is only around 60% protonated at the corresponding pH in the
DD model. For intermediate salt concentration (Cs = 0.05–0.25M), the divergence between the
models only becomes apparent for higher values of α; for pH – pK0 > 0, the titration curves of
the two models are similar.

Of particular interest to understanding the protonation behavior in PEI used in gene therapy
applications is determining its charge state under physiological conditions. Figure 5 shows
titration curves using the CD and DD models at physiological salt concentration (Cs = 0.15
M). As typical amine pK0 values20 range between 10 and 10.5 and physiological pH is 7.4, the
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value of α at pH – pK0 ≈ −2.7 would provide an estimate of the fraction of protonated amine
groups in PEI under physiological conditions. Using the CD model, α is close to one, a value
that is much higher than previous estimates of the protonation of PEI under physiological
conditions. In contrast, the DD model predicts that around 55% of the amines are protonated
under physiological conditions, a result that is in good agreement with a previous estimate by
Smits et al.12 but substantially higher than that of Suh et al.7 The titration curve of lPEI also
reveals that it has a very wide buffering range, a factor that could be important its role as a
“proton sponge” in gene delivery polyplexes. Using the pH where α = 0.9 as the lower limit
of its buffer range, Figure 5 indicates that PEI would be able to buffer solutions with pH values
as low as ~5, a value comparable with the known pH value in late endosomes.

3.4 Charge distribution
One advantage of using simulations to study the protonation behavior of PEI is that the identity
of the specific protonated sites is known, allowing for the understanding of how charges are
distributed along the chain. Figure 6 compares titration curves of an lPEI chain of length 100
using the DD model when considering only the 50 beads in the middle of the chain, only the
25 beads on each end of the chain, only the 5 beads on each end of the chain, and only the
terminal beads of the chain. Using both density functional theory and Monte Carlo titrations,
Berghold et al.31 have shown that there is a depletion in local charge density in the center of
the chain and an increase in local charge density at the chain ends. The data shown in Figure
6 agree in general with this trend, as the beads towards the ends of the chains have a slightly
higher α for most pH values. While the results by Berghold31 were mostly limited to chains
with an α of 0.25 or less, the data in Figure 6 show that increased charge at chain ends is
maintained or slightly enhanced for higher α. The increase in relative charge towards the ends
of the chains with increasing α can be largely explained by considering the behavior of the
terminal beads of the chain. The value of α for the terminal beads can be over twice as large
as the average α of the chain, resulting in an increase in the average α of the final 5 or 25 beads.

In order to gain insight into the arrangement of charges along the chains, the fraction of groups
of 2 or 3 nearby amines that are entirely protonated has been calculated and is shown in Figure
7 for Cs = 0.1 M. Nearest neighbor amines that are both protonated are referred to doublets
and the fraction of doublets, fD, is calculated from fD = PB/NB, where PB is the number of
bonds in the chain in which both beads are protonated and NB is the total number of bonds in
the chain. Groups of three amine groups that are all protonated are referred to as triplets, with
the fraction of triplets, fT, is calculated from fT = PA/NA, where PA is the number of angles in
the chain in which all three beads are protonated and NA is the total number of bond angles in
the chain. The Ising model developed by Koper and colleagues12, 13, 19 is dependent on energy
penalties associated with the formation of doublets and triplets. For chains with α < 0.5, the
charges on the chain are arranged so that the formation of doublets is minimized and at α =
0.5, the chain has an ordered structure, with every other bead protonated. For α > 0.5, the
formation of doublets is necessary, and the introduction of a triplet interaction energy is used
to account for the asymmetry that is typical in polyelectrolyte titration curves.

Because of the higher electrostatic repulsion for nearby amines in the DD model, it is more
difficult to protonate nearest neighbor amine sites using a DD in comparison with a CD, and,
as expected, Figure 7(a) shows that fD and fT begin to increase at larger values of α for the DD
model. In contrast with Koper’s Ising model, both models used here show that fD rises above
0 for α < 0.5. For α = 0.5, fD ≈ 0.1 and 0.2 for the DD and CD models, respectively. Figure 7
(b), a plot of fD and fT as a function of pH shows that fD for the DD model begins to rise when
pH – pK0 becomes negative. The difficulty in forming doublets in the DD model helps explain
the difference in the titration curves for Cs = 0.1 M found in Figure 4. For pH – pK0 > 0, few
doublets are formed in both models and the titration curves are similar. As pH – pK0 becomes
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negative, the formation of doublets in the CD model is prevalent and α increases rapidly. In
the DD model, there is a high electrostatic penalty associated with the formation of doublets,
limiting the α.

3.5 Effect of increasing distance between amine groups
As discussed above, titrations of diamines are greatly influenced by the number of methylene
groups separating the nitrogen atoms; in particular, the presence of a third methylene in
propylenediamine results in a large reduction in ΔpK in comparison with ethylenediamine. In
order to study how the increasing the distance between the amine groups of a linear polyamine
affected the protonation behavior of the chain, titrations of a chain with l0 = 4.8 Å were
performed and are shown in Figure 8. While the parameters of the polycation in the previous
titrations have been set to model PEI, increasing the bond distance to 4.8 Å creates a chain that
is similar to polypropyleneimine or spermine. The additional distance between the amine
groups results in a chain that is much easier to protonate, especially when using the DD model.
While at low salt concentration (Cs = 0.01) for the PEI model, α for pH – pK0 = −7 is slightly
less than 0.6, the corresponding α value for a chain with l0 = 4.8 Å is ~0.9. Increasing the
distance between amine groups in the chain also affects protonation behavior for chains under
physiological conditions, as α in the DD model for Cs = 0.15 and pH – pK0 = −2.7 is near 0.85,
in contrast for α≈ 0.55 for the PEI chain model. These results are consistent with the protonation
behavior of short polyamines such as spermidine and spermine, which are considered to be
completely protonated at physiological pH.20

3.6 Titrations in the presence of a polyanion
Titrations of PEI in the presence of a simple DNA model were also performed in order to
determine how the protonation of PEI changes in the DNA polyplexes, such as those that would
be used for gene delivery. These simulations began with PEI chain fully protonated and placed
near the center of the polyanion, and pH – pK0 = −7. During the equilibration stage, the PEI
moved toward the polyanion and wrapped around or stretched out along the polyanion, with a
sample configuration shown in Figure 9. As the pH of the system is increased, reducing the
protonation state of the PEI, the attraction between the chains decreased, and the PEI moved
away from the polyanion into the bulk solution. The exact pH and α values at which this
separation occurred depended on the salt concentration and dielectric constant used in the
simulation, but, due to the coarse-grained nature of the simulation and the lack of explicit
counterions, the conditions under which the PEI and polyanion formed a complex were not
investigated.

Figure 10 shows titrations curves for PEI in the presence of a polyanion using both CD and
DD models. For Cs = 0.01 M, both models show interesting behavior when pH – pK0 > 0, with
α not falling to zero until pH is over 4 units above pK0. This behavior is likely an artifact of
the simulation, as no explicit counterions were included. At low Cs in the simulation,
interactions between the polyanion and a partially protonated PEI chain would be strong,
making it difficult for the PEI chain to separate from the DNA and for a given PEI amine group
to deprotonate. In real systems, the polyanion would attract a significant number of counterions,
reducing the energetic benefit in having protonated PEI amines at high pH, and the positive
charge supplied by the PEI chain could be replaced by monovalent cations. For higher salt
concentrations, the behavior at high pH is similar to that found of free PEI, with α decreasing
to zero for pH – pK0 = 2. In general, Figure 10 shows that complexation with a polyanion
results in a higher α value for the PEI when compared with free PEI. Under physiological
conditions using the DD model, α for lPEI when bound to the polyanion is approximately 0.7,
an increase of 25% compared to the protonation of free lPEI.
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4. Discussion
In the above, we have focused on presenting our computational investigation on the protonation
of lPEI in solution as well as when it complexed to a crude model of DNA chain. We will now
compare our study against earlier experimental and theoretical studies and discuss the potential
reasons that cause such wide range of protonation data reported in experiments, and also discuss
the extent of reliability of our computational model.

There are several difficulties encountered in experiments when determining the percent of
protonated amines of PEI in experiments by potentiometric measurement. The potentiometric
measurements give the change of solution pH versus the amount of titrant used. In order to
convert from this raw data to the plot of pH versus percent of amine groups protonated, one
needs to know exactly the total concentration of amine groups present in the solution. However,
lPEI samples are very hydroscopic and may contain amounts of water of up to 20% to 40% of
the total mass, which could seriously affect determination of the concentration of dissolved
PEI. Secondly, lPEI is insoluble in water at room temperature48, so the usual practice is to
dissolve PEI sample in acidic solution first, and then back titrate the solution with a base to
reach a completely unprotonated state. Precipitation may occur during the titration. Then the
sample is titrated again with the acid. By subtracting the amount of base used in the first titration
and assume that all amines reached unprotonated state, one can then calculate the percent of
protonated amines at different pH. Not all investigators used such an approach in determining
the percent of protonated amine groups. Instead, they tried to fit the titration curve to some
equations that treat the multiple protonation sites. For example, Suh et al.7 defined a reaction
quotient, Q, fB/fB+, where fB and fB+ is the fraction of unprotonated and protonated amine
groups, related to α in our study through Q= (1 − α)/α. They then assumed lnQ is linearly
proportional to pH. This assumption is valid if the titration curve follows the standard
Hendelsen-Hasselbach equation, but is not valid when the titration curve deviates from
standard Hendelsen-Hasselbach equation. In Figure 11, we take our computational data, α, and
re-plot it in lnQ vs. pH. The linear relationship between lnQ and pH can not be assumed for
most of salt concentrations, except maybe at the highest salt 1.0 M. Indeed, there is no simple
analytical equation one may use to fit the titration curve. For this reason, Koper et al. have
developed a theory based on an Ising model. In their theoretical model, the energy for the
formation of doublets and triplets were used as adjustable parameters to fit the experimental
data. In comparison, our computational model did not contain any adjustable fitting parameters
that can be used to fit experimental data.

After considering these experimental facts, we feel that the most reliable experimental titration
curves for lPEI were probably those reported by Smits et al.12 Comparing our computational
titration curves against their experimental data reveals that computational titration curves with
the DD model capture the features of the experimental titration curves, but have a too strong
salt dependence. Figure 12 presents an overlay of computation titration curves with the DD
model at three salt concentrations against their experimental titration curves at Cs= 0 M and
0.1 M. Here the only adjustable parameter is pK0, for which we have used pK0=10.0, a very
reasonable value of intrinsic pKa for primary or secondary amine groups. Experimental titration
curves at other salt concentrations lie near the curve for Cs=0.1M, only the salt-free curve lies
significantly below those with salts. In comparison, the computational titration curves
continually shift upward as the salt concentration increases. Interestingly, the computational
titration curve at Cs=0.01M overlays with experimental data at Cs = 0.1M very well. None of
the curves from the CD model could capture the features in the experimental titration curves.
We note that we are simply overlaying the plots from computational titration curves with
experimental titration curves; there were no fitting parameters. Ullner et al.30 have also
investigated protonation behavior of weak polyacids with screened Columbic interaction and
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with explicit simple ions in a continuum water dielectric medium. Their computational titration
curves also exhibit strong salt concentration dependence.

The comparison of our computational data against experimental titration curves by Smits et
al.12 led us to believe that our computational titration with DD model have reasonably captured
the basic features of the protonation behavior in lPEI, but is not able to account for salt
concentration dependence very well. On the other hand, the CD model is inappropriate and is
unable to account for protonation behavior of lPEI. We note the objective of our current study
is not about developing a theory that could fit the experimental data; rather we are investigating
if the continuum electrostatic interaction model could account for protonation behavior in lPEI.
For this reason, we used a screened Coulomic interaction with a simple distance dependent
dielectric model to account for electrostatic interaction between charged monomers. Other
sophisticated distance dependent dielectric model will be tested in the future. Our study reveals
that describing electrostatic interaction between charged monomers on a polyelectrolyte using
a continuum solvent model is a challenging task. The most pressing need is to understand the
dielectric properties in a polymer coil at microscopic scale. It would also been very helpful if
one can understand the screening effect in polymer coil at different salt concentrations. It is
also clear that our computational titration model for lPEI complexed with DNA is very crude.
The dielectric properties and electrostatic interaction between charged monomers on lPEI near
DNA should be investigated with atomistic simulations in explicit salt and water. We note that
in biological modeling, a popular approach in treating electrostatic interaction in proteins is to
define a dielectric medium with atomic scale feature. This approach however is too expensive
to be used for investigating protonation behavior of flexible polymers like PEI, besides it also
lacks theoretical justification for using discontinuous dielectric boundary.

Despite the above uncertainties, several things can still be learned from our computational
investigation. Our computational investigation showed that a major factor in reducing the
protonation of PEI is the high electrostatic energy caused by forming doublet interactions,
supporting the assumption used by Borkovec and Koper.19 While the amine groups of the chain
do not completely alternate between being charged and uncharged when α = 0.50, the formation
of doublets and triplets is primarily limited to cases where α > 0.50. Additionally, we find that
while the presence of a polyanion results in an increase in the protonation state of PEI at a
given pH, many amines remain unprotonated under physiological conditions. This last claim
however will need to be checked with more accurate models.

The computational results shown here indicate that PEI has several structural features that make
it particularly well-suited to be a gene delivery vector. It offers both a high charge density and
many unprotonated amine groups at physiological conditions. With approximately 55% of the
amine groups being protonated under physiological conditions and the amine groups being
located along the chain backbone, PEI has a relatively high charge density. If a charged-
uncharged alternating structure is assumed for PEI with approximately 50% protonated, the
charges of a PEI chain under physiological conditions are only separated by approximately 7
Å. In contrast, the charges of a fully protonated PLL chain, in which the amines are located on
the side groups, are separated by over 10 Å. The closeness of the amine groups in PEI also
allows for the PEI to not be completely protonated under physiological conditions, giving PEI
the ability to act as a proton sponge in the endosomal compartments that gene therapy vectors
must encounter. Increasing the distance between potential chain charges by as little as 1 Å,
roughly corresponding to the addition of an extra methylene group between the amines, resulted
in a large increase in the protonation state of the chain, indicating that other polyamines would
not have PEI’s ability to act as a proton sponge.
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5. Conclusion
The inconsistency in reported PEI protonation states in solutions led us to investigate
protonation behavior of lPEI in solutions with a computational approach. We first examined
the protonation behavior of model diamine compounds and found that a distance dependent
dielectric constant plus a screened coulombic interaction between two charged amines could
account for the shifted pKa for the model diamine compound. We then incorporated this
electrostatic interaction term into a realistic coarse-grained lPEI chain derived from atomistic
simulations and performed Monte Carlo titrations. This yields computational derived titration
curves in terms of percent of protonated amines at a given pH. The obtained computational
titration curves are found to be in best agreement with experimental results by Smits et al, but
are in disagreement with other experimental studies. Potential sources of errors in the
inconsistent experimental values could be traced to data analysis and concentration
determinations. Our computational investigation showed that at physiological conditions, lPEI
has approximately ~55% amines protonated and the charges on lPEI chain are arranged in
nearly alternating fashion. This implies that the two charged amines are separated
approximately by 7 Å, a distance comparable to the Bjerrum length in water. This distance
between two charged amines may represent a critical structural requirement in the design of
efficient non-viral gene delivery vector. Our computational investigation however also reveals
that describing electrostatic interaction between charged monomers on a polyelectrolyte is a
challenging task. The predicted titration curves based on our current computational model have
a stronger salt dependence than that observed in experiments by Smits et al. This points to the
need of a better understanding on microscopic dielectric properties of salt solutions.
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Figure 1.
Distribution of bond lengths for atomistic and coarse-grained models of ethylenediamine (a)
and pentamethylediamine (b). Distributions are shown from atomistic simulations of
monoprotonated (×) and diprotonated (●) for ethylenediamine in (a), but only diprotonated (●)
are shown for pentamethyledimaine in (b). The coarse-grained distributions (open circles) were
created with lo = 3.5 Å and kbond = 20kBT/Å2 for ethylenediamine and lo = 6.7 Å and kbond =
6kBT/Å2 for pentamethylenediamine.
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Figure 2.
Computational speciation diagram of ethylenediamine showing the fraction of unprotonated
(solid line), monoprotonated (dotted line), and diprotonated (dashed line) species as a function
of pH for a coarse-grained model of ethylenediamine with lo = 3.5 Å and kbond = 20kBT/Å2.
The computational titration curve (dashed-dotted line) is also shown.
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Figure 3.
Distribution of distances between nearest neighbor (a) and next nearest neighbor (b) amine
groups from atomistic molecular dynamics simulations of a 20-mer PEI with no amines
protonated (open circles), every other amine protonated (filled circles), and all amines
protonated (filled triangles) and from Monte Carlo simulations of a coarse-grained PEI model
(open triangles).
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Figure 4.
Simulated titration curves of linear PEI using constant (a) and distance dependent (b) dielectric
models for salt concentrations, Cs = 0 (open circles), 0.01 (filled circles), 0.05 (open triangles),
0.10 (closed triangles), 0.25 (open squares), and 1.0 (closed squares) M.
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Figure 5.
Simulated titration curves of linear PEI at physiological salt concentration (0.15 M) using CD
(open circles) and DD (closed circles) models.
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Figure 6.
Exterior and interior bead titration curves for linear PEI using the DD model and Cs = 0.1 M.
α was calculated for only the middle 50 beads of the chain (open circles), only the exterior 25
beads on each chain end (closed circles), only the 5 beads on each chain end (open triangles),
and only the end beads of the chain (closed triangles).
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Figure 7.
Fraction of protonated doublets, fD, (circles) and triplets, fT, (triangles) as a function of the
degree of protonation, α, (a) or pH (b) with Cs = 0.1 M. Both CD (open symbols) and DD
(closed symbols) models are shown.
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Figure 8.
Simulated titration curves for a polyamine chain with amines separated by 4.8 Å for both CD
(open symbols) and DD (close symbols) models, and Cs = 0.01 (circles), 0.15 (triangles), and
1.0 (squares) M.
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Figure 9.
Sample configuration PEI (white) bound to polyanion (black) with Cs = 0.15 using the DD
model.
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Figure 10.
Titration curves of linear PEI in the presence of DNA for CD (a) and DD (b) models and Cs =
0.01 (circles), 0.15 (triangles), and 1.0 (squares) M.
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Figure 11.
Replot of data in Figure 4(b) in the form of lnQ versus pH-pK0, where Q=(1 − α)/α, at salt
concentrations Cs = 0.0M (circles), 0.05M (triangles), 0.1M (square), 1.0M (diamond).
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Figure 12.
Overlay of experimental titration curves from Smits et al.12 (shown in symbols) with
computational titration curves (shown as lines) with distance dependent dielectric model. The
salt concentrations for experimental curves Cs = 0M (circles) and 0.1M (triangles). Salt
concentrations for computational titration curves are Cs = 0M (dot-dashed line), 0.01M (solid
line), and 0.1M (dashed line). pK0 was assumed to be 10.0 in computational titration curves.
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