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As a gene delivery vector, polyethylenimine (PEI) shows one of

the highest transfection efficiencies, while effectively protecting

DNA from enzyme degradation. The distinctive charge pattern

of protonated PEI is widely considered responsible for funda-

mental process such as DNA condensation into PEI/DNA poly-

plexes (which are able to enter cells via endocytosis), proton

sponge effect (which triggers the release of polyplexes from

endosome), and release of DNA from polyplexes (to be further

processed inside the nucleus). Our investigations are largely

motivated by the crucial need for a realistic molecular mechanics

force field (FF) for PEI, and, accordingly, we focus on two major

issues: (1) development of a new atomistic (CHARMM) FF for PEI

in different protonation states, rigorously derived from high-

quality ab initio calculations performed on model polymers, and

(2) molecular dynamics investigations of solvated PEI, providing

a detailed picture of the dynamic structuring thereof in depen-

dence on their size and protonation state. The modeled PEI

chains are essentially described in terms of gyration radius, end-

to-end distance, persistence length, radial distribution functions,

coordination numbers, and diffusion coefficients. They turn out

to be more rigid than in other computational studies and we

find diffusion coefficients in fair agreement with experimental

data. The developed atomistic FF proves adequate for the realis-

tic modeling of the size and protonation behavior of linear PEI,

either as individual chains or composing polyplexes. VC 2017

Wiley Periodicals, Inc.

DOI: 10.1002/jcc.24890

Introduction

Gene therapy continues to stir tremendous interest due to its

enormous treatment potential for diverse, acquired or inher-

ited diseases.[1] An effective drug based on a nucleic acid must

reach inside the target cell while surviving an entire sequence

of biological defense systems, thus critically depending on an

efficient delivery vector.[2] As a general principle, gene carriers

are designed to condense DNA/RNA molecules into nm- (lm)-

sized complexes by way of specific electrostatic interactions,

protecting the payload from enzymatic/non-enzymatic degra-

dation and favoring cellular uptake.

Two main types of gene delivery vehicles are currently used

in clinical and research studies: viral and non-viral (synthetic)

vectors. Although very effective, the viral vectors pose signifi-

cant challenges and risks, such as low DNA/RNA loading

capacity, immunogenicity, and toxicity. From this perspective,

the development of non-viral vectors is considered crucial and,

given the multiple benefits and recent advances in their fabri-

cation technologies, very promising.[1–5] They can be designed

and synthesized to display essential properties, such as trans-

fection efficiency, specificity, and biocompatibility. While signif-

icant progress in engineering non-viral gene vectors has been

achieved, clinical results are far from being substantial. The dif-

ficulties include among others instability of the complexes in

extracellular space, insufficient cellular uptake, and low endo-

somal escape.[1,6]

Non-viral gene delivery systems are currently based on poly-

plexes—DNA complexes with cationic polymers,[7,8] lipoplexes—

cationic lipids, polymeric vesicles,[9] or liposomes. Owing to their

accessible chemistry, cost effectiveness, and controllable

toxicity,[10] cationic polymers appear to be the most attractive

class of non-viral vectors. The most commonly used are polyethy-

lenimine (PEI), poly(L-lysine), cationic dendrimers, glycopolymers,

poly(amidoamine), and chitosan.[1] The electrostatic interactions

between the positive amino groups of these polymers and the

negative phosphate groups of DNA result in condensed polyionic

complexes (polyplexes), which protect DNA from degradation.

Polyethylenimine (PEI: –(NH – CH2 – CH2)n–) is composed of

repeating NH groups separated by double aliphatic spacers,

occurring in linear or branched configurations. PEI was initially

used as a gene delivery vector in 1995 by Boussif et al.[11] and

has been recurrently reported to have high transfection effi-

ciency, being extensively used in a variety of drug delivery

protocols ever since. The primary, secondary, and tertiary

amines of PEI create a considerable buffering capacity, which

is suitable for condensing large, negatively charged molecules,

such as DNA, in the form of polyplexes. Condensation provides

an extremely efficient protection against degradation by cellu-

lar nuclease, especially for positively charged polyplexes,[12]

and, due to its particular charge distribution, PEI more

effectively protects DNA from enzyme degradation than other

cationic polymers. Polyplexes are able to enter cells via
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endocytosis, however, the details of the intracellular transport

from endosomes to the nucleus remain largely unclear. The

large buffering capacity of PEI is at the core of the “proton-

sponge” hypothesis, which, although debated, remains the

most widely accepted mechanism for PEI escaping from the

endosome[6,13] and releasing the payload.

The transfection efficiency of polyplexes appears to be

enhanced by PEI of higher molecular weight,[12] which, how-

ever, increases toxicity, causing necrosis.[10] This finding obvi-

ously advocates for lower molecular weights. Even though

branched PEI condenses DNA more efficiently than linear PEI

of identical molecular weight,[10] the latter still proves to be an

efficient gene delivery agent under in vivo conditions. Optimiz-

ing its size and protonation pattern is thus essential for

designing effective gene delivery protocols.

Despite the recognized importance of the condensation pro-

cess and proton sponge effect, the dynamics of PEI is only quali-

tatively understood. Even the optimal protonation states remain

largely disputed and numerical simulations have not been able

to sufficiently advance our knowledge in this respect so far. Only

few computational studies have dealt with solvated PEI, and

even fewer with PEI/DNA complexes, obviously due to the

parametrization difficulties of a realistic FF for PEI.

In an elaborate approach to explain the proton sponge effect,

Ziebarth et al.[14] investigated the protonation behavior of PEI in

solutions and in the presence of DNA using Monte Carlo simula-

tions. Atomistic parameters for linear PEI 20-mers were deter-

mined from molecular dynamics (MD) simulations with the

general AMBER GAFF force field (FF)[15] (not particularly devel-

oped for PEI), while charges for entire PEI units were adjusted by

the RESP method[16] from fits to ab initio gas phase calculations.

The atomistic results were then used to parametrize a coarse-

grained bead-spring model. In the ensuing coarse-grained

Monte Carlo calculations, the conformational relaxation of linear

PEI and the variation in protonation states were studied under

different ionic conditions. The computed PEI titration curves

in solutions notably showed a too strong dependence on salt

concentration as compared to experiments.

The MD simulations of Sun et al.[17] on DNA/PEI complexes

were focused on the effect of PEI branching and protonation

state. PEI 13-mers with different branching degrees were simu-

lated in solutions with counterions and then composing DNA/

PEI complexes. The used CHARMM27 FF does not provide spe-

cific residues for PEI, and they were added by analogy with

other residues, while the torsional parameters were somewhat

improved by average-quality fits to ab initio data. Test simula-

tions yielded results similar to those of Ziebarth et al., sugges-

ting a semi-quantitative realism of the FF.

The MD studies of Choudhury et al.[18] on the solvation

dynamics of linear PEI in different protonation states, were

based on the same Amber FF as used by Ziebarth et al., with-

out notable improvements. The simulated structural properties

for two different chain lengths (20-mer and 50-mer) revealed

that the polymer is pronouncedly coiled at high pH, while

under strong acidic conditions the chains are elongated.

In the course of the manuscript preparation, we became

aware of the very recent MD study of Wei et al.,[19] dealing

with the coarse-grained modeling of the complexation

between RNA and polyethylene glycol-grafted linear PEI.

Therein, as a preparatory step for developing the actual

coarse-grained MARTINI FF, a significant step is taken further

compared to previous investigations for developing a rigorous

atomistic CHARMM FF for PEI, noteworthy, based on methodo-

logical elements similar to the ones used in our work. Even so,

quite a few important differences persist, among which the

most significant are: (1) we define different atom types and

residues; (2) we adjust the whole set of CHARMM FF parame-

ters, not only the dihedral contributions; (3) we analyze a

broader set of observed quantities for characterizing the atom-

istic behavior of PEI, which is actually not the main focus of

the paper of Wei et al. and is rather described in a Supporting

Information.[20] Nevertheless, several of the results therein pro-

vide useful counterparts to our calculations.

In spite of the remarkable recent computational efforts, the

structural dynamics of PEI remains an open issue, marked by a

stringent need for a realistic FF, desirably based on high qual-

ity ab initio calculations and the most advanced insights in the

field of gene delivery. This was the main incentive for our

studies, and, in essence, (1) we parametrized a new additive

CHARMM FF for protonated PEI, rigorously derived from high-

quality ab initio calculations, and (2) we used the developed

FF to investigate the structural dynamics of solvated PEI of var-

ious sizes and protonation patterns by extensive MD simula-

tions, which were analyzed in terms of various synthetic

parameters, such as gyration radius, end-to-end distance, per-

sistence length, radial distribution functions (RDFs), coordina-

tion numbers, and diffusion coefficients.

Methodology

CHARMM force field

CHARMM[21,22] is a widely used additive atomistic FF model for

MD. Owing to its comprehensive and versatile functional form—

perfectly equivalent to that of other well-established FFs, and to

the availability of parameters for a huge, ever growing number

of topical biomolecular systems, the CHARMM FF is imple-

mented in several of the state-of-the-art MD simulation pack-

ages. The potential energy of the CHARMM FF comprises

bonded and non-bonded interactions:
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The bonded terms model bonds, angles, dihedral angles,

improper dihedral angles, and Urey-Bradley interactions,

whereby kb, kh, kw, kx, and kUB are the corresponding force

constants. b0 and h0 are, respectively, the equilibrium bond

lengths and angles, and the dihedral terms feature the multi-

plicities n and phases d. It should be noted that, given the par-

ticular atomic structure, for realistically modeling bonded

interactions within the PEI chains it is sufficient to consider

bonds, angles, and dihedrals, ignoring improper angles and

Urey-Bradley terms. Non-bonded interactions are represented

by electrostatic and van der Waals terms, where qi are atomic

charges, �ij are well depths, and rmin are the corresponding

Lennard-Jones radii.

Adjustment of the CHARMM force field

Fitting molecular mechanics (MM) FFs, in general, and

CHARMM FFs, in particular, to quantum mechanical (QM) cal-

culations is by no means trivial. Given the considerable num-

ber of FF parameters to be adjusted already for molecules

with tens of atoms, the uncertainties rapidly increase with sys-

tem size. Explicitly conceived for “small” molecules and based

on a rigorous methodology, ffTK (Force Field Tool Kit)[23,24] is a

state-of-the-art software package designed for adjusting

CHARMM FF parameters (charges, bonds, angles, and dihe-

drals) to high quality QM target data generated using the

Gaussian package.[25] ffTK can be conveniently operated as a

plug-in of the molecular visualization/analysis application

VMD.[26]

An essential feature of CHARMM FFs is their additivity, which

enables building chemical compounds of virtually arbitrary

sizes from predefined residues (essentially, functional groups),

composed, in their turn, of specific atom types. Technically,

developing a CHARMM FF requires: (1) defining residues, atom

types, and their connectivity in a topology file, and (2) adjust-

ing FF parameters for all atom types and collecting them in a

parameter file. The realism and versatility of the FF crucially

depend on the educated choice of the atom and residue

types.

We developed the CHARMM FF based on QM target data

generated with Gaussian 09 Rev. A.01[25] for model polymers,

in runs at MP2 level (second-order Møller-Plesset perturbation

theory) and using the 6–31G(d) basis set. Following the meth-

odology for developing CHARMM FFs developed by Vanom-

meslaeghe et al.[22] and using the ffTK v1.1 tool kit[23,24] to

manage the entire process (including the preparation of all

the Gaussian input files), we carried out the steps outlined

below for each of two model PEI tetramers (one unprotonated

and one protonated).

1. The non-bonded Lennard-Jones parameters of each atom

type were assigned values from similar atom types

defined in the CGenFF component of the latest version of

the CHARMM FF (CHARMM36).[27]

2. The partial atomic charges were optimized for solvated states

using QM PEI-water interaction profiles. The latter were gen-

erated from separate QM optimizations of PEI-single-H2O-

molecule complexes, each started with an optimized PEI and

a single H2O test molecule opposing one of the PEI atoms

accessible as hydrogen-bond donor or acceptor. The resulted

QM sets of interaction energies and dipole moments were

jointly used as target data for a subsequent iterative fitting

procedure of the partial atomic charges.

3. The bond- and angle parameters were adjusted by generating

distortions of the internal coordinates (ICs) of each PEI model

and monitoring the corresponding total energy changes. Tech-

nically, QM and MM Hessian matrices can be generated in

terms of ICs by imposing small distortions thereof, dqi, in

opposing directions and evaluating the corresponding second-

order energy change. The total QM and MM distortion energies,

cumulated over all ICs, can then be defined by

DEi5
X

j

@2E

2@qi@qj
dqidqj; (4)

and they were matched within ffTK in an iterative procedure

finally yielding the optimized bond- and angle parameters.

4. The dihedral parameters were optimized using torsion

scans. As the functional form of the dihedral FF terms is

not harmonic, the Hessian approach cannot be used in

their case. Instead, QM Potential Energy Surfaces (PESs)

were generated by explicitly scanning the dihedrals of

interest. The subsequent optimization of the dihedral

parameters was performed via a simulated annealing pro-

tocol minimizing the difference between the QM and MM

PESs for all scanned dihedrals.

Molecular dynamics

The methodology of choice for realistic numerical simulations

of complex biomolecular systems is doubtlessly MD. For our

atomistic investigations, we used NAMD,[28] which, among

other state-of-the art FFs, also implements CHARMM.

NAMD relies on the velocity Verlet integrator to advance the

positions and velocities of the atoms, and we used it in all simula-

tions with a time step of 2 fs in conjunction with the SHAKE algo-

rithm [] to constrain all bonds involving H atoms to their nominal

length. Throughout, we applied a cutoff distance of 12 Å and a

switching function setting in at 10 Å to all short-range non-

bonded (van der Waals and real-space electrostatic) interactions.

Periodic boundary conditions were applied to minimize

finite size effects and the long-range electrostatic interactions

were treated with the Particle Mesh Ewald[29] method, using a

grid spacing of 1 Å. Without significantly affecting the accu-

racy, the k-space electrostatic contributions were updated only

every second step. The temperature was fixed at 310 K using a

Langevin thermostat with a damping coefficient of 1 ps21,

while the pressure was kept constant at 1 atm using a Lange-

vin piston.
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Results and Discussion

Parametrization of the CHARMM force field

An essential component in any attempt to realistically describe

the dynamics of solvated PEI, as such or as part of more com-

plex biomolecular systems, is a reliable MM FF based on QM

calculations. The bare quality of the underlying QM data pro-

vides, although, no guarantee for the quality of the MM FF, by

itself. Besides the already complex polymer topology, difficul-

ties also arise from solvation, the full QM description of which

is beyond reach for system sizes of practical interest. Further

complications are brought into play by the extensive electro-

static interactions stemming from the charged sites of PEI,

water, and counterions. Moreover, directly using site charges

provided by static QM models is of little relevance, as they

cannot grasp the dynamical behavior of PEI.

Our aim was to construct an additive CHARMM model for lin-

ear protonated/unprotonated PEI chains of arbitrary lengths

using as few building blocks (residues and atom types) as neces-

sary. Minding the risk of obtaining non-reliable FF parameters for

too large chemical compounds, we adjusted our CHARMM FF

relative to QM data for two minimal model polymers, which pre-

serve the essential features of protonated/unprotonated PEI

chains. Considering that protonation basically replaces an NH

group with an NH1
2 group, we specifically considered two linear

tetramer models, PEI4p0—unprotonated (Fig. 1a) and PEI4p1—

mono-protonated at the central NH1
2 group (Fig. 1b). They are

composed of 36 and 37 atoms, respectively.

To account for the various vicinities of the involved atoms,

yet maintaining a manageable number of FF parameters, we

defined the following atom types for modeling PEI chains:

NH2—N atom of terminal NH2 group; HN2—H atom bonded

to NH2; NH1—N atom of NH group; HN1—H atom bonded to

NH1; NH2P—N atom of protonated NH1
2 group; HN2P—H

atom bonded to NH2P; CH2—C atom adjacent to NH1;

CH2P—C atom adjacent to NH2P; CH2X—C atom bridging

NH1 and CH2P; HC2—H atom bonded to CH2, CH2P, or CH2X.

Based on the above atom types, we defined five residue types:

PEI (backbone CH2-CH2-NH1)—generic, unprotonated CH2 –

CH2 – NH monomer; PEA (backbone NH2)—NH2 group starting a

polymer chain, PEZ (backbone NH2)—patch replacing NH by

NH2 in the terminal PEI of a chain; PEP (backbone CH2X-CH2P-

NH2P)—charged CH22CH22NH1
2 monomer starting a proton-

ated segment; PEQ (backbone CH2P-CH2X-NH1)—partially

charged CH2–CH2-NH monomer ending a protonated segment.

It is noteworthy, that the residues PEP and PEQ come in pairs,

ensuring a gradual transition to non-protonated segments mod-

eled by PEI. A single protonated NH1
2 group is actually modeled

as a PEP-PEQ sequence, with the unitary protonation charge dis-

tributed over both residues and decaying symmetrically about

the central N atom. In fact, the local symmetry of the backbone,

namely -NH1-(CH2X-CH2P-NH2)-(CH2P-CH2X-NH1) underpins

the symmetric charge distribution, while the distinction between

CH2P and CH2X enables a gradual transition.

Quite in contrast with our residues based on standard func-

tional groups (with C-C-N backbone), Wei et al.[19] defined resi-

dues with symmetric backbone, C-N-C. Symmetric residues are,

indeed, appealing for developing coarse-grained residue-based

variants of FFs. Nevertheless, they assume by default symmet-

ric protonation environments, making their use for arbitrary

protonation patterns difficult. The PEI models used by Wei

et al. for parametrizing the FF were trimers, with the central N-

groups closer and more sensitive to the terminal groups, as

compared to our tetramers. The atom types used by Wei et al.

were adopted by analogy from among those defined by the

standard CHARMM general FF (CGenFF), by minimizing a

“penalty score.” Considering standard (non-specific) values for

the charges, Lennard-Jones-, bond-, and angle parameters, Wei

et al. solely optimized the dihedral contributions for PEI, using

the same ffTK application.

Once the residues and atom types are defined, one can proceed

with the parametrization procedure implemented in ffTK. One

crucial insight is that the various classes of parameters (charges,

bonds, angles, and dihedrals) are intimately interrelated, and thus

adjusting them individually is not guaranteed to realistically repro-

duce the dynamical behavior of the modeled system. Therefore,

we jointly optimized all the parameters by strictly following the

work flow outlined by Vanommeslaeghe et al.[22]

As a general rule concerning all classes of bonded interac-

tions (bonds, angles, and dihedrals), we note that for the force

constants involving the same atom types both in the unproto-

nated PEI4p0 and the protonated PEI4p1 models, we consis-

tently considered in the final set of parameters the values

determined from the unprotonated model.

Assignment of Lennard-Jones parameters by similarity

ffTK offers no built-in procedure for parameterizing van der Waals

interactions, as such. Instead, according to the general methodol-

ogy, we assigned Lennard-Jones parameters to each atom type by

analogy, from similar atom types (aliphatic C and H atoms for CH2

groups, N and H atoms for methylamine/NH1
2 groups) provided by

CGenFF,[27] as listed in Table S1 of the Supporting Information.

Optimization of partial atomic charges from water-

interaction profiles

The charge fitting procedure for each model PEI used as refer-

ence the geometry-optimized QM configuration, which was

Figure 1. PEI tetramer models used in the parametrization of the CHARMM

force field (a) unprotonated and b) protonated at the central nitrogen),

showing the composing residues and atom types. [Color figure can be

viewed at wileyonlinelibrary.com]
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used to build PEI-single-H2O-molecule complexes for each

water-accessible PEI atom. For each complex, the H2O mole-

cule was oriented ideally for hydrogen bonding, minimizing

the steric repulsion with the neighboring atoms. The two

parameters relevant for hydrogen bonding—the distance

between the H2O molecule and the target atom and the rota-

tion angle of the H2O molecule about the line connecting

them—were then optimized QM, with all other degrees of

freedom constrained. To maintain consistency with the remain-

der of the CHARMM additive FF, the corresponding QM target

data was calculated at the HF/6–31G(d) level of theory.

By default, aliphatic hydrogen atoms were assigned the

standard CHARMM charge 10.09, and, even although they are

involved in calculating the water-PEI interaction energies, they

were excluded from the optimization. The resulted sets of QM-

optimized distances, interaction energies, and dipole moments

were jointly used as target data for the subsequent iterative

optimization of the partial atomic charges by means of a mod-

ified Simplex method, imposing, in addition, neutrality for the

unprotonated model PEI4p0, and a total charge 11 for the

protonated model PEI4p1. According to the standard proce-

dure, to better approximate the bulk-phase, the QM-optimized

distances were shifted by 20.2 Å, and the interaction energies

for neutral molecules were scaled by 1.16.[23] For the proton-

ated tetramer, we actually performed optimizations with vari-

ous energy scaling coefficients between 1 and 1.16 and

distance shifts between 0 and 20.2 Å, resulting in an overall

limited variability of the optimized charges. The best consis-

tency between the unprotonated residues in our two model

tetramers was, however, achieved with the same energy scal-

ing and distance shifts. The convergence of the optimization

procedure is illustrated in Figure 2 by the evolution of the dis-

tance and energy contributions to the objective function. The

superimposed configurations of all the optimized PEIp0-H2O

complexes are depicted in Figure 3.

The atomic charges of the unprotonated model PEI4p0 opti-

mized using ffTK (QffTK in Table 1), still needed to be slightly

rescaled. This was necessary (1) to ensure perfect neutrality of

the generic PEI residue, so that it can be used as an indepen-

dent building block, and (2) to compensate the charges of the

starting PEA residue (NH2 group) and of the terminal PEI (in

which the NH unit is replaced by the NH2 group), so as to pre-

serve neutrality of any unprotonated chain, irrespective of size.

For the atom types composing the PEI residue, the final read-

justed charges, Qfinal, differ marginally from QffTK, namely by

not more than 0.001, while the whole, strictly neutral residue,

is affected by a charge difference of only 20.003. To meet the

second constraint, more significant charge changes were nec-

essary for the CH2 and NH2 atom types of the terminal PEI

Figure 2. Evolution of the distance and energy contributions to the objec-

tive function during the optimization procedure of the partial atomic

charges for the unprotonated model tetramer PEI4p0. [Color figure can be

viewed at wileyonlinelibrary.com]

Figure 3. Superimposed optimized configurations of the complexes formed

by the unprotonated tetramer PEI4p0 with the test water molecules used

for optimizing the atomic charges (side view a) and axial view b)). [Color

figure can be viewed at wileyonlinelibrary.com]

Table 1. Residues, atom types, and charges for the unprotonated model

PEI4p0.

Residue/atom types No. of atoms

QffTK Qfinal DQ

e e e

PEA[a], PEZ[b] 20.275 20.224 0.051

NH2 1 20.999 20.948 0.051

HN2 2 0.362 0.362 0.000

PEI 0.003 0.000 20.003

CH2 2 0.045 0.044 20.001

HC2 4 0.090 0.090 0.000

NH1 1 20.795 20.796 20.001

HN1 1 0.348 0.348 0.000

PEI terminal 0.221 0.224 0.003

CH2 2 0.068 0.044 20.024

HC2 4 0.090 0.090 0.000

NH2 1 20.999 20.948 0.051

HN2 2 0.362 0.362 0.000

[a] Default patch added before the first PEI residue of the chain. [b]

Default patch replacing the NH1-HN1 group in the terminal PEI residue.

QffTK are the optimized charges yielded by ffTK, Qfinal are slightly

rescaled values which ensure neutrality of the PEI residue and of any

unprotonated chain as a whole, and DQ 5 Qfinal – QffTK.

FULL PAPERWWW.C-CHEM.ORG

Journal of Computational Chemistry 2017, 38, 2335–2348 2339

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/


residue, but these amount to only 20.024 and 0.051, respec-

tively. While the starting PEA residue is made less negative by

10.051, the charge of the terminal PEI as a whole (10.221) is

readjusted by only 10.003.

The final atomic charges of the unprotonated residues PEA,

PEI, and PEZ were used as a basis for establishing the atomic

charges for the protonated pair of residues, PEP and PEQ (see

Table 2). Along this line, the charges assigned to NH1 and

HN1 as part of PEQ were the same as within PEI. The only sup-

plementary change concerned CH2X (10.042) and it ensured

that the cumulated charge of PEP and PEQ exactly amounts to

11. In view of the nearly unitary charge (10.993) yielded by

ffTK, the approach is indeed justified, implying that proton-

ation is largely limited to the PEP-PEQ group, not affecting the

neighboring residues. This essentially implied a transfer of

charge from PEQ to PEP of about 10.04, increasing the charge

of the latter by 6%. Finally, PEP and PEQ carry the charges

10.695 and 10.305.

The very different charges yielded by ffTK for the aliphatic C

atoms composing PEP and PEQ, namely 10.415 for CH2P and

20.064 for CH2X, fully warrant our choice of considering two

distinct carbon types for modeling the gradual charge decay

about the protonated NH1
2 group.

Regarding the possibility exploited by Wei et al.[19] of defin-

ing a protonated residue with a symmetric C-N-C backbone,

carrying the entire unitary protonation charge, we note that

the sum of the corresponding atomic charges (including the

attached H atoms) yielded by ffTK amounts to 11.132. This

value does not realistically justify limiting the protonation

charge to a single C-N-C residue, or, else, suggests the need

for supplementary, partially charged, non-symmetric residues

on either side, to account for the decaying charge distribution.

Optimization of bond and angle parameters from distortions

along internal coordinates

As the Hessian matrix characterizes the local curvature of a

PES, it can be used to describe, within the harmonic approxi-

mation, energy changes of a system caused by small atomic

displacements about the equilibrium configuration. In essence,

comparing MM and QM energy changes enables one to adjust

MM FF parameters. Defining, however, the Hessian matrix in

terms of individual atomic displacements is not useful for

parametrizing a CHARMM FFs, as the latter describes atomic

interactions in terms of ICs, defined as bonds, angles, dihe-

drals, and impropers. The use of independent atomic displace-

ments, instead of simplifying the procedure (as it may appear),

couple several ICs, making impossible the unambiguous

assignment of FF parameters.

Taking advantage of Gaussian’s ability to yield the QM Hes-

sian matrix in the representation of ICs, ffTK evaluates the MM

Hessian matrix from distortions along the ICs, as second-order

changes of the total energy. The total QM and MM distortion

energies, cumulated over all ICs, are defined according to eq.

(4) as discrete second-order total energy differentials, and they

are matched in an iterative procedure yielding the optimized

bond- and angle parameters.

To illustrate the scale of the reduction of the difference

between the MM and QM equilibrium bond lengths, we plot

in Figure 4 the profiles corresponding to the initial and final

optimization steps for PEI4p0. Similarly, Figure S1 (in the Sup-

porting Information) depicts the initial and final profiles of the

MM-QM deviations for all the equilibrium angles. While the

MM–QM bond deviations reduce by more than one order of

magnitude (from a maximum of approximately 0.015 Å to

roughly 0.001 Å), the deviations in the equilibrium angles

decrease by more than 50% to, typically, less than 0.58.

The optimized values of the equilibrium bond lengths and

force constants for the backbone atoms are listed in Table S2

in the Supporting Information. As can be seen, along the back-

bone, CH2 binds stronger to NH1 than to the neighboring

CH2. Methodologically, this would underpin the idea of a sym-

metric PEI residue, with CH2-NH1-CH2 backbone. Nevertheless,

additional shortcomings to those already noted relative to the

charge distribution, arising in the case of non-symmetrically

protonated chains, will be shown to justify our functional

group-based PEI residue, with CH2-CH2-NH1 backbone.

Table 2. Protonated residues and atom types composing the PEI4p1 tet-

ramer model and their optimized charges.

Residue/atom types No. of atoms

QffTK Qfinal DQ

e e e

PEP 0.653 0.695 0.042

CH2X 1 20.064 20.022 0.042

CH2P 1 0.415 0.415 0.000

HC2 4 0.090 0.090 0.000

NH2P 1 20.968 20.968 0.000

HN2P 2 0.455 0.455 0.000

PEQ 0.340 0.305 20.035

CH2P 1 0.415 0.415 0.000

CH2X 1 20.064 20.022 0.042

HC2 4 0.090 0.090 0.000

NH1 1 20.743 20.796 20.053

HN1 1 0.372 0.348 20.024

Total charge 0.993 1.000 0.007

Figure 4. Deviation of the MM equilibrium bond lengths from the QM val-

ues for PEI4p0 in the initial and final optimization steps. [Color figure can

be viewed at wileyonlinelibrary.com]
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Within protonated chains, the CH2-CH2 and CH2X-CH2P

bonds are energetically similar. Conversely, while the equilib-

rium lengths of the NH1-CH2 and NH1-CH2X bonds is practi-

cally identical, NH1 appears to bind by about 10% stronger to

the intermediate species CH2X, which mediates the connec-

tion with the protonated NH2P. This obviously calls for asym-

metric residues connecting unprotonated and protonated

sites. Being asymmetric, both PEP and PEQ meet this require-

ment, while their sequence PEP-PEQ ensures the local symme-

try about the protonated NH2P.

Comparing the bonding of the unprotonated/protonated N

species with their C backbone neighbors, one notices that the

protonated bond NH2P-CH2P is notably weaker than the

unprotonated one, NH1-CH2, a slightly increased equilibrium

length (1.496 Å vs. 1.446 Å) being accompanied by an almost

20% lower force constant. This makes the definition of a sym-

metric protonated residue centered about N, with a weaker C-

N-C backbone less practical. This is even more so as NH2P-

CH2P is weaker even than the transition bond CH2X-CH2P.

The equilibrium parameters for angles resulted from the

ffTK adjustment procedure are given in Supporting Informa-

tion Table S3. The C-N-C angle can be seen to progressively

increase in sequence for the PEI, PEQ, and PEP residues. Specif-

ically, the equilibrium values for CH2-NH1-CH2, CH2-NH1-

CH2X, and CH2P-NH2P-CH2P are 110.98, 112.38, and 114.28,

respectively. The C-C-N angle shows a similar increase from

109.78 for CH2-CH2-NH1 in PEI to 111.58 for CH2X-CH2P-NH2P

in PEP. As expected, the fully extended length of PEI polymers

increases with the protonation state (see Table 3), and this is

in part caused by the slightly longer CH2P-NH2P bond.

Contrary to the weaker CH2P-NH2P bond compared to its

unprotonated counterpart CH2-NH1, the angles centered

about N atoms become stiffer with protonation. In fact, the

force constant for the CH2P-NH2P-CH2P angle exceeds by

about 9% the one for CH2-NH1-CH2.

Unfortunately, the sequence of residues PEP-PEQ-PEP, neces-

sary for modeling close but non-adjacent protonated sites,

such as in the case of alternate protonation, is not present in

the protonated model tetramer PEI4p1. A longer model would

be required to this end (such as, a doubly protonated PEI

pentamer) and this we envision as a future development.

Therefore, the parameters for the CH2X-NH1-CH2X angle are

set by similarity equal to those for CH2-NH1-CH2X.

Optimization of dihedral parameters using scans of torsion

coordinates

As the functional form of the dihedral energy contributions is

not harmonic [see eq. (1)], the Hessian-matrix approach used

for bond angles is not applicable. Instead, the optimization

procedure implemented in ffTK uses scans of torsion coordi-

nates, and the variables to be optimized are the force con-

stants kw and phases d. The latter are fixed to either 08 or

1808, while the corresponding multiplicities n are set based on

symmetry considerations regarding the involved functional

groups. The used objective function measures the difference

between the QM and MM PESs constructed from the explicit

scans for the entire set of dihedrals of interest.

Technically, the QM scans imply for each chosen dihedral, a

sequence of MP2/6–31G(d) geometry optimizations of the

respective PEI model polymer (PEI4p0 or PEI4p1) for fixed

dihedral angle distortions incrementally covering a symmetric

angular range about the equilibrium configuration. Specifically,

we distorted each dihedral angle involving the C and N atoms

by values between 2908 and 908 in steps of 58. The concrete

dihedrals which were subject to optimization are listed in Sup-

porting Information Table S4, while the calculated QM and fit-

ted MM torsion energy profiles for the dihedrals involving only

backbone atoms are plotted in Figure 5 for PEI4p0 and in Fig-

ure 6 for PEI4p1.

The agreement between the MM torsion profiles and the

QM references is appreciable. Specifically, while our fit for the

CH2-CH2-NH1-CH2 dihedral of the PEI4p0 model (Fig. 5b) is

affected by a root-mean-square error (RMSE) equal to 0.17,

Wei et al.[19] report a RMSE of 0.59. We ascribe the better qual-

ity of our torsional contributions to the fact that we consis-

tently adjusted all the bonded parameters, not only the

dihedrals. Also, we used longer PEI models, thus reducing the

influence of the terminal groups.

For PEI4p0, the largest deviations between the MM and QM

torsion profiles can be observed for the dihedrals involving

the NH2 atom of the ending NH2 group (see Fig. 5a). This

Table 3. Data defining the simulated configurations and average box size resulted from simulations.

PEI chain Solvation
Average box

size ÅSize -mer Proton. fraction No. of atoms Length Å H2O molecules Cl– ions

14 0 116 51.40 1348 0 17.28

1/4 119 51.69 1341 3 17.25

1/3 120 51.78 1340 4 17.25

1/2 122 51.98 1338 6 17.25

26 0 212 95.34 6682 0 29.31

1/4 218 95.92 6681 6 29.32

1/3 220 96.11 6676 8 29.31

1/2 224 96.50 6669 12 29.30

50 0 404 183.23 23032 0 44.22

1/4 416 184.38 23016 12 44.21

1/3 420 184.77 23007 16 44.21

1/2 428 185.54 22999 24 44.21

FULL PAPERWWW.C-CHEM.ORG

Journal of Computational Chemistry 2017, 38, 2335–2348 2341

http://onlinelibrary.wiley.com/


obviously correlates with the just double occurrence in a poly-

mer chain of ending dihedrals like NH2-CH2-CH2-NH1, which

are hence given lower weights in the optimization procedure

and finally have higher associated inaccuracies. These larger

discrepancies may also stem from the fact that, in adjusting

the atomic charges, we slightly lowered the charge on the C

atom next to the ending NH2 group, while assimilating it with

the generic CH2 type and not defining an additional type. This

assumed choice was based on the lower weight of the ends

within the PEI chains of interest, typically composed of tens of

units. The same reasoning would also explain the larger devia-

tions for the CH2-CH2-NH1-CH2X dihedral of the protonated

model PEI4p1 (Fig. 6a), where the left CH2 is adjacent to a ter-

minal NH2. In this latter case, the RMSE amounts to 0.25.

As in the optimization of the bond angles, the absence of

the sequence of residues PEP-PEQ-PEP within our models is

compensated by setting the parameters for the CH2X-NH1-

CH2X-CH2P and CH2X-NH1-CH2X-HC2 dihedrals by similarity

equal to those for CH2-NH1-CH2X-CH2P and CH2-NH1-CH2X-

HC2, respectively. The adjusted dihedral parameters for the

backbone atoms of the PEI4p0 and PEI4p1 models are listed in

Supporting Information Table S4.

The backbone dihedrals N-C-C-N become less rigid when the

protonated NH2P atom type is involved, and the force constant

for NH1-CH2X-CH2P-NH2P is by roughly 30% lower than for

NH1-CH2-CH2-NH1. Overall, our FF leads to significantly more

rigid PEI polymers than published in the literature. Specifically, as

compared to the dihedral force constants reported by Sun

et al.,[17] we find (in kcal/mol) for CH2-CH2-NH1-CH2 1.43 instead

of 1.26, for CH2X-CH2P-NH2P-CH2P 0.33 instead of 0.10, and for

NH1-CH2-CH2-NH1 2.99 instead of 0.15.

The resulted topology and parameter files containing the

complete sets of parameters are provided as Supporting

Information.†

Structural dynamics of solvated PEI

We used the developed CHARMM FF in the systematic study

of the dynamic structuring of solvated linear PEI chains of dif-

ferent sizes and protonation ratios. To achieve similar uniform

protonation states, we considered chains of doubling length

(plus 2 unprotonated ending units), specifically composed of

12n 1 2 monomers (14-mer, 26-mer, and 50-mer). These poly-

mers can accommodate protonation ratios equal to 1/4 (one-

in-four), 1/3 (one-in-three), and 1/2 (alternatively protonated).

In particular, besides its experimental relevance, alternative

protonation is also useful for comparisons with other

calculations.[18]

The main features of the simulated systems, namely single

non-protonated or uniformly protonated PEI chains contained

along with Cl– counterions in a solvation box, are summarized

in Table 3. The number of Cl– counterions matches in each

Figure 5. Torsion energy profiles for the dihedrals defining the backbone

of the unprotonated model tetramer PEI4p0. [Color figure can be viewed

at wileyonlinelibrary.com]

Figure 6. Torsion energy profiles for the dihedrals involving protonated

backbone species of the model tetramer PEI4p1. [Color figure can be

viewed at wileyonlinelibrary.com]
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case the number of protonated sites. The listed lengths corre-

spond to linear equilibrium configurations of the PEI chains.

Protonation can be seen to slightly increase them, and this

can be obviously associated with the build-up of Coulomb

repulsion along the chain.

As initial configuration for each MD trajectory, we consid-

ered a coiled PEI chain, with the extent (radius and axial loop

separation) in the range of the expected final gyration radius,

embedded in a TIP3P water[30] cube of sufficient size to screen

the chain’s interactions with its periodic replicas and also

accommodating the Cl– ions (see Fig. 7a). While the simulation

boxes for the 14-mers and 26-mers were dimensioned so as to

spaciously accommodate the fully extended chains along the

diagonal, for tractability reasons, the boxes for the 50-mers

were in relative terms by about 18% smaller, nevertheless still

ample enough to exceed by more than 50% the final gyration

radius.

With a view to reduce time correlations and improve statis-

tics, instead of considering a single trajectory for each repre-

sentative PEI chain, ensembles of 40 trajectories of 20 ns were

generated, each started from a different random initial

arrangement of the water molecules and Cl– ions, and includ-

ing 20 ps of equilibration. The final configuration of a typical

trajectory for the unprotonated PEI 50-mer is shown in Figure

7b, while the movie of the entire trajectory is provided as Sup-

porting Information.

We analyzed the dynamic structuring of PEI chains in terms

of gyration radius, end-to-end distance, persistence length,

RDFs, coordination numbers, and diffusion coefficients.

Gyration radius and end-to-end distance

We characterize the average spatial extent of the PEI chains by

means of the gyration radius, Rg, and end-to-end distance, Dee,

whereby, in defining the latter, we refer to the N atoms of the

ending NH2 groups. Aiming to give an idea of the tremendous

instantaneous fluctuations affecting the measured quantities,

Figure 8 shows the time dependences of Rg for all the 40 tra-

jectories composing the ensemble for the 1/3-protonated PEI

26-mer. On a short time scale, the ensemble-averaged time

dependence reflects the initially smooth (coiled) structure,

which quite quickly condenses into a random coil of fluctuat-

ing extent. Already after a couple of nanoseconds, the mem-

ory of the initial configuration is lost. To also suggest the

distribution of spatial spatial measures, we plotted in Figure 9

the histogram of the gyration radii over the full (time- and tra-

jectory) ensemble of conformations. The plot also provides

snapshots of representative conformations–for the maximum

(most probable gyration radius) and for the low-probability

extremities of the distribution.

Figure 10 presents comparatively the ensemble-averaged

time dependences of Rg and Dee for unprotonated and uni-

formly protonated PEI 14-mers and 50-mers. In plotting

protonation-dependent data, we use throughout black for

unprotonated chains, while blue, green, and red for 1/4-, 1/3-,

and 1/2-protonation, respectively. As can be seen, the average

extent of the polymers substantially increases both with the

chain length and protonation ratio. While for the 14-mers, the

profiles stabilize in less than 1 ns, for the 50-mers, stabilization

occurs only after about 3 ns. For this reason, in calculating all

the time averages, we consistently discarded the first 3 ns of

each trajectory, irrespective of chain size, considering as stan-

dard data collection interval the subsequent 17 ns.

The ensemble- and time-averaged values of the gyration radius,

hRgi, and end-to-end distance, hDeei, can be seen in Figure 11 to

depend quasi-linearly on the chain size for each of the four pro-

tonation fractions considered. Unprotonated chains, in particu-

lar, have the most compact configurations for each chain size,

and show a slight saturation tendency. The reduced error bars

are, obviously, a beneficial result of the combined ensemble-

and time averaging procedure, which amounts to 680 ns of

effective data collection for each representative PEI chain.

Figure 7. a) Initial configuration with randomly placed water molecules around a helicoidal unprotonated PEI 50-mer and b) final random-coil configuration

of a typical trajectory. [Color figure can be viewed at wileyonlinelibrary.com]
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In Figure 11, the similarity of the ascending patterns of the

Rg- and Dee dependences on size and protonation is obvious.

Both the chain size and the supplementary electrostatic repul-

sion between protonated units substantially contribute to the

average polymer extent. These manifest dependences will be

also shown to be correlated with other dynamic properties,

such as the diffusion coefficient.

Our results for the unprotonated and 1/2-protonated PEI 50-

mer are compared in Table 4 with those of Choudhury

et al.[18] In accordance with the previous discussion, the

increased extent of our PEI chains can be directly traced back

to the higher torsional rigidity of our CHARMM FF.

Persistence length

A commonly used physical quantity for characterizing the stiff-

ness of a polymer is the persistence length. Within the contin-

uous worm-like chain model,[31] it is regarded as the length

over which correlations in the direction of the tangent to the

Figure 8. Time evolution of the gyration radius for the ensemble of 40 tra-

jectories run for the 1/3-protonated PEI 26-mer. With black, the corre-

sponding average time dependence. [Color figure can be viewed at

wileyonlinelibrary.com]

Figure 9. Distribution of the gyration radii for the 1/3-protonated PEI26

over the full time- and trajectory ensemble of conformations. [Color figure

can be viewed at wileyonlinelibrary.com]

Figure 10. Time evolution of ensemble-averaged gyration radius and end-

to-end distance for PEI 14-mers and 50-mers. [Color figure can be viewed

at wileyonlinelibrary.com]

Figure 11. Size dependence of the ensemble- and time-averaged gyration

radius and end-to-end distance of the simulated PEI chains. [Color figure

can be viewed at wileyonlinelibrary.com]
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chain are (exponentially) lost. The persistence length, k, can be

related to the ensemble- and time-averaged squared end-to-

end distance:

hD2
eei52kL 12

k
L

12e2L
k

� �� �
; (5)

where L is the length of the fully extended polymer. By fitting

this model to the hD2
eei values resulted from our simulations for

unprotonated chains (see Fig. 12), we obtained the estimate

k 5 4.8 6 0.2 Å, which compares well with the value obtained by

Lee[32] for polyethylene oxide (4.3 Å). While the worm-like chain

model fairly describes unprotonated PEI, in the case of 1/3-pro-

tonation it significantly departs from the simulated values, espe-

cially for the shorter chains. Indeed, taking into consideration by

its basic assumptions only short-range interactions between

identical segments, the model proves inadequate for protonated

PEI chains, essentially by neither being able to account for differ-

ent segment types nor for the intra-chain long-range electro-

static interactions involved.

Coordination numbers

The information regarding the internal structure and dynamics

of the polymer based on the radius of gyration and end-to-

end distance can be illustratively complemented by the coor-

dination analysis. Aimed to synthetically indicate how compact

the polymer is, the self-coordination number quantifies the

degree of contact between internal atoms by summing pair-

wise distances:

C5
X

j>i

12 jri2rjj=d0

� �n

12 jri2rjj=d0

� �m: (6)

In implementing the above formula for calculating time-

and ensemble averages for the PEI backbone species, we used

the default values recommended in the documentation of the

Colvars package,[33] namely d0 5 4 Å, m 5 12, and n 5 6. By

definition, for N atoms of a given species, the self-coordination

ranges from approximately 0, when all the interactomic distan-

ces are much larger than the cutoff d0, to N(N – 1)/2, when all

distances are within the cutoff. Figure 13 illustrates the steady

decrease of the self-coordination number for the non-

protonated nitrogen NH1 with the chain protonation fraction,

and its natural increase with the chain length. By contrast, as

expected, the protonated nitrogen species NH2P shows a pro-

nounced increase both with the protonation fraction and the

chain size.

Even though the inherent anisotropy in the presence of PEI

chains may question the relevance of describing the atomic

neighborhood by RDFs, it is yet instructive to investigate their

dependence on the main chain features. The average number

of neighbors in the first coordination shell of a given atom

type (the coordination number), is provided by the integral

over the first peak of the corresponding RDF. Given the fluctu-

ations of the simulation box caused by the applied pressure

piston, in averaging the RDFs, the partial profiles were normal-

ized relative to the actual box size for each simulation frame.

Table 4. Ensemble- and time-averaged radius of gyration and end-to-end

distance for PEI 50-mers.

Non-protonated 1/2-protonated

50-mer Ref. [18] This work Ref. [18] This work

Rg (Å) 12.3 6 1.2 16.3 6 0.5 24.1 6 2.5 26.4 6 0.5

Dee (Å) 32.5 6 7.7 39.6 6 2.1 67.7 6 13.4 70.2 6 2.7

Figure 12. Squared end-to-end distances as functions of fully extended

lengths for unprotonated and 1/3-protonated PEI chains, and (dashed) fit-

ting curves yielding the corresponding persistence lengths k. [Color figure

can be viewed at wileyonlinelibrary.com]

Figure 13. Self-coordination numbers for the NH1 and NH2P nitrogen spe-

cies as functions of the protonation fraction. [Color figure can be viewed

at wileyonlinelibrary.com]
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In characterizing the structure of the solvent around the PEI

chains, we focus on the nitrogen and carbon backbone atoms.

The corresponding RDFs with water O and Cl–, depicted for

the unprotonated and 1/3-protonated 50-mer in Figures 14a

and 14b, show a quite different arrangement of the solvent in

their vicinities. As compared to the C species, the structuring

of oxygen about the N species, whether protonated or not,

sets in at lower atomic separations (�3 Å vs. �4 Å), extends

over a wider range, and has better outlined oscillations. The

RDFs for the N species even show distinct, albeit more diffuse,

secondary and tertiary coordination shells. In fact, the C-O

main maxima fall in the gaps between the N-O peaks.

In the particular case of the CH2-O profiles (both for unpro-

tonated and protonated chains), the maximum is followed by

a broad minimum, which makes it difficult to estimate the

extent of the major peak. Here, to delimit the major peak, we

rather used the discrete inflection point, coinciding in position

with the well-defined minimum for the CH2P-O profile. The

inflection point is obviously an indication of the overlapping

coordination shells of the pairs of consecutive C species along

the backbone.

Protonation leads to a clearer defined radial structuring,

with narrower and higher major peaks, slightly shifted by the

increased electrostatic interactions toward lower inter-atomic

distances. The effect of protonation is particularly visible for

the protonated nitrogen species. Whereas for NH1-O, both in

unprotonated and protonated chains, the second RDF peak

exceeds the first one, in the NH2P-O RDF, the first peak is the

major one, dominating all other O peaks.

Figure 14b depicts the RDFs of the Cl– counterions about

the N and C species. The pattern of major peaks can be seen

to follow the one of the O atoms, however shifted by 0.3–0.4

Å to larger distances. The Cl– coordination shells tightly

enclose the O-shells, being enclosed, in their turn, by H-shells,

as corroborated by Figure S2b (in the Supporting Information).

Specifically, in the 1/3-protonated 50-mer, the O-, Cl– -, and H-

shells around the protonated NH2P species have steadily

increasing average radii of 2.85, 3.15, and 3.45 Å, respectively.

The coordination shells maintain the same ordering about the

CH2P species, with average radii equal to 3.65, 3.95, and 4.15

Å.

As a synthetic measure of the first coordination shells of the

N and C backbone atoms, Figure 15 presents the O- and H-

coordination numbers as functions of the chain protonation

fraction. Somewhat surprisingly, the O-coordination (Fig. 15a)

is not primarily affected for protonated residues, but rather at

the adjacent non-protonated sites. Indeed, while, in general,

the coordination does not pronouncedly depend on the pro-

tonation fraction, only the unprotonated atomic backbone

species, NH1 and CH2, show a moderate increase of the O-

coordination with increasing protonation. Quite in contrast,

their protonated counterparts, NH2P and CH2P, feature practi-

cally invariable O-shells.
Figure 14. Radial distribution functions for the N and C backbone atoms of

the PEI 50-mer with water O atoms (a) and Cl– counterions (b). [Color fig-

ure can be viewed at wileyonlinelibrary.com]

Figure 15. Dependence of the coordination numbers of the N and C back-

bone atoms on the PEI chain protonation (14-mer with short-dash line, 26-

mer with long-dash line, and 50-mer with continuous line). [Color figure

can be viewed at wileyonlinelibrary.com]
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In contrast to the O-coordination, the H-coordination (Fig.

15b) varies only for CH2P, increasing significantly in 1/2-pro-

tonated PEI chains. Even though practically invariable with the

protonation fraction, the hydration numbers for NH1 and

NH2P (having partial atomic charges of 20.796 and 20.968,

respectively) are quite different (�0.9 and �5.5), and this can

be related to the increased electrostatic attraction of the water

H atoms (charge 10.417) toward protonated nitrogen.

Supplementary considerations on the coordination numbers

are to be found in the Supporting Information.

Diffusion coefficients

To characterize the mobility of solvated PEI chains, we studied the

dependence of the center-of-mass diffusion coefficient on the

chain size and protonation fraction. For the rather intricate evalua-

tion of the diffusion coefficient, we used Einstein’s relation:

D5 lim
t!1

1

6t
hDrCMðtÞ2i (7)

The mean squared displacement (MSD), hDrCMðtÞ2i, describes

the ensemble-averaged spatial spread of the chain’s center of

mass relative to an (initial) reference position. To produce the

correct MSD, real spatial positions need to be used, not the

ones repeatedly corrected by virtue of the periodic boundary

conditions.

Consistently discarding the initial 3 ns of equilibration from

all the trajectories, we present in Figure 16 the subsequent 3

ns of time evolution of the MSD for the PEI 14-mers and 50-

mers of 0, 1/4-, 1/3-, and 1/2-protonation. As requested by the

general theory, the dependencies are quasi-linear for suffi-

ciently long times. Nevertheless, longer data collection inter-

vals do not automatically guarantee improved results, as, as

noticeable from the depicted dependences, particularly for the

shorter chains (PEI 14-mers), numerically conditioned decorre-

lations already set in after about 2 ns.

Overall, the MSD values can be seen to decrease in distinct

groups with increasing chain size, and for a given chain size,

with increasing protonation fraction. The decrease in mobility

is perfectly consistent with the increase in spatial extent that

we found, as measured by the gyration radius and end-to-end

distance (see Fig. 10). Qualitatively, longer chains with higher

protonation fractions, thus less compact and locally more rigid,

are naturally expected to show smaller diffusion coefficients.

Figure 17 summarizes the dependence of the diffusion coef-

ficient of PEI, extrapolated from the time dependences of the

MSD, on the chain size and protonation fraction. It is readily

apparent that, in relative terms, the diffusion coefficient is

influenced to a larger extent by the chain size than by the

protonation level. While the diffusion coefficient for the 50-

mer shows reduced error bars and a steady decrease with the

protonation fraction, in the case of the 14-mer the significant

error bars obscure a similar tendency.

Our diffusion coefficient for the unprotonated PEI 50-mer

(molecular weight 2167), namely 1.25 3 1026 cm2s21, com-

pares very well with the value of 1.2 3 1026 cm2s21 obtained

by Clamme et al.[34] from two-photon fluorescence correlation

spectroscopy measurements for branched PEI chains of molec-

ular weight 2500. We also find remarkable consistency with

the experimental value of 1.34 3 1026 cm2s21 obtained by

Hostetler et al.[35] for slightly shorter chains of molecular

weight 2140. Moreover, the same steady decrease of the diffu-

sion coefficient with increasing size, seen for the PEI 50-mer in

Figure 17, is also reported by Hostetler et al. for PEI chains for

molecular weights in the range from 8000 to 20,000.

Conclusions

The central result of our investigations is a new CHARMM FF

for linear unprotonated/protonated PEI. Its enhanced realism

stems from the fact that, unlike other published studies, in

which only dihedrals were adjusted, we consistently optimized

based on high quality ab initio calculations all the bonded

parameters (for bonds, angles, and dihedrals), as well as the

partial atomic charges.

One of the distinctive features of the developed FF is the

increased stiffness as compared to earlier FFs for PEI. In

Figure 16. Mean square displacement of the center of mass versus time for

PEI 26 and 50-mers with 0, 1/4-, 1/3-, and 1/2-protonation. [Color figure

can be viewed at wileyonlinelibrary.com]

Figure 17. Variation of the diffusion coefficient for PEI 14, 26, and 50-mers with

the protonation fraction. [Color figure can be viewed at wileyonlinelibrary.com]
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particular, it shows increased torsional rigidity (higher dihedral

force constants), especially about the C-C bonds. Protonation

is found to further increase the PEI chain rigidity and, notably,

it does not only affect the protonated nitrogen atoms but to a

significant extent also the adjacent residues. The pattern of

atomic charges and force constants supports our definition of

residues based on functional groups (with C-C-N backbone).

With a view to optimized drug delivery protocols based on

PEI, we investigated the dynamic structuring of solvated uni-

formly protonated PEI chains of various sizes. The gyration

radius and end-to-end distance manifestly increase both with

chain size and, due to the additional electrostatic repulsion,

with the protonation fraction. Direct comparison with other

simulations from the literature evidences that our PEI chains

are spatially more extended, which can be traced back to our

higher force constants.

While protonated and unprotonated nitrogen backbone

atoms have rather different O- and H-coordination numbers,

these are only marginally affected by the variation of the pro-

tonation fraction. Nevertheless, higher protonation increases

the hydration numbers for the carbon species. Given the simi-

lar, uniform protonation fractions used, the hydration shells of

nitrogen and carbon are rather insensitive to the PEI chain

size.

The center-of-mass diffusion coefficients of PEI chains vary

inversely with the chain length and protonation fraction, con-

sistently with the observed increase in spatial extent, and very

well agree with experimental findings.
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� force fields � molecular dynamics
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