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Complexation between weakly basic dendrimers and
linear polyelectrolytes: effects of grafts, chain stiffness,
and pOH

Thomas Lewis, Gunja Pandav, Ahmad Omar and Venkat Ganesan*

We develop and implement a new hybrid methodology combining self-consistent field theory (SCFT) and

Monte Carlo simulations to study the complexation between negatively charged semiflexible linear

polyelectrolyte (LPE) molecules and a positively charged dendrimer containing grafts of neutral

polymers. We examine the influence of LPE stiffness, length of the dendrimer grafts, and solution pOH

upon the characteristics of the resulting complexes. Our results indicate that increasing LPE stiffness

reduces the dendrimer–LPE binding affinity and results in an overall higher net charge carried within

the dendrimer molecule. When we varied the size of the grafts, the dendrimer–LPE binding strength

was seen to decrease with increasing grafting chain length for the flexible LPE chains. In contrast, for

stiff LPE chains, the binding strength was not seen to vary significantly with the grafting lengths.

Overall, longer grafting lengths were seen to reduce the fraction of exposed LPE molecules, suggesting

that grafted dendrimers may better shield nucleic acid material from serum nucleases. Lastly, we found

that increasing the solution pOH was seen to enhance both the binding between the dendrimer and

LPE molecules and the total positive charge carried by the complex.
1 Introduction

Gene therapy involves the application of therapeutic nucleic
acid (NA) materials to manipulate gene expression of targeted
cells. Advances in biomedical research have yielded effective
gene therapy agents that not only include large plasmids, but
also shorter single and double stranded oligomers (e.g. anti-
sense oligonucleotides, siRNA, and DNAzymes) of varying ex-
ibility.1–13 Successful gene therapy requires the transport of
genetic material to targeted cells, permeation of the cell
membrane, and endosomal escape before the onset of lyso-
somal degradation. Serum nucleases in the blood stream
rapidly degrade unshielded genetic material, and the negative
charge of the NAs hinders their ability to permeate the nega-
tively charged cell membrane. To overcome these challenges,
researchers have proposed the use of cationic polymer mole-
cules as gene delivery vectors for NA material. Dendrimers,
regularly branched tree-like polymer molecules, which carry
amine groups have shown great promise as efficient gene
vectors,1–13 and advances in their synthesis techniques have
allowed researchers to produce highly monodisperse mole-
cules, with precise control over their size, solubility, exibility,
charge, and functionality.14–16 Concomitantly, a number of
experiments have demonstrated that by controlling one or more
sity of Texas at Austin, Austin, TX 78712,
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of such synthesis parameters, the transfection ability of den-
drimers can potentially be optimized against their cytotox-
icity.1,3–9,11–13 As a result, there is presently an active interest in
developing a fundamental understanding on the inuence of
design characteristics of dendrimer molecules upon their
transfection efficiencies.

As a consequence of the vast parameter space available for
synthetic chemists, theoretical models and computer simula-
tions have emerged as an attractive means to study complexa-
tion phenomena involving dendrimers and model NA
materials.17 The most detailed studies in this regard have used
atomistic molecular dynamics (MD) simulations to study the
phenomenology of dendrimer–DNA binding.18–23 While such
studies have provided valuable insights the binding between
dendrimers and NA materials, identication of the physical
principles underlying complexation phenomena over a broad
parameter space is very computationally expensive in such
methodologies. Motivated by these limitations, a number of
coarse-grained simulations have modeled the NA material as
either a exible or a semiexible linear polyelectrolyte (LPE) and
studied the physics of their binding with dendrimers.24–31 For
instance, Welch and Muthukumar used a Monte Carlo (MC)
methodology to study the complexes formed between den-
drimers and LPEs.24 They observed different possibilities for
complexation such as the complete encapsulation of the LPE,
partial interpenetration between LPE and the dendrimer, etc.
Lyulin and coworkers performed a series of Brownian dynamics
Soft Matter, 2013, 9, 6955–6969 | 6955
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simulation studies on the inuence of the dendrimer/NA charge
ratio upon the overall charge of the dendrimer–LPE
complexes.25–28 They observed that when the charge carried by
the LPE molecule exceeded that of the dendrimer molecule, an
excess of charged LPE molecules were adsorbed by the den-
drimer (overcharging).

More recent studies have examined the effect of LPE rigidi-
ties upon the relevant physics of binding. For example, Tian and
Ma29 used coarse-grained MD simulations and observed a
decrease in dendrimer–LPE contacts as LPE stiffness increased.
Klos and Sommer applied MC simulations to examine the
effects of LPE rigidity and chain length on the complexation
with non-graed charged dendrimers under a wide variety of
bending energies and electrostatic parameters.31 Their work
demonstrated that dendrimer–LPE complexes (dendriplexes)
could be stable even for very stiff chains if the electrostatic
interactions are strong enough.

Despite the vast number of theoretical and simulation
studies which have studied the binding between dendrimers
and linear polyelectrolytes, a few outstanding issues remain
which motivated the work we report in this article:

1.1 Inuence of polymer gras on the dendrimer–LPE
complexation

A number of experimental studies have shown that the trans-
fection efficiency of dendrimers is enhanced with increasing
dendrimer generation, an effect which has been attributed to the
increase in charge carried by the larger generation dendrimers.1,2,8

However, an enhancement of the positive charges carried by the
dendrimers also leads to the formation of holes in the anionic
cellular membrane, an effect which is cytotoxic.32–34 To combat
this phenomena, researchers have pursued modication of the
dendrimers by covalent conjugation of poly(ethylene glycol) (PEG)
chains to the periphery of the dendrimer molecules.9–13 For
instance, Tack et al. examined the effect of PEGylation of the
peripheral amines upon the transfection of PPI dendrimer–
DNAzyme complexes, and observed that PEGylated dendrimers
exhibited high transfection efficiencies.11 Later studies by Fant
et al. demonstrated that PEGylation of poly(amidoamine)
(PAMAM) dendrimers decreased the binding affinity between the
PEGylated dendrimers and the plasmid DNA.9,10 The latter has
been suggested to be benecial for the dissociation of the den-
drimer complex once inside of the cellular cytoplasm, a necessary
step for successful gene transfection.3,9,10While a number of works
have elucidated the effect of neutral gras on the structure and
dynamics of both charged and uncharged dendrimer mole-
cules,35–37 there is still a lack of understanding on how dendrimer
gras inuence the complexation of dendrimers with LPEs. Some
outstanding questions in this regard are: how does the graing
length affect the LPE–dendrimer binding strength? How do gras
affect the shielding/exposure of the LPE molecules? What is the
role of gras upon the resulting dendriplex charges?

1.2 The role of solution pH on dendrimer–LPE complexation

In the course of transfection, dendriplexes are exposed to a
variety of pH environments. For instance, dendriplexes within
6956 | Soft Matter, 2013, 9, 6955–6969
the endosome face a low pH environment, leading to the
adsorption of H+ ions by the dendrimer and creating an osmotic
pressure, which results in the rupture of the membrane.6,38

While previous LPE–dendrimer simulations have studied the
inuence of pH changes upon the properties of dendriplexes by
modulating the number of charged monomers,18,20,23,27 an
accurate model for weak polyelectrolytes needs to account for
acid–base equilibrium effects and their simultaneous inuence
on LPE binding and conformations. For instance, in a recent
work we compared the conformations of weak and strong
polyelectrolyte dendrimers and noted several differences
arising from the capability of the former to tune the dissocia-
tion of charges in response to their conformation and interac-
tions.39 To our knowledge, there have not been any studies
which have examined the inuence of such acid–base equilib-
rium considerations in the context of pH changes to delineate
their inuence upon the binding between dendrimers and
linear polyelectrolytes.

Motivated by the above shortcomings, we report results from
coarse-grained modeling of graed weakly basic dendrimer
molecules and charged LPE molecules. In order to elucidate the
effect of design parameters on dendriplex formation, we develop
a new hybrid approach which combines self-consistent eld
theory (SCFT) and Monte Carlo simulation. In contrast to an
explicit MC or MD simulation of the dendrimer, the LPE, and
counterion species, the methodology we propose provides an
expedited approach to access the equilibrium thermodynamics
of the system as well as the conformational features of the LPEs.
Using such a framework, we examine the effects of dendrimer
graing length, polyelectrolyte chain stiffness, and solution pOH
on the dendriplex and LPE chain conformations. The rest of the
article is arranged as follows. In Section 2 we discuss our hybrid
SCFT–MCmodel and the associated terminology. In Section 3, we
present results that examine the effect of LPE stiffness (Section
3.1), graing length (Section 3.2), and solution pOH (Section 3.3).
In Section 4 we conclude with a summary of our results.
2 Hybrid self-consistent field theory and
Monte Carlo approach

Asmentioned in the introduction, we develop and apply a hybrid
SCFT-MC methodology to study the characteristics of den-
drimer–LPE complexes. In a nutshell, the framework of polymer
SCFT enumerates the statistical features of an interacting system
of polymer chains by considering an equivalent system of
noninteracting chains in the presence of pseudo chemical
potential elds.40 These chemical potential elds are further
determined in a self-consistent manner to impose the inhomo-
geneous densities of the appropriate components. Using such a
methodology, a density functional theory for the system free
energy can be constructed which allows one to deduce the
equilibrium composition proles (i.e. morphologies).

Polymer SCFT allows us to determine the equilibrium
density proles of the dendrimer, LPE, counterions and salt
components for specied conditions of dendrimer architecture,
LPE stiffness, and solution pOH. However, SCFT by itself is
incapable of providing information on certain quantities of
This journal is ª The Royal Society of Chemistry 2013
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interest (e.g. conformational features such as the radius of
gyration and the center of mass distributions of the LPE
chains). As a means to access such features, we use the SCFT
chemical potential elds as input to MC simulations of non-
interacting LPE chains. From the MC simulations, we deter-
mine the conformational properties of the LPE chains, speci-
cally, the LPE center of mass (COM) densities and the loop/tail
distributions of the complexed LPEs. In our MC simulations, we
signicantly reduce the system degrees of freedom and the
associated computational costs by only considering interactions
between individual chains and the SCFT elds. This approach
allows us to obtain as much information about the LPEs as
would be available by using a much more computationally
intensive MC or MD simulation involving all the species in the
system. Below we present a more detailed description of the
SCFT model and the MC simulation approach.
2.1 Self-consistent eld theory model

Our model system is composed of a dendrimer (P) and its gras
(G) in the presence of linear polyelectrolyte molecules (LPE),
solvent molecules (S), H+ and OH� ions, and monovalent salt
ions (denoted as Na+ and Cl�). Fig. 1a presents a schematic
representation of a “third generation” dendrimer (black) with
neutral graed chains (red) attached at the periphery. The 0th

generation is comprised of the core monomer and the three
stemming branches, and the next generation of dendrimers is
comprised of the spacers attached at the end groups of the 0th

generation. The “functionality” of the branches denote the
number of branches stemming from an individual branch
point, and in this notation, the number of monomers, M,
comprising a non-conjugated dendrimer molecule is given by:

M(g) ¼ nf(( f � 1)g+1 � 1) + 1 (1)

where n is the number of monomers per spacer, f is the branch
point functionality, and g is the generation number. We assume
that every terminal group of the dendrimer molecule is graed
with a polymer of length NG such that the number of monomers
in the gra portion of the dendrimer molecule is given as:
Fig. 1 (a) Schematic of a grafted 3rd generation dendrimer having a function-
ality of 3. The dendrimer portion is represented in black, while the grafted
portions are represented in red. (b) Schematic visualizing the definition of trains,
loops, and tails as measured at the RPG boundary.

This journal is ª The Royal Society of Chemistry 2013
MG(g) ¼ NG f( f � 1)g. (2)

We note that during PEGylated dendrimer synthesis,
complete PEGylation of the dendrimer primary amines is
unlikely to occur due to the steric interactions resulting from
PEGylation.3,41 However, to simplify our SCFT framework and
the number of parameters involved, we assume that every end
group of the dendrimer is PEGylated.

Our system is spherically symmetric, with the core den-
drimer monomer constrained to the center. In modeling our
system, we make the following assumptions:

(i) We model the dendrimer spacers and neutral gras as
exible continuous Gaussian chains. We note that in reality, the
exibility of dendrimer spacers is dependent upon the chem-
istry of the dendrimer monomers.14 Although previous studies
have found that the exibility of dendrimer molecules affects
their conformations42–44 and binding affinities with genetic
material,45 we treat the spacers as exible chains in this study to
simplify our model and parameter sweep.

(ii) The exibility of the LPE molecules has been shown to
affect dendrimer–LPE complexation.29,31 In this study, we
assume that the chain is semiexible and use the wormlike
chain model to describe their conformations.40 To account for
the conformations of the LPE molecules in a spherically
symmetric cell, we use a recently developed SCFT framework to
access the information of semiexible polymers in a spherically
symmetric system (also see Appendix).46

(iii) We assume that electrostatic interactions are the main
attractive forces driving the complexation between the den-
drimer and LPE molecules. Thus, we do not include any other
enthalpic terms that account for hydrophobic interaction or
hydrogen bonding between the dendrimers and LPE. The elec-
trostatic interactions between charged molecules and ions in
our system are modeled using a classical Coulomb potential40

with a spatially constant dielectric value.
(iv) We model the total density of the overall system as

almost uniform by including a harmonic compressibility
penalty for deviations of the local density from the average
density, r0.47–49

(v) We model the charge dissociation of the dendrimer
monomers using an approach similar to that adopted by
Szleifer et al.50–52 and Won and co-workers.53,54 Explicitly, we
assume that a fraction, aP, of the dendrimer monomers carry
dissociable charge groups and are capable of becoming charged
through the equilibrium reaction:

P + H2O # PH+ + OH�. (3)

In a dilute solution of the dendrimer monomers, the equi-
librium fraction of charged monomers, ab, can be determined
through the law of mass action:

Kb;P ¼ ½PHþ�½OH��
½P� ¼ abr04OH� ;b

1� ab

; (4)

where Kb,P denotes the equilibrium constant of the dissociation
reaction (eqn (3)), [X] (X h P, PH+, OH�) refers to the
Soft Matter, 2013, 9, 6955–6969 | 6957
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concentration in mol L�1 of species X, r0 is the density of a
single monomer, and 4OH�,b is the bulk volume fraction of OH�

ions. The equilibrium constant Kb,P is proportional to
exp(�bDGo), where DGo ¼ go

OH� þ go
PHþ � go

P is the free energy
of the reaction, and go

i are the standard chemical potentials of
the different species involved in the dissociation reaction. To
reduce parametric complexity, we assume that aP does not
change when comparing graed and non-graed dendrimers.
However, in reality the addition a PEG chain to a dendrimer
converts a primary surface amine to an amide bond, which
strongly reduces its ability to absorb a hydrogen ion. Thus, our
results that compare graed and non-graed dendrimers are
equivalent to comparing PEGylated and acetylated dendrimers
that have the same number of reacted terminal monomers.

(vi) We model the charge on the LPE by using a xed charge
model, where every monomer along the chain carries a charge
of zLPE ¼ �1.0. This is expected to be reasonable since the
phosphate groups present in phosphate-ribose/deoxyribose
backbones of RNA and DNA have pKa values near 0. Thus they
are strong acids and will be almost completely charged at
physiological conditions.

Using the above assumptions, we develop an equilibrium
thermodynamic model for the free energy of the system con-
taining the dendrimer, gras, solvent, ions, and LPE molecules
(see the Appendix for more details). Wemodel the free energy as
a functional of the local volume fractions, 4i(r), and the conju-
gate chemical potentials, wi(r), where i denotes the P, G, S, H+,
OH�, Na+, Cl�, and LPE species. We then minimize the free
energy with respect to the volume fraction and chemical
potential elds to obtain a set of self-consistent equations, the
solution of which yields the equilibrium density proles within
a mean eld approximation. In addition to determining 4i(r),
we also characterize the conformations of the LPE chains
through an orientational order parameter, S(r) dened as

SðrÞ ¼
�
3cos2 qðrÞ � 1

2

�
; (5)

where q(r) denotes the angles formed between the radial vector
emanating from the dendrimer center and the LPE bond
vectors, and h/i denotes an average over the LPE conforma-
tions. Complete ordering of the LPE bonds in a tangential
orientation (along the q axis) corresponds to the case where
S(r) ¼ �0.5, whereas complete alignment with the radial axis
corresponds to the case where S(r) ¼ 1.0. The SCFT potentials
corresponding to the LPE monomers, wLPE(r), are used to effect
Monte Carlo simulations of semi-exible chains as described in
the next section.
2.2 Monte Carlo simulation of the LPE chains

As discussed earlier, Monte Carlo simulations are used in our
work as a means to access the conformational features of the
LPE chains. In our MC simulations, we simulate worm-like
chains (Kratky–Porod model)40 that interact only with the eld,
wLPE(r) (obtained from SCFT calculations). The latter incorpo-
rates the effects of the electrostatic and steric interactions of the
LPEs with the dendrimer. The semi-exible chain consists of
6958 | Soft Matter, 2013, 9, 6955–6969
NLPE + 1 monomers connected by NLPE bonds of xed length b,
and the energy of the system is given by:

F
kBT

¼
XnLPE
i¼1

XNLPE

s¼1

�
l

b
ð1� cosðqi;sÞÞ þ bwLPEðriðsÞÞ

�
; (6)

where l is the persistence length of chain, ri(s) denotes the
position of sth monomer in the ith chain, qi,s is the angle between
bonds sharing a vertex at ri(s), nLPE is the total number of
polyelectrolyte chains in the system, kB is Boltzmann's constant,
and T is temperature. The MC simulations are performed in
canonical ensemble of 1000 chains (nLPE ¼ 1000). The poly-
electrolyte chains are placed at random in a simulation box of
length equal to 100 bond length units. The radial eld, wLPE(r)
(with the dendrimer at r ¼ 0), from the SCFT simulations is
superimposed onto the center of the simulation box. The chain
conformations are sampled by employing a combination of
crank-sha rotation, slithering snake, and pivoting moves.55

Metropolis criterion based on the energetic differences is used
to accept or reject the proposed conformations.56 Each MC cycle
consists of one attempt of crank-sha rotation per monomer
and an attempt of both a pivot and slithering snake move per
chain. The pivot and slithering snake steps are global moves,
which help to enhance the diffusion of the LPE chains.

In the MC simulations, the system is rst equilibrated for 3
� 106 MC cycles and then various structural quantities are
averaged each 100 MC cycles for 3 � 106 more MC cycles. The
averaged quantities include radially averaged radius of gyration,
the center of mass density of polyelectrolyte chains, and loop/
tail distributions (cf. Fig. 1b for the denitions of loops, tails,
and trains).
2.3 Parameters

In this study, we xed the generation number, functionality,
and spacer length of the dendrimer to be g ¼ 3, f ¼ 3, and n ¼ 5
respectively. In order to examine the effects of graing length,
we varied the graing length from NG ¼ 0 to NG ¼ 30. In each of
our calculations, we xed the average dendrimer monomer
fraction, �4P h M/(Vr0), to be 2.09 � 10�5, which corresponds to
a single non-graed (NG ¼ 0) dendrimer in a simulation cell of
75 Rg (where Rg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Na2=6

p
and N ¼ (g + 1)n + NG is the contour

length from the center of the dendrimer to the edge of the
graed chain). We xed the fraction of dendrimer monomers
that are capable of charge dissociation at aP ¼ 0.5. For our
simulations, we choose an arbitrary value of pKb,P ¼ 5.0, but
express our results in terms of pOH � pKb,P. Unless otherwise
noted, the pKb,P of the dendrimer monomers matches the
solution pOH in our simulations.

We note that xing aP does not necessarily x the total
charge carried by the dendrimer. Indeed, the local fraction of
dissociated monomers in the dendrimer, a(r), is inhomoge-
neous and given by

aðrÞ ¼ 1

1þ 10pKb;P�pOH expð � zOH�FðrÞÞ ; (7)

where zOH� is the valency of the OH� ions and F(r) is the non-
dimensional electrostatic potential (see Appendix). From eqn
This journal is ª The Royal Society of Chemistry 2013
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(7), we see that the local dissociation depends on the local
electrostatic potential, F(r), and the difference in dendrimer
pKb,P and solution pOH. The high degree of branching associ-
ated with polyelectrolyte dendrimers results in a high density of
charged monomers within the dendrimer and makes localiza-
tion of the OH� counterions energetically favorable at equilib-
rium.39,50–54,57,58 Increasing the local concentration of OH� ions
results in a decreased probability of monomer dissociation
through eqn (4). Since the local probability of monomer disso-
ciation varies in space, we also calculate the average dissociated
fraction of the dendrimer, �a, which is given as:

a ¼
aP

ðN
0

drr2aðrÞ4PðrÞ

ðN
0

drr24PðrÞ
: (8)

Based on the above discussion, we expect the average
dissociation (�a) to be always less than the fraction of monomers
that can participate in the charge dissociation reaction
(aPab).39,57,58

We x the LPE chain length to be NLPE ¼ 50 and the fraction
of charged LPE monomers, aLPE, to be 1.0. The non-dimen-
sional persistence length (PL) of the LPE chains, m ¼ PL/(NLPEa)
(where a is the Kuhn segment length and is assumed to be
0.7 nm, the Bjerrum length of water), is varied from m ¼ 0.02 to
m ¼ 0.4. We modeled the LPE molecules in a grand canonical
framework and xed their bulk density to be 4LPE,b ¼ 0.0001.
The solution screening length, k�1, is given by k2 ¼ 4plB

P
icizi

2

(where ci is the concentration of the free ion and LPE species)
and was xed to be 3a. To maintain a xed screening length
under varying pOH conditions, we adjusted the bulk salt
concentration of the solution appropriately with changes in
pOH.

3 Results

Below we discuss results displaying the effects of neutral den-
drimer gras, LPE stiffness, and solution pOH on the confor-
mations and structure of dendrimer–LPE complexes.
Specically, we seek to identify the inuence of different
parameters upon the following characteristics:

3.1 The amount and conformations of complexed LPEs

A key quantity characterizing the efficacy of dendrimers in gene
therapy applications is the exposure of the complexed LPEs to
solvent medium and the degradative enzymes present therein.
To quantify such features, we rst dene the radius of the
graed dendrimer, RPG as:

R2
PG ¼

ðN
0

drr4ð4PðrÞ þ 4GðrÞÞ

ðN
0

drr2ð4PðrÞ þ 4GðrÞÞ
; (9)
This journal is ª The Royal Society of Chemistry 2013
where 4P(r) and 4G(r) are the respective volume fraction proles
of the dendrimer and gra portions of the graed dendrimer.
Subsequently, we identify complexed LPEs as those having at
least one of their monomers residing within RPG.

For complexed chains, we quantify their “exposure” through
the distribution of loops and tails. Loops and tails refer to
segments of adsorbed LPE chains which lie outside RPG. For
loops, both ends of the loop connect to monomers which lie
within RPG. In contrast for a tail, only one of the tail monomers is
attached to a LPE monomer residing within RPG (cf. Fig. 1b for a
pictorial representation of loops, tails, and trains). Using our
MC simulations, we quantify the fraction of adsorbed chains
that reside in loops and tails (denoted as floop and ftail respec-
tively) and the average length of loops and tails (denoted as
hNloopi and hNtaili respectively).
3.2 Charge of the resulting dendriplex

Typically, the positive charge carried by the cationic delivery
vectors leads to their binding with negatively charged genetic
material. The expectation is that the complex will possess a net
positive charge which will facilitate an energetically favorable
interaction with the negatively charged cell membranes. In this
context, it is of immense interest to understand the inuence of
different physical parameters upon the overall charge of the
complex. In our work, we quantify the effective charge of the
dendrimer complex through a local quantity, Q(r), dened as:

QðrÞ ¼
ðr
0

dr04pr0r
024eðr0Þ; (10)

where r04e(r0) is the local density of charge. Eqn (10) quanties
the total charge contained in a sphere of radius r, with the
center of the sphere xed at r¼ 0. We use the behavior of Q(r) to
understand the effects of dendrimer and LPE parameters on the
resulting charge of the complex.
3.3 Binding strength between the dendrimer and LPE
molecules

Aer successful delivery of genetic material to the cell has
occurred, the dendrimer and NA material must dissociate. To
quantify the role of different physical parameters upon the ease
of dissociation, we quantify the binding strength through the
potential of mean force (PMF), wPMF(r), for the interactions
between the LPE and dendrimer. The potential of mean force
quanties the difference in free energy of a dendrimer and LPE
whose COMs are separated by a distance r relative to innite
dendrimer–LPE separation. Strictly speaking, wPMF(r) requires
calculation of free energies for a dendrimer and LPE at a xed
distance r from the core of the dendrimer. However, we use a
more approximate framework wherein the center of mass
density of LPEs obtained from our MC simulations, rCOM(r), is
used to deduce wPMF(r) through:

wPMF(r) x �kBT(ln[rCOM(r)] � ln[rCOM,b]), (11)
Soft Matter, 2013, 9, 6955–6969 | 6959
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where rCOM(r) and rCOM,b are the local COM and bulk concen-
tration COM densities respectively. The above expression is
expected to be valid for dilute concentrations of LPE and does
not account for the deformation of the dendrimer arising from
xing the LPE at a distance r.

In presenting our results, we rst present the SCFT results
characterizing the inuence of the different parameters upon
the local volume fractions of the dendrimer and LPE molecules
and the orientational order of the LPE molecules. We then
discuss the results for the above quantities of interest, viz. (i)
loop and tail distributions, (ii) charge of the dendriplex, and (iii)
dendrimer–LPE potential of mean force.
Fig. 3 (a) Effect of PL on the fraction of dendriplex loops and tails; (b) Effect of
persistence length on the order parameter, S(r).
3.4 Effect of persistence length on LPE complexation

The binding mechanism between charged dendrimers and
linear polyelectrolytes has been largely attributed to the elec-
trostatic attraction between the charged dendrimer monomers
and LPE molecules.18,19,22 Since dendrimers have been shown to
effectively bind to both single and double stranded DNA and
RNA molecules,8–13 it is of interest to gain fundamental insight
into the effect of LPE stiffness upon dendrimer–LPE binding
affinities. Previous works by both Tian and Ma29 and Klos and
Sommer31 have addressed the effects of LPE stiffness upon the
properties of complexed dendrimers. Below we present results
which complement the results presented in their works, and
also make comparisons where appropriate.

Dendrimer–LPE conformations. We rst consider the situa-
tion of a non-graed g ¼ 3 dendrimer with LPEs of different
persistence lengths (m). Fig. 2a displays the volume fraction
proles of the dendrimer monomers not in the presence of LPE
molecules (dashed violet line) and in the presence of LPEs
having persistence lengths of m ¼ 0.02, 0.1, 0.2, and 0.4.
Consistent with results of earlier works,39,57–59 the dendrimer
displays a dense core conformation, with a maximum in the
monomer density near the center followed by a monotonic
decay with increasing r. Interestingly, we observe in Fig. 2a that
the dendrimers participating in complexation with the stiffer
LPE molecules have more open conformations as compared to
the case involving more exible LPE chains. Furthermore, we
observe that the dendrimers not in the presence of LPEs have
the most open conformations. Such a behavior can be ratio-
nalized through examination of the corresponding LPE volume
fraction proles, which are displayed in Fig. 2b. There we
observe that the local density of LPE monomers within the
Fig. 2 (a) Volume fraction profiles of g ¼ 3 non-grafted dendrimer monomers
complexed with NLPE ¼ 50 polyelectrolyte molecules of varying persistence
lengths. (b) Effect of persistence length on the LPE monomer volume fraction
profiles.

6960 | Soft Matter, 2013, 9, 6955–6969
dendrimer decreases with increasing m, whereas the extent of
the LPE density tails increases with m. Such a lowering of the
LPE monomer density within the dendrimer molecule results in
a higher net positive charge density and consequently results in
a more open conformation of the dendrimer due to the result-
ing electrostatic repulsions.

Loop and tail statistics. To further understand the observed
behavior in the LPE density proles, in Fig. 3 we display the
effect of persistence length on the statistics of the loops and
tails. Explicitly, Fig. 3a displays the fraction of complexed LPE
chain monomers which exist as loops ( floop) and tails ( ftail). We
observe that floop decreases with increasing m, whereas ftail is
seen to increase with m. Further, we see that ftail is much more
sensitive to m than floop, suggesting that increasing the persis-
tence lengths of the LPE results in a large fraction of the LPE
monomers being pushed outside of the dendrimer as tails.
These results serve to explain our observations from Fig. 2b,
which displayed a decrease in local LPE volume fraction within
the dendrimer with increasing m.

To provide a more pictorial depiction of the trends displayed
in Fig. 3a, we display snapshots of m ¼ 0.02 and m ¼ 0.4 LPE
molecules complexed with non-graed g ¼ 3 dendrimers in
Fig. 4a and b respectively. The exible chains (Fig. 4a) are seen
to exhibit short tails and a signicant number of loops, with a
large number of monomers residing within the dendrimer due
to the coiled conformations of the LPE chains. In contrast, the
stiff LPE chains (Fig. 4b) have long protruding tails (with no
loops observed in the displayed snapshots). Furthermore, the
exible chains have a high number of monomers residing
within the dendrimer (Fig. 2b), while the stiff chains have only a
relatively straight train of monomers residing within the
dendrimer.
Fig. 4 Snapshots of m¼ 0.02 (a) and m¼ 0.4 (b) LPE chains complexed with a g¼
3 dendrimer (represented as red sphere). The LPEs are color coded such that the
monomers residing within the dendrimer sphere are depicted in red while the
monomers outside of the dendrimer are indicated in blue.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 (a) The effect of PL on the local probability of dendrimer charge dissoci-
ation, aPa(r). The inset displays the corresponding OH� counterion density
profiles. (b) The effect of PL on the effective charge as a function of r.
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To clarify further the above-noted differences in the confor-
mations of the stiff and exible LPEs within the LPE–dendrimer
complex, we display the spatially dependent order parameter,
S(r), for different values of m in Fig. 3b. For all cases, we observe
a non-monotonic behavior of the order parameter as a function
of distance from the center of the dendrimer. We note that the
negative values of S(r) correspond to situations where the LPE
molecules adopt conformations which are perpendicularly
oriented to the radial vector, whereas positive order parameter
values correspond to the situation wherein the axes of the LPE
molecule is aligned on an average with the radial vector. We
generally notice negative or small positive values for the order
parameter near the core of the dendrimer molecule, which can
be explained by noting that near the dendrimer core, there is a
high density of dendrimer monomers, which creates steric
repulsion between the dendrimer and LPEmonomers. Since the
LPE monomers are not able to penetrate the center of the
dendrimer core, they reside near and bend around the core,
resulting in a perpendicular orientation of the LPE to the radial
vector. Moving outward from the core, we notice a rather steep
increase in the order parameter until it reaches a maximum
value, consistent with the radial alignment of the LPE mono-
mers. As m increases, we begin to notice an increase in the
maxima and distribution widths of S(r), which is indicative of
the protrusion of long tails outward from the dendrimer center
for stiff chains, in agreement with the snapshot of Fig. 4b. In
contrast, the results of Fig. 3b suggest that the exible chains
reside in conformations that have little ordering (S z 0), cor-
responding to an almost globular conformation (cf. Fig. 4a).

In sum, the above results for the volume fraction, loop and
tail, and order parameter data display that increasing LPE
stiffness results in the enhancement of exposed LPE material.
Physically, this phenomena results from the competition
between electrostatic and bending energies.29,31 Indeed, on the
one hand, electrostatic interactions favor the chains to maxi-
mize their contact with the dendrimer monomers. However,
due to the spherical shape and small spatial dimensions of the
dendrimers, assuming a LPE conformation which maximizes
contact with the dendrimer requires a highly coiled LPE
conformation. Increasing the LPE persistence length results in
a higher bending energy, which suppresses the chain's ability to
assume a highly coiled conformations. This in turn results in
longer tail formation and reduced LPE localization within the
dendrimer.

Dendriplex charge. As discussed previously, the overall
charge of the dendrimer complex is hypothesized to play an
important role in the cellular internalization of den-
driplexes.1,2,4–10,12,21 Thus, it is of interest to examine the effect of
persistence length of the LPE on the charge of the resulting
complex. We note that dendrimers are oen composed of
weakly basic amine groups, in which the local charge dissoci-
ation is sensitive to the local concentration of counter-
ions.39,53,57,58 In the absence of LPEs, the high density of charged
monomers carried by the dendrimermolecules correspondingly
results in signicant counterion localization. In the presence of
LPE molecules, which by themselves also carry a large number
of negatively charged monomers, we expect that complexation
This journal is ª The Royal Society of Chemistry 2013
with the dendrimer would affect the local density of counterions
and thereby modulate the dissociation of the dendrimer
monomers.

In Fig. 5a, we display the effect of LPE persistence length on
the local dendrimer charge dissociation proles, a(r), and the
OH� volume fraction proles, 4OH� (inset). Consistent with our
above expectations, we observe that the addition of LPE mole-
cules to the system results in a signicant reduction in the
amount of OH� ions within the dendrimer, which in turn
enhances the local probability of charge dissociation in the
dendrimer monomers. More quantitatively, we found that the
bare dendrimers (in the absence of LPE molecules) carried
charge fractions of �a ¼ 0.166 (eqn (8)), whereas, dendrimers in
the presence of m ¼ 0.4 LPE molecules carried a charge fraction
of �a ¼ 0.211. We note that the reduction in counterion locali-
zation within dendrimers upon dendrimer–LPE complexation
has been observed previously in the simulations of Tian and
Ma.29 However, their study did not consider the weakly basic
nature of dendrimer molecules and hence could not account for
changes in the dissociation of the dendrimer monomers. Thus,
the inclusion of LPE molecules is seen to have a signicant
effect upon the overall dissociation of weakly basic dendrimers.

Relative to the effects arising from the addition of LPE chains
to the system, we notice that modulating the LPE stiffness has a
much smaller impact on the charge dissociation of the den-
drimer. In general, we observe that the amount of counterion
localization within the dendrimer decreases with decreasing m,
Soft Matter, 2013, 9, 6955–6969 | 6961

http://dx.doi.org/10.1039/C3SM00062A


Soft Matter Paper

Pu
bl

is
he

d 
on

 1
0 

A
pr

il 
20

13
. D

ow
nl

oa
de

d 
by

 C
al

if
or

ni
a 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

on
 1

9/
01

/2
01

5 
00

:2
2:

37
. 

View Article Online
which in turn enhances the local probability of monomer
dissociation. Physically, such results can be understood to be a
consequence of the decreased localization of stiff LPEs within
the dendrimer as compared to the exible LPE chains. Inter-
estingly, we notice a slight depletion of OH� ions just outside of
the dendrimer periphery for the m ¼ 0.4 LPEs. We attribute this
phenomena to the presence of the long negative tails of LPE
protruding from the dendriplex, which act to locally deplete
negatively charged ions.

In order to examine the effect of persistence length of the LPEs
upon the charge of the resulting complex, we present Q(r) (eqn
(10)) in Fig. 5b. Overall, as we move out from the core of the
dendrimer, we observe an increase in Q(r) until it reaches a
maxima around r ¼ 9a (which corresponds to 1.4RPG). Subse-
quently, Q(r) is seen to drop and become negative at larger r
before becoming zero (i.e. neutral) for large r. To understand
these results, we note that the core of the dendrimer–LPE
complex is primarily populated by the positively charged den-
drimer monomers (cf. Fig. 2a), and hence the core region of the
dendrimer–LPE complex is expected to be positively charged. The
negatively charged LPE monomers are seen to reside in the
region exterior to the dense core. The latter neutralizes the
charges of the dendrimer monomers and leads to the decrease in
Q(r). The outer fringes of the complex are primarily populated by
the tails of the negatively charged LPEmonomers, which explains
the dip in Q(r) to negative values. Interestingly, we notice that the
magnitudes of both the maxima within the dendrimer and the
minima outside of the dendrimer increases with increasing m.
These dependencies on m can be rationalized through the 4LPE(r)
plots in Fig. 2b, which show a decrease in local LPE concentration
within the dendrimer and a correspondingly longer tail.

In their recent work, Tian and Ma noticed a positive gain in
dendriplex charge as LPE stiffness was increased,29 a trend
which qualitatively matches our above results. Likewise, Klos
and Sommer noticed a decrease in the number of condensed
LPE monomers as the stiffness was increased, which would
correspond to a higher positive charge within the dendrimer.31
Fig. 6 (a) Volume fraction profiles of g ¼ 3 dendrimers (solid lines) and their
respective grafted monomers (dashed lines) complexed with m ¼ 0.02, NLPE ¼
50 LPEmolecules. The inset displays the RPG values of the dendrimers as a function
of NG. Volume fraction profiles of LPEs having m ¼ 0.02 (b) and m ¼ 0.4 (c) com-
plexed with dendrimers of varying NG.
3.5 Effect of graing length on LPE complexation

In the previous section, we witnessed that increasing the LPE
stiffness resulted in an increased LPE exposure through the
presence of long tails. Correspondingly, we witnessed the
presence of a negatively charged region outside of the den-
drimer molecule, which might affect interaction with the
negatively charged cellular membrane. Because the use of
graed dendrimers has been proposed as an alternative to non-
graed dendrimers, below we presents results illustrating the
inuence of gras on LPE exposure, dendriplex charge, and
dendrimer–LPE binding strengths.

Dendrimer–LPE conformations. We begin by discussing the
inuence of gras upon the dendrimer conformations. Fig. 6a
displays the density proles of graed dendrimers for varying
values of NG in the presence of exible LPEs (m ¼ 0.02). We
observe that increasing NG lowers the dendrimer monomer
densities near the core and results in an extended tail. Corre-
spondingly, the penetration of graed chains within the
6962 | Soft Matter, 2013, 9, 6955–6969
dendrimer and the overall extent of the gras are seen to
increase with NG. As a result, the size of the dendrimer molecule
(RPG) increases with NG (displayed as a function of NG in the
inset).58 Since adding gras to the dendrimer is seen to result in
signicant conformational changes of the dendrimers, it can be
expected that such changes would also affect the way the LPE
molecules complex with the dendrimer. Fig. 6b and c show the
effect of NG on the local concentration of LPE monomers within
the dendrimer for the cases of LPEs with m ¼ 0.02 and 0.4
respectively. The general behavior of the LPE volume fraction
proles mirrors the non-monotonic trends of the LPE volume
fraction proles observed in Fig. 2b. For both types of LPE
molecules, we observe that increasing NG results in a local
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 Effect of NG on the integrated charge distributions, Q(r), for m ¼ 0.02 (a)
and m ¼ 0.4 (b).
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decrease in the density of LPE monomers near the dendrimer
core. The NG dependence of the LPE density proles and
conformations can be attributed to two factors: (i) the increased
segregation of the charged dendrimer monomers towards the
periphery seen in Fig. 6a, which results in an attraction of
negatively charged LPEs to such regions, and (ii) the enhanced
steric repulsions arsing from the presence of graed polymer
monomers near the dendrimer center.

Loop and tail formation. In order to quantify the exposure of
the LPE molecules in the complexes with graed dendrimers,
Fig. 7a–d display both the fraction and average lengths of loops
and tails of the complexed LPEs. Both Fig. 7a and b show that
the fraction of material existing in loops and tails decreases
with increasing graing length, suggesting that the graed
dendrimers are better capable of shielding the LPE molecules
from the surrounding medium. Correspondingly, in Fig. 7c and
d we observe a monotonic decrease in the average lengths of
loops and tails as NG increases. The relative decrease in the
amount of material existing in loops and tails is seen to be
much higher for the exible chains. Flexible chains have highly
coiled conformations, allowing them to more easily reside
within the dendrimer. The presence of gras provides a larger
volume in which the exible LPEs may reside, which in turn
reduces the probability that portions of adsorbed chain mono-
mers may be exposed. On the other hand, the stiff LPE chains
have much more linear conformations, and thus the increase in
the size of the dendrimer only provides a larger radius over
which the LPEs can be located. Hence, the changes in floop and
ftail are relatively smaller for persistent chains. In support of the
preceding argument, we observe that ftail in Fig. 7b decreases
linearly with NG, which mirrors the near linear increase in RPG

with respect to NG displayed in the inset of Fig. 6a. Overall, the
above results suggest that the addition of gras to the den-
drimer results in a signicant impact on the exposure of com-
plexed LPEs. Such results are consistent with recent
observations reported in Fant et al., where PEGylated PAMAM
dendrimers were seen to better protect plasmid DNA from
degradative serum nucleases than corresponding acetylated
PAMAM dendrimers.9
Fig. 7 (a and b) Effect of NG on ftail and floop for m ¼ 0.02 (a) and m ¼ 0.4 (b).
(c and d) Effect of NG on hNtaili and hNloopi for m ¼ 0.02 (c) and m ¼ 0.4 (d).

This journal is ª The Royal Society of Chemistry 2013
Dendriplex charge. As observed in the previous section, the
presence of LPE molecules, especially the case of stiff LPEs,
resulted in signicant modulation in overall charge of the
dendrimer molecules (cf. Fig. 5). The inuence of gras on such
characteristics are displayed in Fig. 8. Overall, the qualitative
shape of the proles is seen to match those from Fig. 5b.
However, we do notice that increasing NG has the overall effect
of shiing the global Q(r) maxima to further radial values, an
effect which can be attributed to the gra-induced outward
segregation of the charged dendrimer monomers. Interestingly,
the maximum values of Q(r) are seen to increase with NG for
complexes with exible LPE chains. Such trends can be ratio-
nalized from the results displayed in Fig. 6, wherein it is seen
that the addition of gras to the dendrimer reduces the extent
to which the LPE chains penetrate inside of the dendrimer. In
contrast, we observe that for stiff LPEs, increasing NG results in
a slight reduction in the Q(r) maxima. Since the addition of
gras moves the charged dendrimer monomers outwards,
increasing NG enhances contact between the stiff LPEs and
charged dendrimer monomers, thus allowing LPE chains to
better compensate the charge of the dendrimer monomers. Due
to such compensation effects, we observe that the valley in Q(r)
becomes less signicant with an increase in NG. We note that in
the gene silencing studies of Tang et al.,12 the addition of gras
to g ¼ 5 and g ¼ 6 dendrimers was shown to reduce the corre-
sponding zeta potentials (from 34.5 to 26.9 for g ¼ 5 den-
drimers, and from 33.6 to 27.9 for g¼ 6 dendrimers), suggesting
an overall reduction the effective charge of the dendrimers. This
trend is in qualitative agreement with the results from Fig. 8b.

Dendrimer–LPE PMF. To quantify the inuence of gras
upon the binding strength between LPEs and dendrimers, in
Fig. 9a and b we display the PMFs for LPE molecules (m ¼ 0.02
(a) and 0.4 (b)) interacting with dendrimers of varyingNG values.
Fig. 9 Effect of NG on the potential of mean force profiles for m ¼ 0.02 (a) and
m ¼ 0.4 (b) LPE molecules.

Soft Matter, 2013, 9, 6955–6969 | 6963
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Fig. 10 (a) Density profiles of charged dendrimermonomers for aNG¼ 30, g¼ 3
dendrimer complexed with m ¼ 0.02 LPE molecules. (b) LPE volume fraction
profiles (solid lines for m ¼ 0.02, dotted lines for m ¼ 0.4) that are complexed with
NG¼ 30, g¼ 3 dendrimers for varying values of pOH� pKb,P. Effect of pOH on the
PMF profiles of m ¼ 0.02 (solid lines) m ¼ 0.4 (dotted lines) LPEs in the presence of
NG ¼ 0 (c) and NG ¼ 30 (d) dendrimers.
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In general, we notice that the more exible chains exhibit a
deeper potential well and hence a strong binding to dendrimers
of a given graing length. For the exible chains, we notice that
increasing graing length reduces the magnitude of the
potential well depth while increasing its width. Physically, we
attribute this phenomena to both the enhancement of steric
repulsions between the conjugated dendrimer and LPE mono-
mers and the accompanying localization of charged dendrimer
monomers to further radial values. Interestingly for the stiff
chains, the effect of NG on the dendrimer–LPE PMF proles are
seen to be minimal, suggesting that the binding between the
dendrimer and stiff LPE molecules is not affected by the addi-
tion of gras. As discussed in the context of Q(r) proles,
increasing NG of the stiff LPE dendriplexes results in two
competing effects, viz., the steric interactions induced reduced
localization of LPE monomers and the enhanced number of
electrostatically favorable contacts resulting from the increase
in the radius of the dendrimer. We speculate that two preceding
effects compensate and lead to a weak LPE–dendrimer binding
strength dependence on dendrimer graing length for stiffer
chains.

In conclusion, we have shown that the addition of gras to
dendriplexes reduces the amount of exposed LPE material, an
effect which likely which is benecial from the perspective of
trying to reduce degradation of genetic material by serum
nucleases. For stiff LPE molecules, we notice that the addition
of gras reduces the amount of overcharging (negative Q(r)
values), while not having a strong affect on the strength of
binding between the dendrimer. In contrast, increasing the
graing length of dendriplexes comprised of exible LPEs
results in a reduction in the binding strength, with no over-
charging observed.
3.6 Effect of pOH on complexation

Transport of the dendriplex through the cellular membrane
requires endosomal escape, a process triggered through a
decrease in pH within the endosome. Below, we present results
quantifying the effect of solution pOH on the dendrimer–LPE
binding strengths and the overall dendriplex charge. The
former quanties the inuence of changing solution conditions
on the ease of release of LPEs, whereas the latter is expected to
have implications for the interaction of the dendriplexes with
the endosomal membrane.

Dendrimer–LPE PMF. Since electrostatic interactions have
been shown to be the main mechanism through which den-
drimers bind to LPEs,18,19,22 in Fig. 10a we rst present results
illustrating the inuence of pOH upon the charged monomers
of the dendrimers. Explicitly, Fig. 10a depicts the volume frac-
tion proles of the NG ¼ 30 charged dendrimer monomers
(aPa(r)4LPE(r)), for different pOH conditions. Consistent with
physical expectations (eqn (3)), we observe that increasing the
solution pOH results in higher densities of charged monomers,
which extend over a larger region of space.

It is expected that the above pOH induced enhancement on
the dendrimer charge will have a signicant effect on the
conformation and binding of the LPE molecules. In Fig. 10b, we
6964 | Soft Matter, 2013, 9, 6955–6969
display LPE density proles for varying values of pOH. The LPE
proles are seen to maintain the general shapes discussed in
the context of Fig. 2b, 6b and c. However, we observe that
increasing the pOH of the solution results in an enhancement
of LPE monomers inside the dendrimer core and in the outer
shell. These effects can be attributed to the enhancement of
dendrimer monomer charge dissociation seen in Fig. 10a.
Moreover, in agreement with our previous observations, we see
that increasing the stiffness of the LPE chains decreases the
overall density of the LPE chains, but in turn extends the LPE
density tail.

In Fig. 10c we display the effect of pOH upon PMFs for non-
graed dendrimer–LPE systems. We observe that increasing the
solution pOH results in an increase in the magnitude of the
strength of interaction between the dendrimer and the LPEs. In
comparing exible and stiff chains we observe that the stiffer
chains display lower strengths of association, which is consis-
tent with our discussion in the previous section. In comparing
the graed and non-graed complexes (cf. Fig. 10d), we again
observe (see Fig. 8) that the gras inuence the binding of
exible chains compared to stiff LPEs. Overall, the above results
indicate that a low pH environment, e.g. inside the lysosome, is
expected to lead to strong binding between dendrimer and DNA
molecules. Hence, dissociation of the dendrimer–LPE
complexes are more likely to occur within the cytoplasm as
compared to the endosome.

Dendriplex charge. In Fig. 11, we display Q(r) of the den-
driplexes for varying solution pOH conditions. We observe that
increasing the solution pOH results in a higher net charge
carried by the dendrimers and a higher level of overcharging of
the dendrimer for the stiff LPEs. The increase in the maxima in
Q(r) can be attributed to the increase in dendrimer charge that
accompanies the increase in solution pOH. In qualitative
agreement with the results in Fig. 5b (and the discussions
This journal is ª The Royal Society of Chemistry 2013
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Fig. 11 Effective charge profiles, Q(r), of dendriplexes for varying values of pOH
� pKb,P. The solid lines correspond to the non-grafted dendrimers and the dotted
lines correspond to the case of grafted dendrimers with NG ¼ 30.
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therein), we observe that for a given pOH increasing m results in
an enhancement of the maxima in Q(r). Likewise, we observe
that increasing the dendrimer graing length reduces the
amount of “overcharging” witnessed for the stiff LPEs
(cf. Fig. 8). For both the stiff and exible LPE complexes, we
observe that an increase in pOH not only enhances the binding
between the dendrimer and LPE molecules, but also increases
the overall positive charge of dendriplex. The latter may prove
benecial for disruption of the endosome capsule, a process
which needs to occur before the onset of lysosomal degradation.
4 Summary

In this article, we presented results of a study using a hybrid
methodology of SCFT calculations and MC simulations to
understand the inuence of chain stiffness, neutral dendrimer
gras, and solution pOH upon the complexation between
weakly basic polyelectrolyte dendrimers and linear poly-
electrolyte molecules. We observed that an increase in the LPE
stiffness resulted in a reduction in the localization of LPE
chains within the dendrimer molecule and, in turn, an
increased positive charge within the dendrimer. The complex-
ation stiff LPEs results in the protrusion of long tails and a
negatively charged shell outside the dendrimer. The presence of
LPE molecules within the system was also seen to result in a
signicant decrease in the amount of condensed counterions,
which in turn enhanced the amount of dendrimer monomers
that were charged, a synergistic effect which enhanced the
binding between the dendrimer and LPE. This phenomena was
seen to be most prominent for the highly exible LPE chains.
From our MC simulations, we are able to quantify the PMF
between the dendrimer and LPE molecules, and observed that
increasing LPE stiffness resulted in a decrease in binding
strength.

The addition of gras to the dendrimer was seen to affect not
only the dendrimer conformations, but also the binding
between the dendrimer and LPE molecules. Increasing den-
drimer graing length resulted in decreased localization within
the dendrimer for both exible and stiff chains. For the exible
LPEs, we observed that increasing the graing length resulted
in more positive charge being carried within the dendrimer
molecule, an effect which was attributed to the increase in
exclusion of LPE monomers from the dendrimer due to steric
repulsions. In contrast, for the stiffer LPE chains, we noticed a
This journal is ª The Royal Society of Chemistry 2013
slight decrease in the positive charge within the dendrimer with
increasing graing length. Although increasing graing length
resulted in a reduction in LPE monomer density near the den-
drimer center, the increased stretching of the dendrimer
branches in turn enhances the contact between the charged
dendrimer and LPE monomers. These two competing effects
ultimately led to a reduction in the positive charge carried
within the dendrimer and the negative charge in the shell
outside of the dendrimer. Lastly, we studied the effect of solu-
tion pOH on the binding between the dendrimer and LPE
molecules. Here we observed that increasing pOH (decreasing
pH) results in enhanced binding between the LPE and den-
drimer molecules.

This paper, along with previous works,17–20,22–31 has provided
insights on physics relevant to dendrimer–LPE complexation in
the framework of a single dendrimer in the presence of LPE
molecules. Although it is valuable to understand how den-
drimer and LPE parameters affect the resulting dendriplex
charge, physically relevant dendriplexes have length scales that
exceed the dimensions of a single dendrimer and DNA/RNA
molecule.8,12,13 Indeed, simulations have examined the binding
between a single LPE molecule and multiple dendrimers.19,28 In
future works, we plan to extend the present framework to
understand the role of multi-body dendrimer LPE interactions
on the formation of dendrimer–LPE complexes to obtain a
physically accurate picture.
A Appendix

In this appendix, we describe the model details and the equa-
tions accompanying our coarse-grained mean-eld modeling of
the dendrimer-gra-LPE system. Much of the details of the
formalism are identical to that employed and elaborated in our
earlier works.39,57,58
A.1 Free energy terms

We employ a semi-grand canonical framework to describe the
free energy of our system, and we solve it within a mean eld
approximation.40 In this framework, the free energy F can
identied as:50

F ¼ F mix + F elec + F comp + F conf. (12)

The rst term,

bF mix ¼
ð
dr

X
k

�
4kðrÞ

�
ln4kðrÞ � 1þ bgo

k

	


þ
ð
draP4PðrÞaðrÞ

�
lnðaðrÞÞ þ bgo

PHþ
�

þ
ð
draP4PðrÞð1� aðrÞÞ�lnð1� aðrÞÞ þ bgo

P

�
;

(13)

represents the mixing entropies of the ions, charged and
uncharged dendrimer monomer species, and solvent mole-
cules.50 The second term,
Soft Matter, 2013, 9, 6955–6969 | 6965
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bF elec ¼
ð
dr

�
r04eðrÞFðrÞ �

1

8plB
jVFj2

�
; (14)

accounts for the electrostatic interactions between the charged
entities through the electrostatic potential, F(r) (normalized by
kBT), and the volume fraction of the charged species, 4e(r).40 The
third term,

bF comp ¼ z

2

ð
dr

"X
j

4jðrÞ � 1

#2

; (15)

enforces a harmonic energy penalty with a strength, z, to reduce
the magnitudes of the density uctuations relative to the bulk
density, r0 (we assume that only the dendrimer monomers (P),
graed monomers (G), LPE molecules (LPE), and solvent
molecules (S) possess volume).40 The term,

bF conf ¼ lnQPG + QLPE +
Ð
drwP(r)4P(r) +

Ð
drwG(r)4G(r)

+
Ð
drwLPE(r)4LPE(r), (16)

describes the conformational entropy of the graed dendrimer
and linear polyelectrolyte molecules in the external elds wP(r),
wG(r), and wLPE(r). In the above, QPG and QLPE represent the
partition functions of the graed dendrimer and LPE mole-
cules respectively. To obtain these partition functions, we
assume that the conformations of the graed dendrimers can
be described using a continuous Gaussian chain model, while
the conformations of the LPEmolecules can be described using
the Kratky–Porod (KP) model.40 Below we discuss the models
for the continuous Gaussian chains and the semiexible KP
models.
A.2 Continuous Gaussian chain model for conjugated
dendrimer

For both models, we use the symbol, “s” to index the segments
along the chain contour, ri,j(s), to denote the position in space of
the sth segment in the jth (j ¼ 1.f ( f � 1)i) branch of the ith (i ¼
1.g) generation on the dendrimer molecule and rk(s) to denote
the position of the sth segment on the kth (k ¼ 1.f ( f � 1)g)
graed chain. The total stretching energy U0 of the dendrimer
and gra molecule in the system is given as:

bU0ðrÞ ¼ 3

2a2

Xg

i¼0

Xf ð f�1Þi

j¼0

ðsiþ1

si




 _ri;jðsÞ


2dsþ 3

2a2

Xf ð f�1Þg

k¼0

ðsend
sgþ1




 _rkðsÞ


2ds:
(17)

The partition function, QPG, can be determined by calcu-
lating the statistical weights of a chain diffusing along its
trajectory to a point in space, which are given by qPG(r, s) and
q†PG(r, s). The function qPG(r, s) is calculated by rst starting
from the s ¼ 0 end (center of the dendrimer) and then moving
forward in s. In a similar fashion, q†PG(r, s) describes the statis-
tical weight of the chain diffusing backward in s, starting from
the s ¼ Nend portion of the graed dendrimer. The partition
function of graed dendrimer chain can then be calculated
from:
6966 | Soft Matter, 2013, 9, 6955–6969
QPG ¼ 1

V

ð
drq†PGðr; s ¼ 0Þ; (18)

The functions qPG(r, s) and q†PG(r, s) for the dendrimer
molecule can be found from the following “diffusion-like”
equations:40

vqPG

vs
¼ a2

6
V2qPG � ½gðsÞwPðrÞ

þ ð1� gðsÞÞwGðrÞ�qPG; qPGðr; s ¼ 0Þ ¼ dðrÞ:
(19)

where g(s)¼ 1cs# sg, g(s)¼ 0cs > sg. The “initial” condition in
eqn (19) forces the central (0th) monomer to reside at r ¼ 0 (the
center of the spherical simulation cell). The function q†PG(r, s)
that runs from the periphery of the dendrimer is given by

� vq
†
PG

vs
¼ a2

6
V2q

†
PG � ½gðsÞwPðrÞ

þ ð1� gðsÞÞwGðrÞ�q†PG; q†PGðr; s ¼ NÞ ¼ 1:

(20)

In order to account for the branching within the dendrimer,
we apply the following conditions60

q†PG(r, s
�
i ) ¼ [q†PG(r, s

+
i )]

f�1; i # g (21)

qPG(r, s
+
i ) ¼ qPG(r, s

�
i )[q

†
PG(r, s

+
i )]

f�2; i # g (22)

where q†PG(r, s
�
i ) refers to spatially dependent chain propagator

for a monomer at a value of s that is innitesimally smaller than
si, the value of s at the i

th branching point. The above conditions
(eqn (21) and (22)) embody the fact that at the dendrimer
branch points, the f� 1 outer generation chains connect. This is
analogous to f � 1 independent particles diffusing to the same
point in space at the exact same time.60 In order to solve for
qPG(r, s) and q†PG(r, s), we rst determine q†PG(r, s) and then
subsequently use it via eqn (22) to determine qPG(r, s). For
graed dendrimer molecules, we assume no ux boundary
conditions at the center and periphery of the cell (VqPG(r ¼ 0,
s) ¼ VqPG(r ¼ N, s) ¼ Vq†PG(r ¼ 0, s) ¼ Vq†PG(r ¼ N, s) ¼ 0). We
employed the Crank–Nicholson nite difference scheme40,61 to
solve the partial differential equations for qPG(r, s) and q†PG(r, s)
in eqn (19) and (20) respectively. We solve these equations on a
lattice which is non-dimensionalized by Rg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Na2=6

p
.

A.3 Kratky–Porod model for LPE chains

In the KP model, the bonded interactions are quantied
through the elastic bending energy term

bU0;KP ¼ l

2

XnLPE
i¼0

ðNLPE

0

ds





duiðsÞds






2

; (23)

where ui(s) h ri(s)/ds represents the tangent vector to the chain
at the contour location s and is constrained to be a unit vector.
The term l represents the bending elasticity of the polymer and
is directly proportional to the persistence length of the polymer.
In a similar fashion to QPG, the partition function of the LPE
chains, QLPE, can be calculated from

QLPE ¼ Ð
dr
Ð
du qLPE(r, u, NLPE), (24)
This journal is ª The Royal Society of Chemistry 2013
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where the eld qLPE(r, u, s) satises the equation

vqLPEðr; sÞ
vs

¼ �u$VrqLPE þ 1

2l
Vu

2qLPEðr; sÞ � wLPEðrÞqLPE:
qLPEðr; u; s ¼ 0Þ ¼ 1:

(25)

The term qLPE(r, u, s) represents the statistical weight that a
wormlike chain experiencing a potential wLPE(r) has its segment
s at position r with orientation u. For LPE molecules, we assume
no ux boundary conditions at the center and periphery of the
cell (VqLPE(r ¼ 0, u, s) ¼ VqLPE(r ¼ N, u, s) ¼ 0).

Because the system is spherically symmetric, we can exploit
the property that

qLPE(r, u, s) h qLPE(r, u$er, s) (26)

where r denotes the radial distance from the center of the
dendrimer and er represents the unit radial vector (relative to an
origin placed at the center of the dendrimer) at the location r.
We adopt a local coordinate system centered on r, with er rep-
resenting the Z axis and u$er ¼ cos q, so that eqn (25) can be
represented as

vqLPEðr; q; sÞ
vs

¼ � cos q
vqLPE

vr
þ sin q

r

vqLPE

vq

þ 1

2l

1

sin q

v

vq

�
sin q

vqLPE

vq

�
� wLPEðrÞqLPE:

qLPEðr; q; s ¼ 0Þ ¼ 1: (27)

Eqn (27) forms the starting point for analyzing the congu-
rations of semiexible polymers in spherically symmetric situ-
ations. A convenient way to solve eqn (27) is by expanding qLPE(r,
q, s), q†LPE(r, q, s) in terms of Legendre polynomials

qLPEðr; q; sÞ ¼
X
l

qLPE;lðr; sÞPlðcos qÞ; (28)

where Pl represents the l
th order Legendre polynomial. By using

the properties of Legendre polynomials, eqn (27) can be trans-
formed into

vqLPE;l

vs
¼ � l þ 1

2l þ 3

vqLPE;lþ1

vr
� l

2l � 1

vqLPE;l�1

vr

�ðl þ 1Þðl þ 2Þ
2l þ 3

qLPE;lþ1

r
þ lðl � 1Þ

2l � 1

qLPE;l�1

r

� lðl þ 1Þ
2l

qLPE;l � wLPEðrÞqLPE;l ; (29)

subject to the conditions
VqLPE,l(r ¼ 0, s) ¼ 0; qLPE,l(r, s ¼ 0) ¼ dl,0. (30)

To obtain the numerical solution for qLPE,l(r, s), we employ a
two-step Lax–Wenderoff (LW) method similar to that suggested
by Daoulas and co-workers. Truncation of the Legendre poly-
nomial expansion (eqn (28)) to l ¼ 6 was found to ensure
sufficient convergence of the density proles. The presence of
large positive wLPE values near the dendrimer core led to
This journal is ª The Royal Society of Chemistry 2013
oscillations in the density proles near the dendrimer core,
which were more pronounced for increased LPE rigidity. In
order to remove oscillations from our system, we used a one
step Lax method close to the dendrimer center and transitioned
into the two step LW method away from the dendrimer core.
The equations were solved by using discretizations in the range
of dr ¼ 1/30 and ds ¼ 1/2000.
A.4 Self-consistent equations

The self-consistent equations are found as the saddle point of
eqn (12) with respect to the elds 4i(r) (where i¼ P, G, LPE, Na+,
Cl�, H+, OH�, and S), wi(r), and F(r). Such a procedure yields:40

wPðrÞ ¼ zð4PðrÞ þ 4GðrÞ þ 4LPEðrÞ þ 4SðrÞ � 1Þ

þ aPln

�
1� aðrÞ
1� ab

�
� aP; (31)

wG(r) ¼ z(4P(r) + 4G(r) + 4LPE(r) + 4S(r) � 1), (32)

wLPE(r) ¼ z(4P(r) + 4G(r) + 4LPE(r) + 4S(r) � 1)

+ zLPEaLPEF(r), (33)

wS(r) ¼ z(4P(r) + 4G(r) + 4LPE(r) + 4S(r) � 1), (34)

� 1

4plBr0
V2FðrÞ ¼

X
i¼ions

zi4iðrÞ

þ zPHþaPaðrÞ4PðrÞ þ zLPEaLPE4LPEðrÞ;
(35)

and

aðrÞ ¼ 1

1þ 10pKb;P�pOHexpð � zOH�FðrÞÞ : (36)

In the above, zi represents the charge valency of the ith

species and

4PðrÞ ¼
hP4P

MðgÞQPG

Xg

i¼0

Ui

ðsiþ1

si

dsqPGðr; sÞq†PGðr; sÞ; (37)

4GðrÞ ¼
hG4G

MGðgÞQPG

Ug

ðsend
sgþ1

dsqPGðr; sÞq†PGðr; sÞ; (38)

4LPEðrÞ ¼ hLPE4LPE;b

ðNLPE

0

ds
X
l

qLPE;lðr; sÞqLPE;lðr;NLPE � sÞ
2l þ 1

;

(39)

4S(r) ¼ 4S,bexp[�wS(r)], (40)

and

4ion(r) ¼ exp[�bgoion]exp[�zionF(r)], (41)

where N ¼ (g + 1)n + NG is contour length from the center of the
dendrimer to the edge of the graed chain, hj ¼ yjr0, with yj

being the volume of a jth molecule, and Ui is the number of
branches in the ith generation.
Soft Matter, 2013, 9, 6955–6969 | 6967
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We solve the Poisson–Boltzmann (PB) equation (eqn (35)) in
order to obtain F(r), and we assume a no ux condition at the
center of the cell:

VF(r ¼ 0) ¼ 0. (42)

At innitely large radial values, gradients inF(r) are expected
to approach zero. However, computational limitations preclude
the use of such large cells, and we instead assume that the
electrostatic potential decays to zero at the edge of our simu-
lation cell. We a used a cell size of 75Rg such that the electro-
static potential could smoothly decay to 0. Random initial
values for the elds were applied, and the eld values were
solved via a Picard iteration scheme.62 We used a convergence
criteria which imposed that the largest absolute value of the
error in the elds from their self-consistent values was less than
or equal to 0.005.
A.5 LPE order parameter

The local orientation of the LPE molecules can be accounted for
through the local order parameter, S(r), which is given by

SðrÞ ¼
�
3cos2 qðrÞ � 1

2

�
: (43)

where q(r) denotes the angles formed between the radial vector
emanating from the dendrimer center and the LPE bond vectors
at position r. In the SCFT framework, this order parameter is
dened as the largest eigen value of the tensorial eld

SðrÞ ¼
Ð
ds

Ð
du qLPE;lðr; u; sÞ 1

2
ð3uu� IÞqLPE;lðr; u;NLPE � sÞÐ

ds
Ð
du qLPE;lðr; u; sÞqLPE;lðr; u;NLPE � sÞ :

(44)

By applying eqn (26) and performing a Legendre polynomial
expansion of qLPE and q†LPE, one may obtain a scalar value of S as
a function of r. We note that S(r) is able to vary from S(r) ¼ 1,
where the LPE chain is completely oriented along the er vector
to S(r) ¼ �1/2, where the LPE chain is completely oriented
tangentially along the eq.
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