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Summary: In this work we present results from fully atomistic molecular dynamics

simulations of aqueous solutions of poly(amido amine) dendrimers and poly-

(methacrylic) acid in the dilute regime and at low ionic strength and physiological pH

conditions, in which the polymeric components are charged. We have studied

stoichiometric (1:1) and non-stoichiometric (1:2) systems, comprised by dendrimers of

two different generations and two different lengths of the linear polyelectrolyte. For

all systems studied, a polymer-rich and a solvent-rich region is formed. The polymer-

rich region consists of aggregated complexes between the polymeric components

bearing similarities to percolated structures met in physical hydrogels. We examine

morphological characteristics of the two components as well as the degree of ionic

pairing between the different ionic moieties, providing information regarding the

degree of physical adsorption of the linear chains on the dendrimer’s surface and that

of the respective counterions on the oppositely charged monomers.
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Introduction

Complex systems based on polymer/colloid
mixtures are among the most versatile
materials for a large number of novel
nanoscale applications.[1] In such systems
comprised by dispersions of hard colloidal
particles stabilized by polymeric compo-
nents, aspects such as the responsiveness to
external stimuli (i.e., by modification of the
polymer conformation, or by rearrange-
ment of local structures) can be crucial
when it comes to the fabrication of “smart
materials”.[2] Especially in applications
where rapid response of the systems in
changes of the microenvironment is re-
quired (e.g., sensors and drug delivery

applications[3,4]), soft particulates rather
than hard colloidal particles appear as a
more appropriate choice for complexation
with linear polymers.[5] Dendritic polymers
bearing nanosize dimensions and combin-
ing multifunctionality with monodisperse
size can play this role, acting effectively as
monomolecular micelles.[6] Their addition-
al degrees of freedom with respect to hard
colloids increases their ability to change
their size, shape and charge under external
stimuli such as pH, ionic strength and
temperature.[7,8]

In recent years there are numerous
examples in which a special category of
cationic dendrimers, namely the poly(amido
amine) (PAMAM) family, have been used
as complexation agents for oppositely
charged polyelectrolytes, such as nucleic
acids,[9–11] proteins,[12] or synthetic poly-
mers[13,14] in a wide range of applications.
Some of the most characteristic examples of
such dendrimer/linear-polymer systems
with a continuously growing industrial and
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biomedical interest are those forming re-
sponsive hydrogels.[15,16] Particularly for
biomedical applications, biocompatibility
and biodegradability of such systems are
also required.[17]

Fulfillment of the aforementioned pre-
requisites is challenging, as it entails the
construction of water soluble dendrimer/
linear-polymer systems with biocompatible/
biodegradable components able to form
stable complexes at physiological condi-
tions while providing a mechanism that
triggers structural rearrangements under
environmental changes when needed (e.g.,
for drug release applications). Under these
perspectives, we hereby study for the first
time dendrimer/linear polyelectrolyte sys-
tems comprised of poly(amidoamine)
(PAMAM) dendrimers and poly(meth-
acrylic acid) (PMA) (see Scheme 1) in an
aqueous environment at physiological pH
(7.4) and low ionic strength by means
of fully atomistic molecular dynamics
(MD) simulations. Under such conditions,
PAMAM dendrimers are peripherally
charged due to the protonation of their
primary amines[18] while PMA is also fully
ionized[19,20] due to the dissociation of the
hydrogens from the carboxylic groups

(Scheme 1). At lower pH conditions tertiary
amines of the PAMAM dendrimers start
to ionize, resulting in a increase of the
molecular size due to Coulombic repul-
sions, while PMA also undergoes an abrupt
conformational transition towards a coiled
form.[19] Therefore, PAMAM/PMA com-
plexes are expected to be sensitive to
changes in pH.

In the present work we have considered
only the physiological pH case at T¼ 300K
and at a low ionic strength of 0.05M. We
have opted in simulating syndiotactic PMA
due to its lower hydrophobicity compared
to its isotactic form[21] (atactic PMA is also
predominantly syndiotactic[22]) and in order
to compare some of our results to previous
simulation works where syndiotactic PMA
was also examined.[21,23,24]

Details of the Systems and
Simulation Protocol

As has been noted in previous experimen-
tal[25,26] and simulation studies[27–29] the
length of the linear polyanion chain can be a
key parameter in controlling complex
formation. To examine possible effects of

Scheme 1.

Structures of the non-ionized states of a 3rd generation diethylamine-core PAMAM dendrimer used in the

present study (left) and the PMA monomer (right).
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this molecular characteristic and to check
the role of the size of the soft-colloidal
particle (here the dendrimer) in the com-
plex formation, we have simulated 4
systems comprised by second generation
(G2) and third generation (G3) PAMAM
dendrimers mixed with two PMA of differ-
ent lengths, as described in Table 1.

In all systems the total number of PMA
monomers matched the total number of the
protonated amine groups of the den-
drimers. The appropriate number of Cl�

and Naþ counterions was added to each
system to ensure overall system neutrality
and mimic the low ionic strength conditions
(I¼ 0.05M) adopted in relevant experi-
ments.[19] A suitable number of water
molecules were also explicitly included to
allow for a hydration layer extending of at
least 10Å from the solutes. To exclude the
possibility of kinetically arrested states
arising from jamming effects,[30] the con-
centration of the more massive components
(i.e. dendrimers) did not exceed 10% of the
corresponding overlap concentration, while
the overall polymer volume fraction was
kept below 0.15. All simulations were
performed with the NAMD simulation
package.[31] Interaction parameters for
the polymer species were adopted from
the AMBER forcefield[32] whereas solvent
molecules were described by the TIP3P
model.[33] Partial charges for the polymeric
compounds were calculated applying the
Gasteiger method,[34] while the TIP3P
charges were assigned to water molecules.
Previous computational studies have dem-
onstrated that combination of the above
parameters adequately describe PAMAM
aqueous solutions,[35,36] while the AMBER
forcefield was shown to provide a fair

representation of aqueous PMA solutions
as well.[37,38]

After the construction of the initial
configurations, the systems were optimized
and brought to the target temperature
of 300K following a simulation protocol
similar to that described in ref.[39]. In the
next step, additional MD equilibration in
isothermal/isobaric (NPT) ensemble was
performed (T¼ 300K, P¼ 1 bar). To
verify system equilibration, several thermo-
dynamic (i.e., different energetic contribu-
tions) and conformational properties
(radius of gyration of the polymeric
species, radial density distribution of water
molecules and counterions with respect to
the dendrimer center of mass) were moni-
tored. Production runs were then carried
out for at least 30 ns for all systems with
1fs integration steps using the velocity
Verlet algorithm under periodic boundary
conditions.

Complex Formation and
Conformational Features of the
Components

Previous experimental[40,41] and computa-
tional studies[42] of the complexation of
multi-dendrimer systems with oppositely
charged linear polyelectrolytes in the pres-
ence of solvent molecules and counterions
have shown that at low electrostatic screen-
ing conditions linear polyelectrolytes are
preferentially physically adsorbed onto
the dendrimers’ surface. This behavior is
mainly driven by the entropic gain due
to the release of counterions that do not
remain “bound” to the charged polymer
moieties.[43–48]

Table 1.
description of the simulated systems.

System
notation

No. of PAMAM
molecules/charge
per dendrimer

No. of PMA
molecules/charge

per chain

No. of monomers
in PMA chains

No. of water
molecules

G2_PMA16 10/þ16 10/�16 16 18217
G2_PMA32 10/þ32 5/�32 32 19569
G3_PMA32 10/þ32 10/�32 32 49014
G3_PMA64 10/þ32 5/�64 64 132558
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Depending on the characteristic proper-
ties of the linear and multi-branched
polymeric components (size, charge densi-
ty, flexibility[26,49]) and on parameters such
as ionic strength of the solution,[26,50]

concentration of the solutes[51] and strength
of the electrostatic[42] and hydrophobic[52]

interactions, such systemsmay exhibit a rich
phase Diagram.[53]. In our case, it appears
that under conditions of low ionic strength,
relatively low concentrations (i.e., below
the semi-dilute regime), and at molar ratios
(dendrimer/linear polyanion) 1:1 and 2:1
the equilibrium state corresponds to the
formation of a solvent-rich and a polymer-
rich phase, as depicted in Figure 1.

In all systems the PMA chains appear to
be physically adsorbed on the dendrimers’

surface resulting in the formation of
interconnected aggregates which resemble
gel-like percolated structures.[54]

To quantify the effects of complexation
on the morphological characteristics of the
two polymeric components we examined
some pertinent structural/conformational
properties of the two molecular entities
and compared them (where possible) to
previous studies referring to their uncom-
plexed states under similar conditions.
Focusing on the PMA behavior, Figure 2
compares our values of the radius of
gyration Rg and the end-to-end vector
Ree to those estimated in past computa-
tional efforts where oligomeric poly(acrylic
acid) (PAA) and PMAmodels were studied
under conditions similar to those employed

Figure 1.

Snapshots of the simulated systems. G2_PMA16 (upper left), G2_PMA32 (upper right), G3PMA_32 (lower left),

G3PMA_64 (lower right). PMA chains are shown in black, Cl- and Naþ counterions as light and dark spheres

respectively. Water molecules are omitted for clarity. Note that the G3 models are shown in smaller scale.
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here. In ref.[24] the authors studied a 20
monomer PMA and PAA chain using two
different forcefields and at different degrees
of ionization. They found that, in the fully
ionized state, the Rg values of the two
polymers were practically identical, irre-
spectively of the forcefield used. Based on
this finding we have included in the left
panel of Figure 2 also the values of the
radius of gyration for PAA oligomers at
fully ionized state.[23]

Apparently, all points follow the same
power law. Similarly, for the end-to-end
distance in Figure 2 (right panel) we also
included the values for the PMA 20mer
predicted from simulations performed with
two different sets of interaction param-
eters.[24] As in the case of Rg, the end-to-
end distances of the PMA models in ref.[24]

appear to be compatible with the power law
behavior defined by the values obtained in
our simulations. In other words, complexa-
tion of the PMA chains with the PAMAM
dendrimers does not appear to induce any
appreciable change in the average size of
the linear polyelectrolytes, at least for the
chain length values considered here. For
the dendritic components the estimated
average radii of gyration values are
10.84� 0.07 Å and 10.87� 0.07 Å in the
G2_PMA16 and the G2_PMA32 models
respectively, while G3 dendrimers assumes
Rg values of 16.00� 0.06 Å in the

G3_PMA32 and 15.95� 0.13 Å in the
G3_PMA64 model. These values are in
close agreement with measurements
obtained by small angle neutron and x-
ray scattering experiments on peripherally
charged PAMAM dendrimers of analogous
sizes.[55] Namely, at a degree of ionization
at which the number of protonated amines
equals that of the dendrimer primary
amines, the radius of gyration for the G3
dendrimer amounts to Rg(G3) ffi 16.7Å
while the corresponding value for G2
extrapolated from the molecular-weight
dependence of Rg found in this study is
Rg(G2) ffi 11.0 Å. For both dendrimer sizes
the experimental values are in close
agreement with those calculated from our
simulations. Therefore, the apparent di-
mensional invariance upon complexation
for the charged PMA chains discussed
above applies to the dendritic molecules
in the complexes as well.

However, this invariance of the average
molecular dimensions does not necessarily
imply that other morphological character-
istics (such as shape) remain unchanged
upon complexation.[55] Such changes are
actually expected for the linear polyelec-
trolytes.[29,56,57] Although analogous de-
tailed information is not available for the
dendritic components yet, recent stud-
ies[41,42,51] have demonstrated that upon
complexation with oppositely charged
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Figure 2.

(Left) Average radius of gyration (Rg) as a function of the number (N) of PMA and PAA monomers (see text) from

current work, ref.[23] and ref.[24]. (Right) End-to-end distance (Ree) as a function of the number of PMAmonomers

from present work and ref.[24]. Arrows indicate values obtained by two different forcefields in ref.[24]. The lines

are guides to the eye.
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linear chains, film-like flattened structures
can be formed, implying that changes in
dendrimer shape can also be anticipated.
To check whether this is the case for the
present PAMAM/PMA complexes, we
have calculated the asphericity parameter
d for our G2 and G3 dendrimers. d is a
parameter currently adopted to quantify
the deviation from the spherical shape of
molecular objects;[58] according to its defi-
nition, a linear array of atoms is character-
ized by d¼ 1, a planar one has d¼ 0.25,
while molecular shapes characterized by
high three-dimensional similarity have d

¼ 0. Figure 3 shows the variation of d for the
dendritic components along the entire MD
trajectories. We see that no noticeable
differences can be observed between the
G2_PMA16 and G2_PMA32 systems. The
average asphericity value of d ffi 0.19 is
appreciably higher compared to that calcu-
lated for their non-protonated analogues[59]

(i.e. d¼ 0.13), whilst no literature data are
available for charged PAMAM dendrimers
of the 2nd generation.

On the other hand, G3 assumes a
distinctly different behavior in the two
complexes. For the G3_PMA32 model,
the asphericity parameter is significantly
lower compared to that of the G2 systems.
The asphericity of dendrimers is known to

decrease as the generation grows,[59] but the
observed value is much larger compared to
those previously calculated for neutral[59]

(i.e., d¼ 0.04) and peripherally charged
PAMAM dendrimers[14] (i.e., d¼ 0.02) in
aqueous solutions, respectively. For the
G3_PMA64 the average asphericity param-
eter amounts to d ffi 0.23, a value even
higher than that describing the G2 systems.
Therefore, for all models complexation
appears to increase the asymmetry in the
dendrimer shape, while the difference in the
length of the linear component seems to
drastically affect the morphological charac-
teristics of the dendrimer as the dendrimer
generation grows.

Ionic Pairing between Oppositely
Charged Moieties

As quoted in past studies,[44,60] a key factor
which promotes complexation in systems
such as those considered here is an overall
entropic gain due to the release of counter-
ions upon binding, which outmatches the
entropic loss from the physical adsorption
of the linear chains on the dendrimers’
surface. Therefore, the behavior of the two
kinds of counterions plays a decisive role in
the equilibrium thermodynamic state of
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Figure 3.

Asphericity parameter d for the dendrimer molecules in the examined systems.
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such systems. To elaborate more on the
counterions’ behavior we have calculated
the degree of ionic pairing between oppo-
sitely charged ionic moieties (i.e., charged
monomers and counterions). Namely, we
examined pairs formed by the hydrogens of
the dendrimers’ protonated amines and the
Cl� counterions, by the negatively charged
oxygen of the COO- group of PMA and
the Naþ counterions, and by the aforemen-
tioned charged atoms of the dendrimers
and PMA. Two ionic moieties are consid-
ered as an ionic pair if their distance is
shorter than the first minimum of the
corresponding pair correlation function.[43]

The degree of pairing is calculated by the
ratio of the number of the detected pairs
over the number of the relevant charged
monomers. Figure 4 shows the degree of
ionic paring between oppositely charged
moieties in the examined systems.

The picture emerging from Figure 4 as
far as the electrostatic pairing is concerned,
is particularly informative. In all systems a
very low degree of ionic paring is observed
between the dendritic protonated amines
and the respective counterions, implying
that the dendrimers’ counterions are much
less spatially restricted compared to their
positively charged counterparts. In the G2
models, the degree of ionic pairing between
the oppositely charged polymeric mono-
mers is higher compared to that between
PMA and its counterions, while in the G3
systems this relation is reversed. This notion
suggests that an increase in the dendrimer’s

surface charge density (G3 dendrimer
possesses a higher surface charge density
than G2) reflects in a decrease in den-
drimer/PMA contacts. Regarding the role
of the PMA length, the two dendrimer
generations exhibit a somewhat different
behavior. In the G2-based complexes the
degree of ionic pairing is higher in the short
length PMA systems, while in the case of
G3 there is a preferential ionic pairing
between the longer PMA chains with their
counterions.

Conclusion

In this work we have performed an in silico
study of complexation of PAMAM/PMA
systems (1:1 and 1:2 molar ratios) in dilute
aqueous solutions at physiological pH
and at low ionic strength. According to
our simulations, under these conditions,
a polymer-rich and a solvent-rich phase
are predicted. In the polymer-rich region
aggregates of dendrimer/linear complexes
are formed, resembling percolating struc-
tures commonly met in physical nanogels.
The average dimensions of the polymeric
components are not affected appreciably by
complexation, but the dendrtitic molecules
assume much more asymmetric shapes
compared to those in the corresponding
uncomplexed systems.

The polyanion linear chains are prefer-
entially adsorbed onto the dendrimers’
surface, whereas the degree of ionic pairing
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Degree of electrostatic pairing between oppositely charged moieties (monomers or counterions).
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between dendrimers’ protonated amines
and the negative counterions is very low.
Depending on the size of the dendrimer and
the PMA chains, different characteristics of
the electrostatic pairing are observed.
Taking into account that the intensity and
the nature of electrostatic interactions
between the various components contribute
significantly to the final equilibrium mor-
phologies of such systems, the differences
observed between the studied models can
be particularly useful in the design of
responsive hydrogels formed by PAMAM
and PMA mixtures.
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