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Abstract. Polyampholytes are polymers that have positive and negative monomers along their chain. The
adsorption of polyampholytes on charged surfaces has been the subject of a large number of theoretical,
computational and experimental studies due to its importance in a variety of bio and nanothechnological
systems. However, computational studies focusing on interaction between polyampholytes and cylindrical
charged surfaces are rather scarce. This study, therefore, aims to investigate the conformational properties
of block-polyampholytes in the presence of a negatively charged cylinder by means of Metropolis Monte
Carlo simulations. Adopting a simplified model in which the electrolyte solution is treated at the Debye-
Hiickel level, the effects of the ionic strength, the linear charge density of the cylinder and the block length
on monomers distributions have been investigated. It was found that increasing the salt concentration pro-
motes a transition from a conformation characterized by large loops to a necklace-like conformation parallel
to the surface. It was also shown that, at low cylinder charge density, the increase in salt concentration

and the length of the blocks lead to a change in the orientation of the adsorbed chain.

1 Introduction

The interaction between polyelectrolytes and charged sur-
faces is a subject which has attracted great attention in
the last decades [1-6]. It is a central problem in statis-
tical physics of macromolecules as well as a good model
to study the interaction of polyelectrolytes with macro-
molecules like proteins and micelles [7-11]. Furthermore,
such interest is also due to its wide applicability. One
can highlight, for instance, the layer-by-layer deposition
for encapsulation of drugs or biomolecules for purposes
of drug delivery [12-18] and non-viral gene therapy [19—
22]. Particularly interesting are polyampholytes, which are
polyelectrolytes that present both negative and positive
charges [23]. In this kind of macromolecule, the charges
can be distributed randomly along its chain or they can
be grouped in blocks whose size is determined to yield de-
sired properties [24]. The interaction between charged sur-
faces and block-polyampholytes can lead to conformations
in which the blocks oppositely charged to the surface are
adsorbed, and the other ones are stretched from the sur-
face, which can promote colloidal stabilization [25-27]. In
the case of DNA-polyampholytes interaction, this charged
layer formed by negative monomers can avoid undesired
interactions of DNA with proteins [28].

There are a number of theoretical studies addressing
the conditions in which the polyelectrolytes-surface inter-
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action is strong enough to get adsorption as well as the
conformational states of the adsorbed chain [10,29-42].
In particular, the adsorption of a single random polyam-
pholyte chain on a flat charged surface was addressed the-
oretically by Dobrynin and co-authors [43]. In this work,
it was shown that adsorption can occur even when the
polymer has a net charge with the same sign as that of
the surface, in agreement with experiments [44]. Three ad-
sorption regimes were identified with the increase of the
surface charge density, o. In the absence of salt and low
o, the polymer adopts an elongated conformation in the
perpendicular direction to the surface, with size smaller
than the Gouy-Chapman length A (pole regime). The in-
crease of o leads to the formation of multiples loops with
size about A (fence regime). In the pancake regime, A is
smaller than the distance between two charged monomers
and such a distance is responsible for the thickness of the
adsorbed layer. With the addition of salt, the range of
the surface electrostatic potential is defined by the De-
bye length, ', which goes on to determine not only the
boundary for the pole regime, but also the thickness of
the adsorbed layer in the fence regime when x~! < \. For
high enough salt concentration, the chain is bound to the
surface in a weak adsorption regime in which the polymer
does not undergo deformation.

Netz and Joanny have studied the interaction of ran-
dom polyampholyte chains with planar, cylindrical and
spherical charged surfaces [45]. They have gotten the
same three regimes observed for plane geometry. The
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characteristic length that defines the boundary between
these regimes, at low ionic strength, is not given by A,
but by the radius R and R/ for adsorption on spher-
ical and cylindrical surfaces, respectively, where ¢ is
the charge parameter defined by the Manning counte-
rion condensation theory [46]. The effects of repulsive
non-electrostatic monomer-monomer interaction were ad-
dressed by Zhulina, Dobrynin and Rubinstein [47-50]. For
spheres smaller than the unperturbed polymer size, they
have found that the dominance of these short-range inter-
actions leads to a pseudo-brush conformation with thick-
ness smaller than R. With the further decrease of the
radius, the chain adopts a pseudo-star conformation in
which the thickness is larger than the radius [47].

Computational simulation studies have been presented
with several purposes. Khan and co-authors have investi-
gated the adsorption of flexible polyampholytes between
two charged planar surfaces by means of Metropolis Monte
Carlo simulations [51]. The general qualitative behavior
obtained from analytical theories was reproduced, but the
pancake regime was not recovered. The specific case of
block-polyampholytes was addressed by Messina, where he
has assessed the effects of block length and surface charge
density on the monomer distribution [52]. The adsorp-
tion of polyampholytes on a spherical nanoparticle was
addressed by Feng and Ruckenstein, who showed that the
conformation of the adsorbed polyampholyte chain is de-
pendent on the charge density and particle size [53]. They
have found, as in this study, that the strong repulsion be-
tween the particle and like-charged monomers leads to an
increase of thickness of the adsorbed layer with the in-
crease in o, in disagreement with theory [43]. Also consid-
ering spherical geometry, Stoll and co-authors have stud-
ied the influence of various parameters, such as pH, ionic
strength, number and size of the blocks and surface charge
density on adsorption of weak polyampholyte chains [54,
55]. Using Brownian dynamics, Chen and Ruckenstein
have investigated changes in the structure of complexes
composed of a hydrophobic nanoparticle and a multiblock
copolymer molecule [56].

Despite these efforts, results from computational sim-
ulations focusing on the interaction between cylindrical
surfaces and block-polyampholytes were not reported. In
order to fill this gap and extend previous predictions for
random copolymers, the purpose of the present study
is to investigate the adsorption of block-polyampholytes
onto a charged cylinder by means of Metropolis Monte
Carlo simulations. The effects of salt concentration, cylin-
der charge density and block length were investigated for
the adsorbed polymer. We observe that the increase of
salt concentration leads from a conformation characterized
by large loops to a necklace-like conformation. This last
conformation is parallel to the surface for highly charged
cylinders and becomes normal to the surface for decreas-
ing charge density.

2 Model and simulations

We model the system by one infinite rigid cylinder and one
polyampholyte chain, both confined within an electrically
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neutral cylindrical cell [57,58]. The inner cylinder was kept
fixed at the center with its axis coinciding with that of the
cell. The cell radius was chosen to be large enough not to
affect the polymer conformation. The inner cylinder has
radius R = 10A and a linear charge density on its axis
given by A = ne/lp, where e is the elementary charge,
and lp is the Bjerrum length. The parameter n ranges
from 2 to 6.

The polyampholyte chain was represented by a neu-
tral chain of 104 hard spheres (monomers) with radius
a = 2A and central charge Q1 = +e. The monomers are
connected by a harmonic potential Uy, (r) = 0.5kr?, where
r is the distance between the centers of two consecutive
monomers, and k = 0.032 N/m. This set of parameters re-
sults in an average monomer-monomer distance of about
7.8 A. Three types of chains composed of positive and neg-
ative blocks distributed sequentially were considered: di-
block with 52 monomers each block, tetrablock with 26
monomers each block and octoblock with 13 monomers
each block. Some results for alternating polyampholytes
will be also presented [59].

The electrolyte solution was treated according to the
Debye-Hiickel theory, where the interaction between all
pairs of charged monomers is simply given by the screening
Coulomb potential with a hard-core restriction:

0, r < 2a,

QiQ; exp(—kr)

dmegesr

Umm (1) = (1)

, otherwise,

where r is the distance between the centers of ith and jth
monomers. The solvent dielectric constant is ¢, = 78.7,
taken as that of the water at temperature T = 298.15 K,
€o is the vacuum dielectric permittivity and x~' is the
Debye screening length defined as a function of bulk salt
concentration:
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where kp is the Boltzmann constant, z; is the valency of
the ion 7, and n;g is the bulk number density of the i-th
ionic species. The interaction monomer-cylinder is given
by the solution of the cylindrical linear Poisson-Boltzmann
equation:

r<R+a,

K (3)
o(s7) otherwise,

o0,

QiA
2mepes kR, Kl(ﬁ?Rm,) '

Une(r) =

where 7 is the distance between the center of i-th monomer
and the cylinder axis. Ko(x) and K;(z) are the modified
Bessel functions of the second kind [60].

In order to sample the polymer configurations, we have
performed Metropolis Monte Carlo simulations, in NVT
ensemble, using three movements: 1) the translational dis-
placement of a single monomer randomly chosen, 2) the
translational displacement of the whole chain and 3) the
pivot rotation [61]. In each Monte Carlo step, one of these
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Fig. 1. (A) Mean binding energy, (Eg), as a function of kR
for diblock (circles), tetrablock (squares) and octoblock (tri-
angles). (B) Trajectory of the binding energy, Eg, for diblock
structure in kKR = 2.67 (that is equivalent to a salt concentra-
tion equal to 660 mM). In both plots, the cylinder linear charge
density is n = 6. The inset in plot (A) shows the dependence
of k™R on the number of monomers per block.

movements is randomly chosen, with probability equal to
0.9 for the first movement and 0.05 for the other ones.
The equilibration process was carried out with 106 Monte
Carlo steps, and the average properties were calculated
using 5 x 108 statistically uncorrelated configurations.

3 Results and discussion

In order to study the conformational properties of the
adsorbed polyampholyte chain, it is necessary to check
in which ionic strength conditions the adsorption is sta-
ble. Figure 1(A) shows the mean binding energy, (Ep),
as a function of kKR for the cylinder linear charge den-
sity n = 6. This high charge density is close to that of
mica and polystyrene latex particles [62,63]. The behav-
ior we found is similar to that observed for charged ho-
mopolymers [58,64,65]. In low ionic strength, the chain
is adsorbed onto the cylinder and (Ep) grows with in-
creasing x due to the electrostatic screening. By adding
salt, it is possible to identify a x* value such that, for
k > k¥, there is a more pronounced increasing of (Ep).
This change in the trend growth of (Ep) is caused by the
onset of coexistence of adsorbed (binding energy Ep < 0)
and desorbed (Ep =~ 0) states, as can be seen in fig. 1(B).
We also note that polyampholytes with distinct charge
distribution remain adsorbed at different ranges of ionic
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R (A)

Fig. 2. Mean radius of gyration normal to the surface, (RZ’),
as a function of kR for diblock (circles), tetrablock (squares)
and octoblock (triangles). The cylinder linear charge density is
n = 6.

strength. The mean binding energy decreases for polymers
with larger blocks, and then the x* increases. This can be
seen from the inset of fig. 1(A), which also depicts the re-
sults for the extreme case of alternating polyampholytes.
In this regime of small block length, the ionic strength that
leads to desorption decreases substantially with decreasing
block length. The adsorption is stable only for high cylin-
der charge density and low salt concentration. Therefore,
we investigate the effects of salt concentration and cylin-
der linear charge density on conformational properties of
the polyampholyte under conditions in which k < k* for
diblock, tetrablock and octoblock structures.

The transitions between the adsorbed and desorbed
states also affect the component of radius of gyration nor-
mal to the surface, (R7’). This effect can be observed in
fig. 2 for the same parameters used in fig. 1(A). At low
ionic strength, this component of the radius of gyration
increases for polymers with larger blocks. In the case of di-
block, the negative monomers form a large tail toward the
solution (see also fig. 3(E)) due to the monomer-cylinder
repulsion and the electrostatic rigidity of the chain, which
contributes predominantly to the high value of (R{’).
Tetrablock and octoblock exhibit a successive decreasing
of (RZ’) at this regime of low salinity due to the smaller
size of the negative blocks, which form smaller loops and
tails. Therefore, for k < k*, the normal radius of gyra-
tion is predominantly determined by negative monomers
and their distribution along the chain. When the salt con-
centration reaches a value in which Kk = k*, the transi-
tions between the adsorbed and desorbed states lead to an
abrupt decreasing of the radius of gyration for the diblock,
a slightly decreasing for the tetrablock, and an increasing
for the octoblock. It is also observed an inversion of the
dependence of the normal radius of gyration on the block
size. For salinity conditions where the polymer is free in
solution, the normal radius of gyration decreases for poly-
mers with larger blocks, in agreement with results from
simulations presented in ref. [52].

The distribution of monomers around the cylinder can
be evaluated from fig. 3. The average number of positive
monomers, ny(r), as a function of r/(R + a), where r
is the radial distance from the cylinder axis, is shown
in figs. 3(A)—(D) for the cylinder charge density n = 6



Eur. Phys. J. E (2017) 40: 33

Page 4 of 8
(B) |
7 7
0 ; o . n e
10 14 18 22 26 3.0 10 12 14 16 18 2.0
r/(R+a) r/(R+a)
1.6 2.0 T
(F) |
-‘. ) . ".'- R
7 13 19 25 31 1 7 13 19 25 31
r/(R+a) r/(R+a)

(D) |

26

18

12 14 16 2.0 1.0 18 22 3.0
r/(R+a) r/(R+a)
2.5 .
20f: @) ]
81.55
£ 1.0f, %\
o5l
7 %31 00 11 13

13 19 5 7 9
r/(R+a) r/(R+a)

Fig. 3. Average number of positive, n4(r), and negative, n_(r), monomers as a function of r/(R + a) for salt concentrations
of 1mM (plots (A) and (E)), 50mM (plots (B) and (F)), 150 mM (plots (C) and (G)), and for k = x* (plots (D) and (H)). The
cylinder linear charge density is n = 6 and the block structures are diblock (solid line), tetrablock (broken line) and octoblock
(dotted line). The black spheres in plot (A) show the average number of positive monomers for the alternating polyampholyte.
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Fig. 4. Snapshots of equilibrium configurations of the tetrablock for four different salt concentrations: (A) 1 mM; (B) 50 mM,
(C) 150mM and; (D) k = &* (540 mM). The cylinder linear charge density is n = 6. The negative and positive monomers are

represented by dark and light spheres, respectively.

and three different salt concentrations (1, 50 and 150 mM)
as well as at the desorption threshold (k = k*). In gen-
eral, the increase in ionic strength causes the decrease of
n4(r) in contact with the surface due to the screening of
the electrostatic attractive interaction between the posi-
tive monomers and the cylinder. This interaction attenu-
ation makes it no longer possible to overcome the entropic
penalty to keep monomers in contact with the cylinder, re-
sulting in the increase of positive loops, which contribute
to the slight enlargement in the profile of distribution of
positive monomers. These effects can also be observed in
the snapshots in figs. 4(A)—(D) for the tetrablock. Fig-
ure 3(A) also depicts results for the alternating polyam-
pholyte, for a salt concentration equal to 1 mM. In this
case, the negative monomer distribution profile is simi-
lar to the positive one. We can see that the number of
monomers in contact with the cylinder decreases about 4
times, which results in the increase of the thickness of the
distribution profile.

The average number of negative monomers, n_(r), lo-
cated in the neighborhood of the cylinder is shown in
figs. 3(E)—(H). The increase in the electrostatic screening

allows negative monomers to come closer to the cylindrical
surface. This behavior is due to the reduction of the elec-
trostatic repulsion between the cylinder and the negative
monomers as well as to the monomer-monomer interaction
inside the same block, which is responsible for forming
stretched tails or large loops at low ionic strength. At low
salt concentration (1mM), the tetrablock and the octo-
block present two regions with one peak on the monomer
distribution profile. The region located at closer distances
from the cylinder surface refers to large loops, whereas
the other one is related to negative monomers in tails (see
the snapshot in fig. 4(A)). Increasing the ionic strength,
loops and tails assume similar lengths due to the decrease
of the electrostatic persistence length and these two re-
gions are no longer observed. At salt concentrations close
to the adsorption threshold, negative and positive charged
monomers, which are close to the block junction, interact
more strongly with each other than with the cylinder. Due
to this effect, the polymer adopts a necklace-like confor-
mation (see the snapshot in fig. 4(D)).

The effects of the cylinder charge density, n, can be
evaluated in fig. 5, where the average number of monomers
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Fig. 5. Average number of positive, ny(r), and negative, n—(r), monomers, as a function of /(R + a) for salt concentration of
1mM and three different charge densities of the cylinder: (A) and (D) n = 2; (B) and (E) n = 3; and (C) and (F) n = 4. The
block structures are diblock (solid line), tetrablock (broken line) and octoblock (dotted line).
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Fig. 6. Snapshots of equilibrium configurations in salt concentration of 1 mM and cylinder linear charge density n = 2 for
three block structures of the polyampholyte: (A) diblock; (B) tetrablock; and (C) octoblock. In all figures, the negative and the
positive monomers are represented by dark and light spheres, respectively.

as a function of r/(R+ a), for n = 2, 3 and 4 at low ionic
strength (1mM), is shown. As already observed for re-
ducing salt concentration, the increase of n promotes the
growth of the average number of positive monomers in
contact with the cylinder surface (monomers in trains)
and a slight decrease in the thickness of ny(r) (see
figs. 5(A)—(C)). The reduction of the charge density leads
to the increasing variation of n(r) as a function of the
number of blocks of the polyampholyte. For n = 2, the
average number of positive monomers in trains increases
in proportion to the size of the blocks. This can be un-
derstood from the snapshots in fig. 6, where it is shown
that only a portion of the first positive block is kept in
contact with the surface. Therefore, polyampholytes with

larger blocks have more monomers in trains. Unlike what
happens for n > 2, a fraction of positive monomers is lo-
cated beyond the first layer, close to the cylinder (see the
inset in fig. 5(A)). As will be discussed below, this occurs
because the chain assumes a necklace-like conformation
normal to the surface.

Regarding the negative monomers, figs. 5(E) and (F)
present, respectively, the results to n = 3 and n = 4
and they exhibit practically the same distribution pro-
files observed in fig. 3(E). For tetrablock and octoblock
polyampholytes, the first peak is related to the negative
monomers in loops, whereas the second one corresponds
to the monomers in tail. The increase of the charge density
causes a shift of the peaks to larger radial distances due to
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Fig. 7. Ratio between the normal and the lateral component of the radius of gyration, (R7’)/(R%), as a function of x/k* for
three distinct charge densities of the cylinder: (A) n = 6; (B) n = 4; and (C) n = 2. The block structures are diblock (circles),
tetrablock (squares) and octoblock (triangles). In all graphs, the vertical dotted line marks the desorption threshold (k = k™).
The snapshots correspond to the diblock in salt concentrations indicated by the arrows, where dark and light spheres represent,

respectively, the negative and the positive monomers.

the stronger electrostatic repulsion between the cylinder
and the negative monomers. For n = 3, the first peak is lo-
cated at  ~ 41 A and 93 A for the octoblock and the tetra-
block, respectively, whereas for n = 4, we have r ~ 58 A
and 105 A. Considering the diblock, we can observe that
the negative monomers form a stretched tail toward the
solution. For n = 2, the first peak is located very close to
the surface for all block structures due to the attractive
interaction between positive and negative monomers close
to the block junction (see snapshots in fig. 6).

The orientation of the chain regarding the cylinder axis
can be evaluated by the ratio between the normal, (R¢’),
and the lateral, (R% ), components of the radius of gyra-
tion. Figures 7(A)—(C) show r = (R{/) /(R ) as a function
of k/k* for cylinder charge densities n = 2, n = 4 and
n = 6. At high salt concentrations (k > k*), the polyam-
pholyte chain is desorbed and, then, r = 2 showing that
no direction is preferred. For n = 4 and n = 6, the chain
is adsorbed predominantly parallel to the surface and
then r < 2, except for the diblock at low ionic strength.
In this case, r &= 2 due to the large tail which induces the
chain to adopt an L-shape. Increasing x initially leads to a

decrease of r because the negative blocks become closer
to the surface. It is then followed by a slight increase of r
caused by the decrease in the lateral size of the chain. Even
close to the desorption threshold (see the vertical dotted
line, at kK = k*, in fig. 7), the polymer assumes a confor-
mation predominantly parallel to the surface. Decreasing
the cylinder charge density to n = 2, the behavior of r is
quite distinct and indicates that the polymer is adsorbed
predominantly normal to the surface. For the diblock, the
increase in salt concentration promotes an abrupt varia-
tion of  at k/k* ~ 0.4. This variation is associated with a
conformational transition from an L-shape to a conforma-
tion in which the two blocks interact strongly. A smoother
transition is also observed for the tetrablock at the same
ionic strength regime. In these conditions, the conforma-
tion at low ionic strength is like a necklace normal to the
surface. Increasing the salt concentration leads to a glob-
ular conformation. Unlike what happens for n = 4 and 6,
when k/k* approaches to unity, no abrupt variations of r
are observed, indicating that the adsorbed polyampholyte
at the desorption threshold assumes a globular conforma-
tion similar to that one when free in solution.
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4 Concluding remarks

The electrostatic interaction between a negatively charged
cylinder and block-polyampholytes was studied by means
of Metropolis Monte Carlo simulations. The range of the
charge density of the chosen cylinder (n ranging from 2
to 6) enabled us to study the effects on the adsorbed
chain, with different block sizes, in a properly large range
of salt concentration. For the lower charge density con-
sidered (n = 2), the polyampholyte assumes, at low salt
concentration, a necklace-like conformation normal to the
surface. In this case, the length of the adsorbed chain in-
creases with the increase of the block size. Increasing n in
this same low ionic strength regime, the conformation of
the chain changes and it is now characterized by a large
tail and large loops negatively charged and by the positive
monomers within a region of size smaller than R/n, as in
the pancake regime. In this last case, the thickness of the
adsorbed layer is determined by the size of the loops and
so it increases with the size of the blocks. Increasing the
salt concentration, the thickness decreases because of the
shrinkage of the loops and, then, the pancake-like shape
changes to a necklace-like conformation parallel to the
surface of the cylinder due to the interaction among the
oppositely charged monomers that are close to the block
junction. In spite of this conformation being characteris-
tic of charged polyampholytes in solution, it is assumed
by neutral polyampholytes on the surface. This occurs in
order to balance the monomer-monomer interaction inside
the chain, without which there would be a globular con-
formation and, consequently, a decrease of the contact of
positive monomers with the cylinder.

According to the theoretical approach described by
Netz and Joanny [45] for random polyampholytes, the ad-
sorption on cylindrical surfaces can be mapped from the
planar case, replacing the Gouy-Chapmann length, A, by
R/n, where R is the cylinder radius. The adsorption di-
agram for the planar case presented in fig. 6 of ref. [43]
predicts that the increase in salt concentration leads to
a weak adsorption regime, independently of the cylinder
charge density. This behavior has been observed only for
low cylinder charge density (n = 2). For higher values of n,
the polyampholyte undergoes a conformational transition
from an adsorbed necklace-like conformation to a globular
one.
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