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1 Introduction

Monte Carlo simulation of the ionization and
uptake behavior of cationic oligomers into
pH-responsive polyelectrolyte microgels of
opposite charge — a model for oligopeptide
uptake and releasef

Christian Strauch {2 and Stefanie Schneider (2 *

External stimuli can tune the uptake and release of guest molecules in microgels. Especially their pH
responsiveness makes microgels exciting candidates for drug delivery systems. When both microgel and
guest molecules are pH-responsive, predicting the electrostatically driven uptake can be complex since
the ionization depends on many parameters. In this work, we performed Metropolis Monte Carlo
simulations while systematically varying the pK of the monomers, the concentrations of microgel and
guest molecules to obtain a better understanding of the uptake of weak cationic oligomers as a model
for oligopeptides into a weak anionic polyelectrolyte microgel. Further, we varied the chain length of the
oligomers. The polyelectrolyte networks can take up oligomers when both the network and the
oligomers are charged. The presence of both species in the system leads to a mutual enhancement of
their ionization. The uptake induces a release of counterions and results in complex formation between
the oligomers and the network, leading to the collapse of the networks. Longer oligomers enhance the
ionization of the network and, therefore, the complexation. A higher microgel concentration increases
the uptake only around the isoelectric point but prevents the uptake due to lower entropy gain at
counterion release at higher pH. The results give an insight into the uptake of cationic oligomers into
oppositely charged polyelectrolyte microgels and provide hints for the design of anionic microgels as
carriers for guest molecules e.g. antimicrobial peptides.

interactions, in pH-sensitive systems, electrostatic interactions
play the dominant role.'® With changing the pH, the charge

Microgels, three dimensionally crosslinked polymers swollen
by a solvent and in colloidal size range, can change their
volume drastically by external stimuli like temperature,™?
pH>* or salt concentration.>® This swelling behavior makes
them suitable candidates in catalysis’ or water purification®
and as biosensors™® or drug delivery systems."** For example,
pH-responsive anionic microgels could carry guest molecules like
cationic antimicrobial peptides in a protected environment, pre-
venting toxic effects. Some of these peptides can effectively
combat antibiotic-resistant bacteria.

In general, electrostatic and hydrophobic attraction can
promote the uptake.'® While in temperature-sensitive systems,
the swelling/deswelling is caused by a change in hydrophobic
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state of acidic or basic monomer units changes, leading to a
change in the electrostatic interactions within the microgel."”
Repulsive electrostatic interactions between monomer units
with charges of equal sign, together with entropic effects
of confined counterions, force a swelling of a network'®'®
whereas attractive interactions between oppositely charged
monomers cause a collapse of the microgels.”>*!

Changing the electrostatic interactions within microgel can
also be used for the uptake and release of guest molecules like
peptides,*® nanoparticles, and surfactants.”*>® Many para-
meters influence the electrostatic interactions. To effectively
transport drugs, the microgel and guest molecules must have
strong electrostatic attractive interactions across various con-
ditions yet be weak at the targeted release location.

With increasing charge density of microgel or guest mole-
cules, more guest molecules are taken up.”’*® The uptake of
guest molecules can even lead to an overcompensation of the
network charge, leading to a microgel-guest complex with a net
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charge opposite to the charge of the polymer network.>**°
Adding salt influences the uptake behavior when electrostatic
interactions are the dominant factor.>”*! Salt is screening the
electrostatic interactions between opposite charges of microgel
and guest molecules, and the uptake is weaker.>** The high
salt concentration in the human body has to be taken into
account when it comes to using these systems for drug delivery.

It has been shown that microgels deswell when they take up
guest molecules.*® The deswelling is caused both by an increased
attractive electrostatic interaction in the presence of multivalent
guest molecules® and by a decrease of osmotic pressure inside
the microgel caused by the entropically driven release of counter-
ions from the microgel.***” Furthermore, guest molecules with
multivalent charges can act as additional crosslinkers between
two chains.

The distribution of guest molecules in the microgels is an
essential parameter for their release kinetics. Guest molecules
located in the periphery can be released faster from the micro-
gel than molecules located in the core. Gelissen et al. showed
that the poly(styrene sulfonate) distribution in a polyampholyte
core-shell microgel depends on the chain length of the poly-
electrolyte.”® They observed smaller penetration depths in the
microgels for longer polyelectrolyte chains, resulting in differ-
ent internal structures of microgel-polyelectrolyte complexes.
Further, they assumed that these different internal structures
were the reason for different release efficiencies.

The ionization behavior of monomer units in the microgel
and the guest molecules is mutually influenced in systems in
which both have titratable units.>® The ionization and uptake of
the guest molecules depend on the pH, the pK-values of the
titratable units, and the salt concentration. In closed systems,
the microgel and guest molecule concentration is also crucial.

Experimentally, the uptake of different polyelectrolytes,*
different proteins,""™*® and antimicrobial peptides** in poly-
electrolyte microgels were investigated. In these works, the
influence of pH, hydrophobicity, and ionic strength were the
varied parameters. Using micromanipulator-assisted light
microscopy and theoretical models, Hansson et al.*® investi-
gated the microgel deswelling caused by the uptake of oligomer
peptides by variation of the oligomer length and charge density.

An independent investigation of all parameters would be
very complex in experiments. In this work, we performed
Metropolis Monte Carlo simulations using the constant-pH
method to investigate the uptake behavior of weak basic
oligomers in a weak acidic polyelectrolyte network. We system-
atically varied the pK values, oligomer length, microgel, and
oligomer concentration under salt-free and good solvent con-
ditions to investigate their influence on the ionization, uptake,
and swelling behavior of polyelectrolyte microgels.

2 Model and simulations
2.1 Model

The Monte Carlo simulations were performed using MOLSIM
(v.6.4.7)* with extensions by the authors and carried out on a
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Fig. 1 Snapshot of a simulation cell. Network and oligomers were mod-
eled as bead-spring polymers. Counterions were considered as explicit
beads. Charged network beads are depicted in blue, and their counterions
in orange, while uncharged network beads are in a light purple. Crosslinks
are cyan. Charged monomers of the oligomers are shown in red, and their
counterions in green, while uncharged oligomer beads are brown. White
particles have no charges. The snapshot was generated with VMD.>°

graphics card. Our model is based on previous work,*”*® in
which the microgels were modeled using a bead-spring model
for the polymer. The model was extended to adding single
chains representing oligomers. For the generation of the network,
the crosslinkers were placed on the lattice points of a cropped
cubic-diamond lattice. The networks contained N, = 71 crosslinks
and 184 chains with strand length Ngyang = 10 leading to Nygigq =
1840 titratable anionic beads. For a systematic investigation, we
used a reference network oligomer system with pK = 7.0 for both
titratable units, Ny, = 6 for the chain length of the 368 oligomers
leading to Np,se = 2208 cationic beads in total and a cubic
simulation box with a length of 7500 (Ca¢iq = 0.96 mM) containing
no salt. To illustrate the model, the central part of the simulation
cell is shown in Fig. 1. In the following, we will briefly describe the
method and potentials.

We used the constant-pH method to model the pH-
dependent behavior of the network. Titratable beads were able
to change their charge during the simulation depending on the
pH and their pKj value. The pH was treated implicitly by an
additional energy term AU, for the change in the free energy
of the association reaction as shown in eqn (1).*°

AUy = £1kgTIn(10)(pH — pKp) €3]

The plus sign is for the protonation of titratable beads, while
the minus sign is for deprotonation. Otherwise, AU, is zero.
When a bead is an acidic unit, y = +1, and y = —1 for a basic
unit. All beads were assigned to a corresponding counterion of
opposite charge, changing their charge state together with the

This journal is © The Royal Society of Chemistry 2024
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network bead to guarantee the electroneutrality of the system.
As the pH was modeled implicitly, these counterions should
not be considered as protons but monovalent counterions such
as Na“ or Cl. Since no further salt was added, the ionic
strength was determined by the concentration of counterions
and does not necessarily match with the ionic strength in real
experiments especially at low and high pH. However, for the
used concentrations and pH values (except the concentration of
Cacia = 0.11 mM), the concentration of counterions is much
higher than the concentration of ions that would minimally be
introduced by adjusting the pH.

The probability of acceptance of a Monte Carlo move was
defined by the Metropolis acceptance criterion in eqn (2), where
the total energy difference AU, of the system is the sum of
AU, and the energy difference of the potential energy AUp.

Dace = Min(1,exp(—AU/(ksT))) (2)

The total potential energy of the system is the sum of the pair
interactions and the bond energy Upong.

Upot = Upair + Upond = Z ujj + Upond (3)
i<j

The pairwise additive potential energy is the sum of the
potential energy contributions w; for all pairs of beads and
comprises a hard-sphere potential and the Coulomb potential.
We used the standard Ewald summation technique under
periodic boundary conditions to account for the long-range
electrostatic interactions.

00 i < Rins + Rjns

z;zilykg T (4)
% i > Rins + Rjns
ij

In eqn (4), z; and z; are the number of charges for the particles
2

and j, I, is the Bjerrum length with /, = and kg is the

e
dnege kg T
Boltzmann constant. The simulations were performed at
a temperature of 7 = 298 K and with a Bjerrum length of
I, = 3.58¢ (with ¢ = 2.0 A) to model an aqueous solution.
Accordingly, the dielectric permittivity of ¢, = 78.3 was chosen
for these conditions.

The total bond potential Upng is the sum of all bond and
crosslink energies u;;pona- A harmonic spring potential descri-
bed the bond energy according to eqn (5). As force constant, k =
3.89kgTo > was used and the zero-force distance Teq between
two bonded beads was 2.54.

k
Ujj bond = E(Vij - req)2 (5)

2.2 Investigated parameters

In this work, we varied the pK values of network and oligomer
beads, the size of the simulation box to investigate the influence
of network and oligomer concentration, and also the chain length
of the oligomers. The pK values were varied around a value of 7.0
to obtain different ApK values. The corresponding pK values to the
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Table 1 Investigated ApK values with their corresponding pKsciq and
prase
APK pKacid prase
—4 9.0 5.0
-2 8.0 6.0

0 7.0 7.0

2 6.0 8.0

4 5.0 9.0

ApK can be found in Table 1. The ratio of titratable beads of the
oligomers to the network beads was 1.2 to enable a possible
overcompensation of network charge. A detailed table with all
simulation parameters can be found in Table S1 (ESIY).

2.3 Investigated quantities

The uptake and swelling behavior of the polyelectrolyte micro-
gels are mainly determined by the number of charges of the
network and of the oligomer chains. Therefore, the degree of
ionization, which in eqn (6) is defined by the number of
charged beads of a species divided by the total number
of particles of that species, provides quantitative results for
the degree of ionization, o, of the beads in the networks and
oligomer chains.

<Ni4ion>

o =
N[iol

(6)
Principally, the networks swell more at a higher degree of
ionization. However, the attractive electrostatic interactions
between oppositely charged monomers in the network-oligo-
mers-complexes lead to a deswelling. As a measure of microgel
size, we calculated the radius of gyration Rg. Furthermore, we
defined the degree of swelling A, as the ratio of the square root
of the mean squared radius of gyration and the radius of
gyration of a completely deionized network Rg .

(RG?)

Roo?) )

p—
The number of basic monomers taken up by the network
Nuyptake,pase Was defined by the number of monomers per
oligomer chain multiplied with the number of chains within
a distance to the center-of-mass equal to the radius of gyration.
Additionally, chains with a higher distance to the center of
mass were counted if the distance between a charged unit
in the chain and the network is smaller than the Bjerrum
length, I,

3 Results and discussion

In the following, we investigated the ionization, the oligomer
uptake, and the swelling behavior for a reference system and
for systems with varied pK values of the network- and oligomer-
beads, oligomer length, network, and oligomer concentrations.
Principally, the network is unionized, and the oligomers
are highly charged at low pH. At intermediate pH, both are
charged, and oligomers are taken up into the network. At high

Soft Matter, 2024, 20, 1263-1274 | 1265
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Fig. 2 Snapshots of the uptake behavior of cationic oligomers into a weak polyelectrolyte network at different pH. Charged network beads are depicted
in blue, and their counterions are orange, while uncharged network beads are in a light purple. Crosslinks are cyan. Charged monomers of the oligomers
are shown in red and their counterions green, while uncharged oligomer beads are brown. White particles have no charges.

pH, the oligomer charge is small, and network charges are
mainly compensated by monovalent counterions. This behavior
is schematically shown in Fig. 2.

3.1 Influence of pK values

Both acidic beads of the network and basic beads of the
oligomers mutually influence their ionization. Fig. 3(a and b)
show this mutual influence for different ApK (with ApK =
PKpase — PKacia)- For ApK = —4, the ionization behavior showed
no mutual influence of acid and base. Therefore, the ionization
of the network and oligomer chains was inhibited compared to
a corresponding monomer at infinite dilution. This hindrance
can be attributed to the repulsive electrostatic interactions
between similarly charged beads, a phenomenon commonly
recognized in the context of polyelectrolytes.”’ > For ApK = —2,
an enhancement in the ionization of oligomers taken up could
be observed for intermediate and high pH. However, the
average number of monomers taken up is almost zero (see
Fig. 4). Therefore, the ionization of the network was nearly
unaffected by the addition of the oligomers.

For ApK = 0, the ionization of the acidic network monomers
was still inhibited compared to a diluted system of monomers.
Nevertheless, the presence of the oligomers enhanced the
ionization of the network compared to a pure polyelectrolyte
network system (results obtained from work by Hofzumahaus
et al.°"). Simultaneously, the ionization of oligomers was also
enhanced by the presence of the network. Further, the degree of
ionization of oligomers taken up was significantly higher than
the ionization of the oligomers outside the network (Fig. 3c).

Nevertheless, compared to alternating polyampholyte net-
works,*”"*® this enhancement is lower. In contrast to an alter-
nating polyampholyte microgel system in which the network
comprises both acidic and basic monomers, the uptake of the
oligomers into the purely acid network is associated with a
larger decrease in entropy. Hence, the effect of mutual enhance-
ment of the ionization is reduced. For ApK > 0, acids and bases
mutually enhanced their ionization over a broad pH range.

1266 | Soft Matter, 2024, 20,1263-1274
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Fig. 3 Degree of ionization of (a) networks, (b) oligomers taken up by
the network, and (c) oligomers outside the network for different ApK.
Lines only serve as guides to the eye. The ionization curves for the
acidic monomer at infinite dilution (no interactions) are shown as
dashed lines for all pK values. The black dashed line represents the fitted
jonization curve (see Fig. S1, ESIt) for a polyelectrolyte network system
(pK = 7.0) in the absence of oligomers based on the results of
Hofzumahaus et al.>*

We investigated the ionization of the oligomers alone (in the
absence of the polyelectrolyte network) and compared it to the
ionization of the oligomers outside the network in the presence
of the network oligomer complex. We did this for pK=7.0 and a
concentration equal to the oligomer concentration in the

This journal is © The Royal Society of Chemistry 2024
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reference system. For the whole range of pH values, we did not
observe any differences.

As mentioned before, the degree of ionization of an oligo-
mer depends on the pH and on its electrostatic environment,
leading to different degrees of ionization for oligomers taken
up into the network and oligomers outside the network.
Further, a rather homogeneous distribution of oligomers in
the core of the network was observed (see Fig. S4, ESIT). The
local minima and maxima in the curves arise from the
diamond-lattice topology of the network. In accordance with
the concentration profiles, the ionization of the oligomers was
higher in the core of the network and decreased at distances
beyond the radius of gyration.

For the uptake into the network, the network needs to be
charged to electrostatically attract the oligomer and the oligo-
mer needs to carry more than one charge per oligomer to make
the replacement of monovalent ions by the oligomer electro-
statically favorable. This can be corroborated by the results
shown in Fig. 4 and 5.

Fig. 4b shows no uptake for ApK < 0. With increasing ApK,
the number of oligomers taken up increased, and uptake was
observed in a broader pH regime due to a higher degree of
ionization of the network and of the oligomer chains. This increase
in ionization and uptake is schematically illustrated in Fig. 4a.

Generally, the network is deionized at low pH, and the
oligomers are deionized at high pH. Therefore, the uptake
occurs at intermediate pH values. Density functions of the
reference system (see Fig. S8, ESIT) show that the oligomers
within the network are rather homogeneously distributed in the
core of the network. At distances beyond the radius of gyration,
the concentration of oligomers decays. Counterions compen-
sate for the network charges only at high pH. Their distribution
is also rather homogeneous within the network.

For ApK = 4, a plateau in the uptake between pH 6.5 and 7.5
and a further increase at pH 8 can be seen. As the degree of
ionization of a single oligomer decreases with higher pH, more
chains are taken up to compensate for the network charges.

The uptake of oligomers and their electrostatic attraction
prevents the network from swelling (Fig. 4b). For ApK = 2 and
ApK = 4, the attractive interactions between the network and
oligomers lead to a further deswelling compared to a neutral
network without oligomers. A decrease in the effective charge of
the network can explain this deswelling. At lower pH, even
charge reversal of the network-oligomer complex was observed
for ApK = 2 and ApK = 4 (see Fig. S2, ESIf). Further, the
deswelling of the network can be explained by the bridging of
network chains by the oligomers. At high pH, the two effects
diminished with a decreasing number of oligomers and an
increasing number of counterions in the network, and the
network swelled (see Fig. S3, ESIt).

The networks show a similar degree of swelling for ApK = —2
and ApK = 2, although the pK values differ, and the effective
charge is lower for ApK = —2 (see ESI2,T). However, the network
is preferentially ionized in the dangling chains for ApK = —2.%"
Since the network is rather small, their contribution is high to
the total swelling of the network.

This journal is © The Royal Society of Chemistry 2024
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N, uptake

c)

ApK=-4 —l— ApK=0 —A— ApK=4 —@—
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Fig. 4 (a) Schematic presentation of the uptake behavior when ApK is
increased (orange: counterions of the network, green: counterions of
oligomers. A darker blue color of the network in the right box represents
a higher ionization of the network). (b) oligomer uptake and (c) swelling
behavior of network/oligomer-systems for different ApK. Lines serve as
guides to the eye.

Fig. 5 shows the number of oligomers taken up as a function
of their charge z for the reference systems at different pH. Also,
the ratio of oligomers with a charge z taken up and the total
number of oligomers with that charge is plotted. At low pH,
almost no oligomers were taken up, as already seen in Fig. 3.
The large error bars for N(z)yptake for =4 at pH 4 are caused by
a very small value of corresponding N(z).. At pH 6, only chains
with charge z > 4 were taken up. When the pH was increased,
chains with a lower charge were also taken up.

Additionally, with increasing pH, the maximum for oligo-
mers taken up is shifted to smaller z since the degree of
ionization of the oligomers decreases with higher pH (a distri-
bution of all oligomers can be found in ESI5,t). Relatively to
their total number in the system, oligomers with higher charges
were preferred over less charged oligomers for uptake. With
increasing pH, the degree of ionization increases, the network

Soft Matter, 2024, 20,1263-1274 | 1267
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Fig. 5 (a) Number of charge distribution for the oligomers taken up into
the network for the reference system with ApK = 0, (b) ratio of oligomers
taken up with charge z and the total number of oligomers with charge z in
the system as a function of z for different pH. Lines only serve as guides to
the eye.

charge increases, and more charges of opposite sign (oligomers
or monovalent counterions) are needed for charge compensa-
tion. Simultaneously, there are fewer oligomers with a high
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charge. Both effects facilitate the uptake of oligomers with a
lower charge.

3.2 Influence of concentration

The concentrations of the network monomers and the oligomer
chains can be changed simultaneously by varying the size of the
simulation box. A smaller box size refers to a higher concen-
tration (see Fig. 7a—e) of both oligomer and network monomers.
Fig. 6 shows schematically the influence of monomer and
oligomer concentration on the ionization, oligomer uptake,
and network swelling behavior, while Fig. 7 shows the quanti-
tative results.

At very low pH, the network charge is negligible, and the
oligomer chains are mainly found outside the network. The
ionization of the oligomer increases with increasing concen-
tration due to the enhanced screening originating from the
oligomer counterions and due to the smaller entropy loss for
the oligomer counterions when they are restricted to the
network chain. This effect would also be expected without the
network present. At intermediate pH, the network begins to
be charged, and the onset of the network ionization moves to
lower pH.

The degree of ionization of the network monomers at a
constant pH increases with concentration. This is true up to
very high pH. This effect would also be expected without the
oligomer present. Nevertheless, at low and intermediate pH, as
expected, the degree of ionization is larger in the presence of
the oligomer than for the network alone (see dashed line in
Fig. 7a). For the oligomers taken up by the network, at low
concentrations, the degree of ionization is enhanced signifi-
cantly by the presence of the oppositely charged network
(intermediate and high pH). This enhancement is caused by
the attractive electrostatic interaction between the network

increasing | o o . increasing {'.J
: ) Cgel ™ L ° .’1'1 Coligomer ‘*.‘I
(00) ® Coligomer _
T }5 - .\i el | ,}‘ ot
decreasing| o decreasing
° e o Cgel ° 5” Coligomer ff/‘ .ﬂ >
Coligomer 9
increasing ‘f-? . increasing .,c.?t‘..’{".
C:gel 2 Coligomer 2
(@) ? Coligomer
— é f < > v ‘3
T — -——
(@l ' decreasing decreasing
.‘f' =~.’: Cgel "L‘ Coligomer .\‘I(. ?00" ')\’3
Coligomer @

Fig. 6 Left: Schematic presentation of the uptake behavior at different microgel and oligomer concentrations (orange: counterions of the network,
green: counterions of oligomers. A darker blue color of the network in the right box represents a higher ionization of the network). Snapshots were

generated with VMD.>°
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ionization behavior of a polyelectrolyte network without oligomers based on Hofzumahaus et al.>! Right: (f)—(j) Show the same plots as on the left side

while keeping the oligomer concentration constant.

monomers and the monomers of the oligomer as well as by the
fact that compensating a charge by an oppositely charged
macro-ion has a lower entropic cost than the same compensa-
tion by several monovalently charged small counterions.

Lowering the concentration leads to a strong decrease in the
ionization of the network in the investigated pH range. This
decrease can be explained by the higher entropic gain for
counterion release at low concentrations leading to a decrease
of the charge compensation of the network charges by counter-
ions. As a consequence, the ionization of the network is
inhibited. Therefore, uptake and swelling were decreased com-
pared to higher concentrations. Further, due to the higher
entropic gain for the counterion release at smaller concentra-
tions, the compensation of network charges by the oligomers at
a high degree of ionization in the network is facilitated for
lower concentrations. Therefore, the maximum uptake of oli-
gomers is shifted to higher pH.

In general, increasing concentration leads to an increased
concentration of small ions, which contribute to the screening
of the electrostatic interactions. Therefore, the deviation of the
ionization from the ideal titration curves (infinite dilution) is
reduced, and all titration curves move closer to the ideal curve
with increasing concentration.

When salt is added, these effects will still be smaller. As we
mentioned in Section 2.1, the ionic strength in our simulations
is lower than the ionic strength in most systems looked at
experimentally. When the addition of salt during the titration is
kept to a minimum, nevertheless, the investigated monomer
concentration is higher than the resulting salt concentration
caused by the addition of HCI or NaOH for adjusting the pH,

This journal is © The Royal Society of Chemistry 2024

and counterion partitioning still plays a dominant role in the
ionization behavior of these systems.

An independent variation of the oligomer concentration and
the network concentration was achieved by varying the simula-
tion box size and adjusting the number of oligomers so that
the oligomer concentration was kept constant. We did this for
two different oligomer concentrations and two different mono-
mer concentrations (see Fig. 7f-j). At intermediate pH, the
degree of ionization of the network did not change with the
microgel concentration when the oligomer concentration was
kept constant but increased with the oligomer concentration at
constant microgel concentration. This indicates that the attrac-
tive interaction between oligomers and network monomers is
the main driving force for ionization in this pH regime.
Furthermore, the number of oligomers taken up is similar.

However, at higher pH, the degree of ionization in the
network differs for equal oligomer concentration and different
monomer concentration (see Fig. 7f). In this regime, the degree
of ionization is similar for equal monomer concentrations. Due
to an increasing number of counterions and a decreasing
number of charged monomers in the oligomer chains, the
effect of the counterion partitioning on the ionization of
the network dominates compared to the effect of oligomer
concentration.

Comparing the number of oligomers taken up for different
oligomer concentrations and the same monomer concentration
shows increased uptake of oligomers with increasing oligomer
concentration. At the same time, the degree of ionization of the
oligomers inside the network decreases, while the ionization of
oligomers in solution was not affected by the higher oligomer
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concentration. The degree of ionization of the network was
increased for higher oligomer concentration, but the higher
amount of oligomers compensated for the network charges.
Further, the investigated oligomer concentrations did not
significantly influence the swelling behavior of the network in
the investigated concentration range. The degree of swelling
can be well described as a function of the effective charge
(see ESI10,t). The effective charge is independent of microgel
and oligomer concentration at low and intermediate pH.
At high pH, the effective charge depends on the microgel con-
centration and is independent of the oligomer concentration.
Fig. 8 illustrates the number of oligomer charges and
monovalent counterions found inside the network. At low pH,
almost no counterions (hollow symbols) are inside the network.
The number of oligomer charges inside the network increases
with pH and with the associated increasing ionization of the
network. The number of charges per oligomer chain decreases
with increasing pH (see Section 3.1). The lower the charge per
oligomer, the lower the entropy gain upon counterion release
from the network. As a consequence, at high pH, the network
charge is mainly compensated by monovalent counterions
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Fig. 8 Number of charges taken up as a function of (a) pH and (b)
ionization of the network for different box sizes. Charges within the
oligomers (filled symbols) and counterion charges (hollow symbols) were

investigated separately.
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instead of oligomers. The effect is stronger for higher microgel
concentrations. This illustrates that both the electrostatic inter-
actions with the network as well as the partitioning of counter-
ions significantly impact the ionization of the oligomers.

Further, Fig. 8 shows the number of charges of oligomers
and counterions inside the network normalized by the total
number of network beads as a function of the network ioniza-
tion. At low pH, the number of oligomer charges increased
linearly with the network ionization closely following the dotted
line, which corresponds to a complete compensation of the
charges and a neutral microgel oligomer complex. At higher
network ionization, a maximum of oligomer charges inside
the network is reached. Beyond the maximum, the oligomer
charges inside the network decrease, and counterions compen-
sate for part of the network charges. The slope of the increase
depends marginally on the concentration. As already described
earlier, at a higher microgel concentration, the network ioniza-
tion reaches high values already for relatively low pH values at
which the oligomers are still considerably charged. Therefore,
the maximum of the oligomer charge found inside the network
is moved to higher network ionization with increasing concen-
tration. Note that the pH is different at the same degree of
ionization for the different concentrations.

3.3 Influence of oligomer length

To investigate the influence of the oligomer length (number of
segments) on the uptake, we investigated a number of systems
in which the number of segments per oligomer was varied from
Ngeg = 2 to 48. The total number of oligomer beads and all other
parameters of the reference system were kept constant. Results
for the variation of the oligomer length are shown in Fig. 9.
Fig. 9a shows a schematic representation of the uptake of
oligomers of different chain lengths into a microgel. Fig. 9b
shows the ionization behavior of the network for the oligomers
of different lengths. With an increasing number of segments,
the ionization of the network was enhanced since the oligomer
chains could compensate more charges at a lower entropic cost.

At low pH, the ionization of the oligomer chains decreased
with increasing oligomer length. This decrease could be
observed both inside and outside the network (see Fig. 9c
and d). Outside the network, this is explained by an increased
positive charge density, inhibiting further ionization, which is
well known for weak polyelectrolyte chains.>™® Inside the
network, at low pH, most of the oligomer beads are charged.
Not all charges of the oligomers can be compensated by the
network charges because the degree of ionization of the net-
work is low at this pH, leading to a net-positive charged
microgel-oligomer complex (see ESI2,}) for Ny, = 48 at low pH.

The higher ionization of the oligomers with Ny, = 48 outside
the network can be seen as an artifact of the used method for
distinguishing between oligomers inside and outside the net-
work. In most sampled configurations, all chains were taken
up. In the other configurations, a maximum of up to two chains
were not counted as taken up. However, their location was close
to the network, leading to a higher ionization due to attractive
electrostatic interactions.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 (a) Schematic presentation of the uptake behavior for different
oligomer lengths (orange: counterions of the network, green: counterions
of oligomers. A darker blue color of the network in the right box represents
a higher ionization of the network). Degree of ionization of (b) the acidic
monomers in the network, (c) the oligomers taken up, (d) the oligomers in
solutions, (e) the ratio of basic monomers taken up to the number of acidic
monomers, and (f) the swelling behavior for network/oligomer systems
with different lengths of the oligomers. The dotted lines in (b)-(d) repre-
sent the ionization of systems without interactions between the mono-
mers, and the dashed line in (b) represents the ionization behavior of a
polyelectrolyte network without oligomers based on Hofzumahaus et al.>

The number of basic monomers (see Fig. 9e¢) taken up
increased with the number of oligomer segments. For Nge, =
48, all chains were taken up at intermediate and high pH,
showing that the larger oligomers could move to the inner part
of the gel. This could be important for the uptake of larger
antimicrobial peptides as well. Regarding the number of
charges taken up (ESI6,t) instead of the number of basic
monomers taken up, show that the highest number of charges
also were taken up for Ny, = 48.

However, for short oligomers, the pH with the maximum
number of basic monomers taken up does not change with
increasing segment numbers. For Ny, = 48, the maximum
number was reached at pH 7.5 since all chains were incorpo-
rated. This maximum depends on the complexation energy,
which depends on the charge of the oligomers. The higher
number of charges within one chain shifts the maximum to a

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

higher pH. The maximum depends also on the entropy gain in
counterion release. For chains with more segments, the entropy
loss due to complexation with the network is lower than for
shorter chains and for monovalent counterions. Therefore, for
higher N,e,, more charges were taken up at the maximum, and
also, the degree of ionization of the network was higher at the
maximum (see ESI7,). However, with a higher amount of
charged basic monomers taken up, the degree of ionization
of the network monomers also increased. Therefore, the num-
ber of both positive and negative counterions increased, lead-
ing to a higher ionic strength in these systems and reduced
entropy gain for counterion release. These two effects seem to
weaken each other in the salt-free case, so the pH of maximum
basic monomers taken up is not strongly dependent on oligo-
mer length.

The swelling curves (Fig. 9f) show a collapse over a broader
pH regime if the number of segments increases. Also, with
increasing oligomer lengths, the increased uptake leads to a
further deswelling of the network at low pH. As mentioned
before, increased attractive electrostatic interactions in the
network/oligomer system and an entropy gain due to counter-
ion release can explain this. Regarding the effective charge
(see ESI2,t), the network was, with increasing oligomer length,
less charged. The system with N, = 48 was even overcharged in
the pH range between 4 and 7.

3.4 Relation to experimental uptake and release studies

In experimental studies, the uptake of guests in microgels is
usually measured after a purification step like redispersing
in distilled water with following centrifugation.®® To mimic
experimental uptake and release investigations, we explored
the release of oligomers by performing a new simulation with a
total number of oligomer chains equal to the number of chains
taken up in the first simulation. Although the impact of
oligomer concentration could have been examined by investi-
gating a range of oligomer concentrations for each system, we
chose this approach to establish a stronger connection with
experimental procedures.

We performed these simulations for the reference system
and three other systems with only one parameter changed
compared to the reference system at pH 7. We investigated
the highest microgel concentration from Section 3.2, the
system with ApK = 4, and the system with oligomer length
Nyeg = 10.

The uptake results are shown in Fig. 10, and the degree of
ionization of the network is listed in Table 2. Simulation
snapshots of the reference system at pH 7 for the first uptake
simulation and the “purification” simulation are provided in
Fig. S11 (ESIf). While, compared to the reference system,
almost the same number of oligomers taken up was obtained
for ApK = 4, a significantly smaller number was obtained in all
ApK = 0 systems. Note, that for the ApK = 4 system pKacig = 5
and a,cjq Was close to 1.

For all systems with ApK = 0, a reduction of uptake was
observed when reducing the total number of oligomers to the
number of oligomers that were inside the microgel in the
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simulations (called “purification”). Further simulations were performed to obtain an oligomer-free solution. Number of monomers taken up at pH 7 for
different systems. For the reference system and for the microgel concentration c,iq = 24.45 mM, a “purification” run with a strong polyelectrolyte with a

degree of ionization based on the first simulations was performed.

Table2 Comparison of simulations with reference starting oligomer concentration, first purification simulation and after the final purification: degree of
ionization of the network at pH 7 for different systems. The total number of performed purification steps is written in brackets

oacia(reference)

aacid(cacid =24.45 mM)

\'xacid(ApK = 4) aacid(Nseg = 10)

Uptake
First purification
Final purification

0.178
0.110
0.066 (7 steps)

0.316
0.240

previous simulation of the uptake. With fewer oligomers in the
whole system, a new equilibrium with some oligomers outside
the networks and a reduced ionization of the networks were
established. Concurrently, an increase in the ionization of the
oligomers taken up was observed.

We performed further “purification simulations” with the
number of oligomer chains based on the results of the previous
purification step. This procedure was continued until, at max-
imum, one chain was not taken up at the end of the simulation.
For all systems with ApK = 0, a further decrease in the uptake of
oligomers and in the ionization of the network was observed.

For the reference system, after the final purification step,
only 26.3% of the chains that were taken up in the first
simulation remained inside the network. In the absence of
the other species, both the oligomer and the network would
remain almost uncharged at pH = 7 and the present concen-
tration. The oligomer concentration has a large impact on the
ionization of the network, because only in the presence of the
oligomer the network charges can be compensated by charged
oligomers, and the entropic penalty for the confinement of
monovalent ions is reduced. At higher concentrations, a larger
number of basic monomers were taken up at pH 7. After the
purification, a higher proportion of basic monomers remained
inside the network compared to the reference system due to a

1272 | Soft Matter, 2024, 20, 1263-1274

0.156 (9 steps)

0.484
0.205
0.156 (5 steps)

0.991
0.984
0.980 (3 steps)

higher degree of ionization of the network. However, compared
to the initial uptake simulation, only 24.8% of the basic
monomers were retained within the network.

For ApK = 4 after purification, almost 97% of the initially
taken-up chains remained inside the network. Here again, the
network pK is different, and network ionization, therefore, is
higher than in the reference system. Further, due to a high
ionization of the basic monomers (0tpase,out & 0.8 see Fig. 3c),
the highly charged oligomers can enhance the ionization of the
network leading to the microgel-oligomer-complex.

The effect of compensating the network charges by charged
oligomers is enhanced with increasing oligomer length, leading
to an enhancement of the network ionization. For the longer
chains Ny, = 10, approximately 50% of the initial oligomers
taken up remain inside the network after purification.

For comparison, we fixed the degree of ionization after
performing the uptake simulations by randomly distributing
the corresponding charged monomers, keeping the charge
state and position in the network constant during the simula-
tion. After one purification step for these strong polyelectrolyte
systems, about 89% of the initially taken-up chains remain
inside the network. In this scenario, the network cannot
respond to the reduced oligomer concentration by a protona-
tion (deionization) and releasing counterions by replacing

This journal is © The Royal Society of Chemistry 2024
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them with oligomers, which remains a strong enough driving
force for complex formation. In contrast, if the network has
weak charges, almost 50% less oligomers were taken up by the
network.

With higher microgel concentrations, the counterion release
by replacing them with oligomers is a weaker driving force.
Therefore, only about 81% of the oligomers of the first simula-
tions were taken up. Compared to the loss of uptake of about
65% if the network has weak charges, it shows that the
reduction in ionization of the network still influences the
uptake behavior.

4 Conclusion

The uptake of weak cationic oligomers in weak anionic net-
works was investigated by Metropolis Monte Carlo simulations.
The polymers were simulated under good solvent conditions
without hydrophobic interactions. The attractive interactions
between oligomers and the network led to complex formation
and network collapse at intermediate pH. We investigated
different systems by changing the pK values, the oligomer
length, and the concentration. Oligomers with higher chain
lengths and increasing the pK of the oligomers while decreas-
ing the pK of the network monomers led to increased uptake of
oligomers.

At higher concentrations of both network and oligomers, the
mutual enhancement of ionization was increased at low pH,
and the oligomer uptake was facilitated. At high pH, however,
the osmotic pressure caused by the counterions is higher in a
more concentrated system. Consequently, counterion release
from the network becomes less favorable and instead of oligo-
mers, the counterions compensated for the network charges.
Increasing the oligomer concentration at constant microgel
concentration increased the uptake but influenced the swelling
only marginally.

To mimic a purification step in experiments, we performed
multiple simulations based on the number of oligomers of the
previous step, until the solution contained almost no oligo-
mers. We observed a significant loss of oligomers taken up for
pK-values of acids and bases. The absence of further chains
weakened the mutual enhancement of the network and oligo-
mers, leading to a reduction in the ionization of the network.
Although this reduction in ionization of the network was also
observed for longer oligomers, more oligomers remained inside
the network. In contrast, when both, acidic and basic monomers
were highly charged, we observed that almost all oligomers
remained inside the network.

Summarized, our results give an insight into the effect of
different parameters on the uptake behavior of weak oligomers
in polyelectrolyte microgels. In the future, hydrophobic inter-
actions and different salt concentrations will be considered.
Especially the latter plays an important role in drug delivery
applications. Considering that we used a very simple generic
polybase model for the oligopeptide here, we plan to extend our
studies to more detailed models of the oligopeptides® in the

This journal is © The Royal Society of Chemistry 2024
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future, enabling us to investigate specific oligopeptides more
quantitatively.
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