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1 Introduction

Exploring guest molecule uptake in pH-responsive
polyelectrolyte microgels via Monte Carlo
simulationsf

Christian Strauch, (2 Lars Rol} and Stefanie Schneider (2 *

Understanding the interactions of guest molecules like proteins and nanoparticles with microgels is
fundamental for using microgels as nanocarriers. However, understanding and predicting the system
properties becomes increasingly difficult as the systems become more complex. In this study, we
systematically investigated the uptake of these guest molecules in a pH-responsive polyelectrolyte
microgel modeled as a bead-spring network using Monte Carlo simulations. To narrow down the
complexity of the systems, we modeled the guest molecules as simple charged beads. The simulations
included the variation of (i) guest molecule charge, (i) size, and (i) number, as well as the influence of
(iv) the addition of salt. The effect of these parameters on the ionization, swelling, and guest molecule
uptake was investigated. The uptake of guest molecules with higher charges enhanced the ionization of
the microgel at low pH. The strongest effect was observed for beads with charge z = +15. For higher
guest molecule charges, the polymer chains could not fully wrap around the guest molecules, to
provide enough microgel charges to fully compensate for the repulsive interactions between the guest
beads. In general, the uptake of guest molecules leads to a collapse of the microgel due to attractive
electrostatic interactions. With the increasing size of the guest molecules, their excluded volume
increases, and the microgel swells with their uptake. Adding monovalent salt slightly decreases the
uptake at low ionization of the network due to electrostatic screening. The presence of salt ions with
higher valency further decreases the uptake of guest molecules into a fully ionized microgel.

microgel can take up cationic drugs at high pH. In the surroundings
of a tumor cell, the pH is decreased, and the drug can then be

The targeted delivery of bioactive species to specific locations
within biological systems is a major challenge in biomedical
applications. Encapsulation of these species in nanocontainers
and targeted release has shown promising results."™ Microgels,
three-dimensionally crosslinked polymers swollen by a solvent,
are suitable candidates for these nanocontainers®® since their
swelling behavior and, therefore, their ability to take up guest
molecules can be tuned by external stimuli like temperature,'®**
pH,"”™ and ionic strength.'>'® During their encapsulation, the
activity of the guest molecule can usually be maintained, which is
important in applications like catalysis'”*® or biosensors.'™
Polyelectrolyte microgels allow the binding with charged
guest molecules via Coulomb interactions. For weak polyelec-
trolyte networks, the uptake of guest molecules can be con-
trolled both by pH and ionic strength. For example, an anionic
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released since the acidic groups in the microgel will be protonated
and uncharged at that pH."* A further advantage is that the
encapsulation of cationic drugs in an anionic microgel lowers their
toxicity drastically.***

Several studies have investigated the uptake and release
behavior of proteins in microgels, using cytochrome ¢, a small
protein, as a model protein for drug delivery.>**” Xu et al.>®
investigated the uptake and release of cytochrome ¢ in ran-
domly distributed and polyampholyte core-shell microgels. For
both systems, uptake took place at a pH of around 8, where
cytochrome ¢ was positively charged while the polymer net-
works of the microgels were negatively charged. For the random
polyampholytes, repulsive interactions between microgel and
cytochrome c accelerated the release at lower and higher pH. In
contrast, in core-shell microgels, the repulsive interactions
between positively charged shell and cytochrome ¢ entrapped
the cytochrome ¢ at low pH.

Wypysek et al. investigated the uptake of cytochrome ¢ in
hollow polyelectrolyte microgels.>® While the protein molecules
were taken up at pH 8, neither the change to pH 4 nor to pH 12

This journal is © The Royal Society of Chemistry 2024
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led to a high amount of released guest molecules. The confine-
ment of the proteins was possibly caused by the high crosslink/
monomer ratio of 8%. Additionally, at pH 12 and pH 4, the
molecules could be “released” into the cavity with the microgel
working as a barrier to the surrounding solution, similar to the
findings of Xu et al. The reduced amount of release at pH 4
could also be explained by higher ionization of the microgel
than expected due to the complexation of the proteins.

Cytochrome ¢ consists of over 40 acidic and basic units,
which can change their charge with pH.*® Although cytochrome
¢ contains hydrophobic residues, the uptake in microgels is
mainly driven by electrostatic interactions.>® Nevertheless,
experimentally, it is not easy to systematically investigate the
uptake of proteins. In their work, Xu et al. supported their
experimental findings with Brownian Dynamics simulations.
In their model, the charge density of the microgel was fixed.
This method can be used if experimental results for the microgel
charge are available. However, a prediction of the pH-dependent
guest molecule uptake is not possible with this method.

The constant-pH Monte Carlo method is widely used for
modeling the pH-dependency in computer simulations.>® Carnal
et al.>*” and Stornes et al.*’ used this method to investigate the
complexation of weak polyelectrolyte chains with oppositely
charged nanoparticles. Principally, the presence of the nano-
particles was shown to enhance® the ionization of the polyelec-
trolytes, which enabled complexation. However, ionization in
microgel systems is more complex since the counterions play an
important role. Hofzumahaus et al.>* investigated the influence
of microgel concentration, the number of acidic monomers, and
the crosslink density on the ionization and swelling behavior
of weak polyelectrolyte microgels in salt-free solution showing
that the release of counterions strongly impacts ionization and
swelling.

The main driving force for the uptake of guest molecules in
polyelectrolyte brushes®**® and gels*” is the entropy gain
resulting from counterion release. In our recently published
work,?® the counterion release also played an important role in
the uptake of titratable oligomers in polyelectrolyte networks.
Further, the electrostatic interaction between microgel and
oligomers strongly influences the ionization of both microgel
and oligomers.

To reduce the complexity of the system, we decided to
investigate the uptake of guest molecules with strong charges
into a weak anionic polyelectrolyte microgel in this work. We
focused on the complex formation caused by Coulomb interac-
tions. To keep the system as simple as possible, we modeled the
guest molecules as spherical beads with a fixed positive point
charge at their center and a fixed radius. The microgel was
modeled as a bead-spring polymer with negatively charged
beads, which could change their charge between negatively
charged and uncharged during the simulation with the
constant-pH method. Based on a reference system (see next
section), we systematically varied the number of guest mole-
cules, their charge, and their size. Further, we investigated
the influence of ionic strength by adding salt with different
concentrations and valencies.
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2 Model and simulation parameters

We used the MOLSIM®® (v.6.4.7) software with extensions by the
authors to perform Monte Carlo simulations on a graphics card.
Our model is based on previous work,***° in which we modeled
microgels using a bead-spring model for the polymer within the
primitive model of electrolytes. We extended the model to include
positively charged beads for different guest molecules with a
radius Ry,cs and negatively charged hard spheres for their counter-
ions. A description of the network generation can be found in ESI,
Section I. Fig. 1 shows a section of a simulation cell. In the
following, we will briefly describe the method and potentials used.

In our modeling approach, we utilized the constant-pH
method to simulate the pH-dependent behavior of the network.
Titratable beads in the simulation could change their charge
depending on the pH and their pK value. The pH and the pK
value are input parameters, the latter reflecting the acidity of
the monomer. According to Reed,”” the pH was implicitly
accounted for by an additional energy term.

AUﬂss = ikBTln(lo)(pH - pK) (1)

in the Metropolis acceptance criterion of the simulation. The
plus sign represents the deprotonation of titratable beads, and
the minus sign denotes their protonation.

All beads were assigned to a corresponding counterion of
opposite charge, changing their charge state together with the
network bead to guarantee the electroneutrality of the system.
Therefore, a deprotonation step comprised a charge-change
from zero to —1 for the acidic beads, while the charge of the
counterion changed from zero to +1. In a protonation step, both

e ®
® o o Lo '.- - .«
Fig. 1 Snapshot of a simulation cell. The network was modeled as a
crosslinked bead-spring polymer. Counterions were considered as explicit
beads. Network monomers are light green, their counterions are dark
green, the guest molecules are red, and their counterions are brown. The
snapshot was generated with VMD.**
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beads changed their charge to zero. Please note that the implicit
treatment of the pH in the constant-pH method misses explicit
H'-ions which can contribute to electrostatic screening. At 3 <
pH < 11, the missing of explicit ions can be neglected, because
both the H;0" as well as the OH™~ concentrations are low.

The total potential energy of the system, Up,o, was the sum of
the pair interactions and the bond energy Upong.

Upol = Upuir + Ubond = Z Ujj + Ubond (2)
i<j

The pairwise additive potential energy is the sum of the
potential energy contributions u; from all pairs of particles.
We used a hard-sphere potential for the excluded volume in
addition to the Coulomb potential. To account for the long-
ranged nature of the electrostatic interactions, we used the
Standard Ewald summation technique under periodic bound-
ary conditions (parameters can be found in Table SIV, ESIY).

00 rij < Rihs + Rjns

ujj (rij) = Z,‘ZjlkaT (3)

-, Fij > Rins + Rjns
i

In eqn (3), z; and z; are the number of charges of particles i and
2
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 energy Uyong is the sum of all bond
and crosslink energies ujbona, described with a harmonic
spring potential.

J» Ip is the Bjerrum length with /, = and kg is the

k
Uij bond = E(rij - req)z (4)

As force constant, k = 3.89kzTo > was used and the zero-force
distance r.q between two bonded beads was given as 2.5¢.

The acceptance probability of a Monte Carlo move was
defined by the Metropolis acceptance criterion

Pace = Min(1,exp(—AUo/(kpT)))- (5)

The total energy difference of the system, AUy, was the sum of
the potential energy difference, AUy, and the association/
dissociation energy difference, AU, given by

AUt = AUpo + AUpgs. (6)

2.1 Investigated parameters

As a reference system, we chose a system containing 125 guest
molecules with a charge of +10 at their centers, resulting in 1250
guest molecule charges. This number corresponds to approxi-
mately 75% of the maximum charges of all titratable beads in
the microgel which was 1656. The guest molecules had a size of
Rgyest = 5.00. The pK value of the titratable network beads was set
to 5.0. The simulations did not contain further added salt, except
for the simulations investigated in Section 3.4.
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Table 1 Relevant parameters for the discussion of the results

Symbol Parameter

Nacid Total number of all titratable network beads
Nguest Total number of guest molecules

Royest Radius of a guest molecule

Zguest Charge of one guest molecule

Zy Valency of positively charged salt ion

Zguest Total charge of all guest molecules

Detailed tables with all simulation parameters can be found
in Tables SI-SII (ESI). A brief summary of relevant parameters
for discussing the results can be found in Table 1.

In this work, we investigated the following sets of simula-
tions with one parameter (sets 2 and 3) or two parameters (sets
1 and 4) varied compared to the reference system.

1. Numbers and charges of the guest molecules; keeping the
total number of guest molecule charges, Zgcq, constant.

2. Radius of the guest molecules.

3. Number of the guest molecules, which results in a change
in the ratio of Zgeqr and Nycia-

4. Salt concentration and salt cation valence.

2.2 Investigated quantities

The uptake of guest molecules into the polyelectrolyte micro-
gels is mainly determined by the number of charges of the
network. The degree of ionization «, which 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 number of charged beads in the networks:

o= <Nacid,ion>

7
N, acid ( )

In general, the networks swell more with a higher degree of
ionization. On the other hand, the attractive electrostatic
interactions between negatively charged polymer beads and
positively charged guest molecules lead to a deswelling of the
network. As a measure of microgel size, we calculated the
radius of gyration R, of the polymer network.

The number of guest charges taken up by the network
Z; uptake Was calculated separately for guest molecules and network
counterions by multiplying the number of particles with their
respective charge. The number of charged particles taken up was
defined by the number of charged particles within a distance to the
microgel center of mass equal to the radius of gyration. Addition-
ally, charged beads with a higher distance to the center of mass
were counted as taken up if the distance between the charged
particle and a network bead was smaller than the Bjerrum length
plus their added radii. The effective charge Z.¢ of the microgel was
calculated as the sum of all network charges and all Z;peke as

Zeff = Nacid,ion + Z ZLuplake (8)
i
Microscopic information was provided by concentration
profiles and the degree of ionization as a function of the center

of mass of the network. All investigated quantities are summar-
ized in Table 2.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Summary of investigated quantities

Symbol Quantity

o Degree of ionization in the network

Ry Radius of gyration of the network

Z; uptake Total charge of species i taken up by the network

Zett Effective charge of the network-guest-complex including counterions

3 Results and discussion

3.1 Influence of guest molecule charge

In Fig. 2, we show the pH — pK dependence of the degree of
ionization « (Fig. 2a), the normalized number of guest molecule
charges which are taken up, Z; upake/Nacia (Fig. 2b), the normalized
effective microgel charge Z.g/N,.iq (Fig. 2¢) on the charge of the
guest molecules, as well as the normalized radius of gyration, R,/c,
(Fig. 2d). The number of charges per guest molecule as well as the
number of guest molecules was varied, while the total number of
guest charges Zyes/Nacia = 0.75 and the radius of the guest
molecules Ryese = 50 Was kept constant.

As shown in Fig. 2a, the ionization behavior of the polyelec-
trolyte network is significantly influenced by the presence of
guest molecules with varying charges (Zgyese = +1 to +20). In the
absence of guest molecules (defined as Ngyest/Nacia = 0.000 in

Zguest/Nacid =0.75, Rguest = 5.00

_ | |
2-10123456 2-10123456
pH-pK pH-pK
%guesl/Ndmd =0.755, Zguest = + 1 rAd

Nguest Nycig = 0.151, Zguest = + 5
Nguesl Nac1d =0.075, Zguest = +10

Ivguesl ac1d =0. 050 Zguest = +15
guesl/Namd =

0.037, Zguest = +20 O

guest/ acid = 0.000, ref [34] -
ideal a@ -
in b) A O HOH uest molecules
n S O +@- counterions of network
Fig. 2 (a) Degree of ionization of acid within the network for guest

molecules with different charges zgues:. Lines serve as guidelines. (b)
Charges of guest molecules (hollow symbols) and charges of counterions
(filled symbols) taken up within the network normalized by the number of
bases in the network for guest molecules with different charges
Zguest.(C) Effective charge as a function of pH — pK. (d) Radius of gyration
normalized by bead radius as a function of pH — pK. Data shown as dashed
lines were obtained from Hofzumahaus et al.>*

This journal is © The Royal Society of Chemistry 2024

Fig. 2), Hofzumahaus et al.*>* showed that the titration curve for
the network exhibits a clear shift to higher pH, leading to lower
ionization compared to a single monomer at infinite dilution
(defined as ‘ideal’ in Fig. 2). This shift is attributed to unfavor-
able electrostatic interactions between charged monomers and
the titratable unit within the network.

In contrast, the presence of oppositely charged guest mole-
cules leads to an enhanced ionization at intermediate pH— pK.
The driving forces for this enhancement are attractive electro-
static interactions between guest molecules and network mono-
mers, as well as the entropic gain from counterion release. For
guest molecules with a low charge (Zgyest = +1), their interaction
with the network is weak due to a lower charge density, leading
only to a minimal enhancement in ionization attributed to
higher ionic strength and higher electrostatic screening. Here,
primarily counterions compensate for the network charges
(Fig. 2Db).

However, guest molecules with a higher charge (Zguest =
+5 to +15), are taken up by the network more efficiently
also leading to an increased network ionization. FOr Zgyest =
+10 and +15, all guest molecules are taken up at pH — pK =~
1 (Fig. 2b), leading to two inflection points in the titration
curve. The first steep increase of the ionization can be attrib-
uted to the charge compensation by guest molecules, leading to
the shift of the ionization curve to lower pH. When all guest
molecules are taken up, ionization increases only slowly up to a
PH — pK = 2, where a second steep increase is found, which is
due to the increased pH and comparable to the increase in « of
a network of the same effective charge without guest molecules.

At the highest guest charge (zyuest = +20), ionization is enhanced
at low pH — pK, but the ionization is lower at intermediate pH —
pK compared to Zgyest = +10 and +15. This can be explained by the
smaller uptake of guest molecules caused by the strong repulsive
interactions between the guest molecules themselves.

The normalized effective charge of the microgel-guest molecule
complex, including counterions, is presented in Fig. 2c. For systems
with Zguest > +5, guest molecule uptake slightly overcompensates
the network charge at pH— pK = 0, resulting in a positively
charged polymer-guest complex. At pH > pK, the effective charge
of the network remains negative due to incomplete compensation
by counterions while all guest molecules are taken up.

For Zgyesc = +1, the negative effective charge is higher as fewer
guest molecules are taken up. However, for zguese = +20, the
effective charge is comparable to the other investigated systems
(zguest = 5 to +15) because more counterions within the net-
work compensate for the reduced guest molecule uptake.

The swelling behavior of the polymer network (Fig. 2d)
shows that guest molecules with low charge (zZguese = +1) lead

Soft Matter, 2024, 20, 9664-9672 | 9667
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to significant swelling at high pH— pK, due to the high effective
charge of the network. This swelling exceeds that observed in a
salt-free system without guest molecules,* which can be attrib-
uted to the excluded volume effect of the absorbed guest
molecules.

In contrast, for Zguese = +5 and Zgyest = +20, the swelling is
more pronounced compared to Zgyest = 10 and Zgyese = +15,
though the mechanisms differ. In the case of zgyese = +5, the
swelling is driven by the higher number of guest molecules
taken up, which increases the excluded volume within the
network. For zguese = +20, the swelling results from strong
repulsive interactions between guest molecules, which are
localized near the periphery of the network. Additionally,
counterions within the microgel create an osmotic pressure
that further drives swelling. Moreover, the swelling induced by
the increase in osmotic pressure outweighs the deswelling
effect caused by electrostatic screening.

3.2 Influence of guest molecule size

A variation of the guest molecule size, while keeping the
number of charges per molecule constant, affects the inter-
action energy of the guest molecule with network monomers in
contact. The interaction energy decreases with increasing the
guest molecule size. In Fig. 3(a)-(d), the charge per guest
molecule, Zgueqr = +10, and their number were kept constant,
and only the radius was varied from 2.5¢ to 10.0¢. Fig. 3(a)
shows that the presence of small guest molecules with Rgyesc =
2.50 increases the ionization of the network due to stronger

Zguest/Nacid =0.75, Zguest = +10

Rgu351: 250’ "E"
Rguest: 5.00 A

Rguest =10.00
Cguest=0.0M, ref[34] —--

in b) = o guest molecules
m HlH e B counterions of network
Fig. 3 (a) Degree of ionization of acid within the network for guest

molecules with different sizes Rguest. Lines serve as guidelines. (b) Charges
of guest molecules (hollow symbols) and charges of counterions (filled
symbols) taken up within the network normalized by the number of bases
in the network for guest molecules with different sizes Rguest. () Effective
charge as a function of pH— pK. (d) Radius of gyration normalized by bead
radius as a function of pH — pK. Data shown as dashed lines were obtained
from Hofzumahaus et al.>*
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electrostatic interactions with the network monomers com-
pared to larger guest molecules. Additionally, more charges
are taken up at low pH — pK, which can be seen in Fig. 3(b).

The different ionization behavior slightly affects the effective
charge shown in Fig. 3(c). At low pH — pK, the effective charge
is low, since the network charges are compensated by the guest
molecule charges. For guest molecules with Rgyese = 10.00, a
positive effective charge can be observed. In the lower pH
range, the interactions between the large guest molecules and
the network beads are less pronounced. Consequently, the
uptake of a guest molecule does not enhance the ionization
of the network beads equally much, resulting in an overall
excess of guest molecule charges. At high pH — pK, the effective
charge is slightly lower for the Rgyese = 10.00 compared to the
systems with smaller guest molecules, and more counterions
are taken up. The higher uptake of counterions can be
explained by the larger swelling of the network, which is
discussed in the following paragraph.

Besides the electrostatic interactions, the swelling of the
network (Fig. 3(d)) is also affected by the excluded volume of
the guest molecules. Since the excluded volume of the guest
molecules with Rgyesc = 2.50 is very small compared to that of
the larger guest molecules, the attractive interactions between
the network and guest molecules lead to a collapse of the
network. At high pH — pK, a slight swelling is observed since
counterions compensate for the charges in the network at an
o > Zgyest/Nacia = 0.75, and the effective charge of the network-
guest molecule complex increases. The larger guest molecules
cause a large swelling already at low pH — pK. This swelling
cannot be explained by the effective charge Z.; but by the
high excluded volume (snapshots in ESLt Fig. S1 illustrate
this effect). While this effect is relatively small for Rgyest = 5.00,
the excluded volume of guest molecules with Rgyese = 10.00
significantly increases the swelling of the network.

3.3 Influence of guest molecule concentration

We varied the total number of guest molecules in a range of
0.30N,¢iq to 1.20N,iq. For this variation, Fig. 4 again shows as a
function of pH — pK in (a) the degree of ionization, in (b) the
number of charges taken up in the network Ngyese/Nacia, in (c)
the normalized effective charge of the network-guest complex
Zefi/Nacia, and in (d) normalized radius of gyration Ry/a.
The uptake of guest molecules caused by Coulomb interactions
significantly enhances the ionization compared to a polyelec-
trolyte network in the absence of guest molecules (dashed lines™)
as can be seen in Fig. 4(a). At pH— pK = —1, the network takes up
the same number of guest molecules independently from the guest
molecule concentration (Fig. 4(b)). The uptake enhances the ioniza-
tion strongly, and it is even increased compared to the ideal
ionization at infinite dilution (dotted lines in Fig. 4(a)).

For small guest molecule concentrations, all molecules are
already taken up at pH — pK = 0, resulting in a plateau in the
ionization curve. Increasing the guest molecule concentration
shifts the plateau towards higher pH — pK. The degree of
ionization at this plateau approximately equals the total charge
of the guest molecules. At pH — pK = 2, the ionization increases,

This journal is © The Royal Society of Chemistry 2024
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-210123456

pH-pK
Zguest/Nac1d =0.30 Zguest/Namd =1.20 HOH
uesl Nacia = 0.50 guest Nac1d =0.00, ref [34] —--

/Nac1d =0.75

uest ideal @ ----
Zéuest/ ac1d =1.00

inb) FA FOH guest molecules
A RS +@+ counterions of network
Fig. 4 (a) Degree of ionization of acid within the network for different

numbers of guest beads. Lines serve as guidelines. (b) Charges of guest beads
(hollow symbols) and charges of counterions (filled symbols) taken up within
the network normalized by the number of bases in the network for different
numbers of guest beads. (c) Effective charge as a function of pH — pK. (d)

Radius of gyration normalized by bead radius as a function of pH — pK. Data

shown as dashed lines were obtained from Hofzumahaus et al.>*

and the charges are compensated by counterions. With decreas-
ing the guest molecule concentration, the ionization of the
network approaches the curve of the network in the absence of
guest molecules. In the case of a total guest molecule charge
higher than N,.q, no counterions are found within the network.

When the number of ionized network monomers is higher
than the total number of guest molecule charges Zgcqt, network
charges must be compensated by counterions. Since the counter-
ion release is entropically favored, a large fraction of the counter-
ions is released, resulting in an effective negative network charge
(Fig. 4c). With increasing the guest molecule concentration, the
effective charge of the network-guest complex decreases. In the
case Of Zgyest/Nacia, the network charge is overcompensated,
leading to a positive effective charge of the complex.

As already shown, the swelling of the polymer network
relates to the effective charge of the network and the excluded
volume of the guest molecules within the network. The larger
|Zeg|, the larger the radius of gyration, Rg, of the network.
Possible explanations for the slight swelling at the highest
investigated guest molecule concentration of Zgest/Nacia = 1.2
in the range of —1 < pH — pK < 2 are (i) the positive effective
charge of the complex and (ii) the uptake of more guest
molecules, which contribute to the swelling with their excluded
volume. A look at the effective charge at pH — pK for the two
highest guest molecule concentrations gives additional infor-
mation that helps to distinguish between the two explanation
approaches. For the highest guest molecule concentration,
the effective charge is positive while it is almost zero for

This journal is © The Royal Society of Chemistry 2024
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Zguest/Nacia = 1.0. However, the radii of gyration are almost
the same for both concentrations. This indicates that the
excluded volume leads to swelling rather than a positive
effective charge.

3.4 Influence of adding salt

Adding salt changes the electrostatic environment and the osmotic
pressure of the microgel/guest systems. In general, both electro-
static screening and the Donnan effect can reduce the guest
molecule uptake. Fig. 5 shows the influence of salt concentration
and the valency of the cationic salt ions on (a) the ionization, (b)
the uptake behavior of the network, and (c) the effective charge of
the network-guest complex, and (d) the swelling of the network.
Besides the salt-free system, we investigated two different salt
concentrations of ¢ = 1.0 mM and ¢, = 5.0 mM with monovalent
salt. Further, we looked at systems containing di- and trivalent
cationic salt ions with an ionic strength of 7= 5.0 mM. The anionic
salt ions were kept monovalent for all simulations. At pH —
pK = —1, both monovalent salt concentrations slightly decrease
the ionization of the network in Fig. 5(a). The presence of salt leads
to a screening of the electrostatic interactions between guest
molecules and the network, which reduces the degree of ioniza-
tion. However, for pH — pK > 0, this screening reduces the
repulsive interactions between the acidic beads. As a result, the
ionization is enhanced compared to the salt-free system.

The electrostatic screening also decreases the uptake of
guest molecules at pH — pK = —1 shown in Fig. 5(b). The
increase of osmotic pressure in the solution by adding salt
seems negligible as adding monovalent salt did not reduce the
uptake at high pH — pK. The lower charge of the monovalent
beads compared to the guest molecules provides an additional
explanation for the observation that the presence of monova-
lent salt does not decrease the uptake of the guest molecules at
high pH — pKk.

When charge compensation for the network by the guest
molecules is reached, the higher osmotic pressure leads to
further compensation for network charges by salt ions and,
therefore, to additional screening of the network charges. At a
fully ionized state, the added salt marginally reduces the
effective charge and radius of gyration of the network shown
in Fig. 5(c) and (d).

Adding salt with divalent and trivalent cationic ions with an
ionic strength of 5.0 mM principally results in an ionization
behavior similar to that of the ideal ionization at infinite
dilution (dotted lines) due to electrostatic screening. At low
PH — pK, the screening decreases the ionization. At pH > pK,
monovalent counterions within the microgel are replaced by di-
and trivalent salt ions due to the smaller loss in entropy when
they are confined to the network, instead of the monovalent
ions. This compensation by the salt ions enhances the ionization
and decreases the effective charge of the network. Therefore, the
radius of gyration is similar to that of the uncharged state.

Adding divalent salt ions does not significantly reduce the
uptake of guest molecules. Since one guest molecule can
exchange five salt ions to compensate for the network charges,
the entropy gain is high enough to ensure complete uptake of
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Fig. 5 (a) Degree of ionization of acid within the network in the presence
of guest molecules and different salt concentrations and valencies. Lines
serve as guidelines. (b) Charges of guest molecules (hollow symbols) and
charges of counterions (filled symbols) taken up within the network
normalized by the number of bases in the network. (c) Effective charge
as a function of pH — pK. (d) Radius of gyration normalized by bead radius
as a function of pH — pK. Data shown as dashed lines were obtained from
Hofzumahaus et al.**

guest molecules. In contrast, the charge of the trivalent salt
ions is higher than that for mono- and divalent salt ions.
Therefore, fewer salt ions can compensate for the network
charges at a high degree of ionization, resulting in a decreased
entropic gain by exchanging trivalent salt ions with guest
molecules. Furthermore, due to their smaller size, the gain in
interaction energy by exchanging trivalent salt ions with guest
molecules in the network is strongly decreased. In sum, the
reduction of the entropic gain and the reduction in interaction
energy gain cause a reduced uptake when adding trivalent salt
compared to systems with monovalent salt. The compensation
with trivalent ions even overcharges the network for pH > pK.
For divalent salt, neither an overcharging for pH > pK nor a
decreased uptake was observed.

3.5 Microscopic information

The concentration profiles in Fig. 6 show the concentration of
guest molecules as a function of the distance to the network
center of mass for different guest molecule concentrations (left)
and different guest molecule charges zgues (right). In each
panel, three different pH — pK values are considered. The
profiles give insight into the number of guest molecules taken
up and their distribution within the network. Most of the
curves exhibit two maxima and a minimum caused by the
regular distribution of crosslinks within the network. There-
fore, the maxima and minima are somewhat dependent on how
the network is set up initially and should not be paid too much
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Fig. 6 Concentration profiles of guest molecules for different initial guest
molecule concentrations (left) and valencies (right) as a function of
distance to the center of mass of the network.

attention to. Nevertheless, they show that the guest particles
are preferentially taken up close to the crosslinks inside the
network.

At low pH — pK and therefore low degree of network
ionization and for the systems with a low guest molecule to
monomer ratio, it can be seen, that the guest molecules are first
taken up close to the microgel surface and their concentration
is much lower in the center of the microgel. This inhomoge-
neous distribution is caused by an incomplete compensation of
guest molecule charges by the network leading to mutual
repulsion between the guest molecules. Therefore, the inho-
mogeneity is most prominent for the guest molecules with the
highest charge zgyes = +20. Additional swelling of the network
further increases the distance of the guest molecules to the
center of mass and between themselves.

At higher pH — pK and for larger ratios of Zgyegt/Nacid, the
guest molecules are also present closer to the center of the
microgel, indicating a more complete charge compensation
and complex formation of guest molecule and network. The
complexation causes a deformation of multiple chains around
a crosslink. These deformations energetically favor the uptake
of further guest molecules into these regions. Only for the guest
molecules with a charge of zgesc = +20, the preferred location of
guest molecules in the periphery of the network persists.

The degree of ionization as a function of the distance to the
center of mass of the network is shown for three different guest
molecule concentrations (left) and three different guest molecule
charges (right) at different pH — pK in Fig. 7. FOI Zgyes = +10, the
ionization within the network is rather homogeneous if the
average degree of ionization is smaller than the total charge of
the guest molecules (dotted lines) & < Zgest/Nacia- This homo-
geneous distribution is in contrast to the ionization behavior of a

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00950a

Open Access Article. Published on 25 noviembre 2024. Downloaded on 05/08/2025 4:31:58.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
Zguest = +10 Zguesl/Nacid =0.75
J T T T T T T T
1.00 Zguest/Nacia = 0.30 Zguest = +5 |
S 0.75 - e
0.50 W _i’__—/ i
025 & e T TTRREY: i |
1.00 Zguest/Nacid =0.75 Zguest = —|—10_
s 0.75 [ _uql —{mesesaren Jgﬂf
0.50 - |
0.25 Gummecsomosmommmpmns 4 |
f f } | } | | I
1.00 Zguest/ Nacia = 1.20 Zguest = _.tg.o_
0.75 +
S 0.50 .
| | L

0 20 40 60 20 40 60 80
d/o d/o
pH-pK=-1 —— pH-pK=2 —s— pH-pK=5 +—=—

pH-pK=0 pH-pK=3
pH—pK: 1 —e— pH—pK=4 —e—

80 0

Fig. 7 Degree of ionization of the acids within the network for different
pH — pK as function to the distance of the center of mass of the network.
Results are shown for different initial guest molecule concentrations (left)
and guest molecule charges (right). The dotted lines represent the total
charge of the guest molecules.

polyelectrolyte network in the absence of guest molecules, where
the ionization is favored in the non-crosslinked dangling chains at
the periphery of the network.** If the number of ionized mono-
mers exceeds the total guest molecule charges available, also here,
the ionization favorably occurs in the dangling chains.

Compared to the ionization at guest molecule charge of
Zguest = 110, the network shows an overall decreased ionization
when decreasing the guest molecule charge to zgyesr = +5
and the ionization of dangling chains is preferred. While the
interaction energy of guest molecules with the charge of zgyest =
+10 with the network is sufficient to compensate for the
repulsive interactions in the core of the network resulting in
homogeneous ionization within the network, it seems that the
interaction energy of the guest molecules with zgyeq = +5 with
the network is not high enough.

The local ionization shows a more complex behavior in
systems with guest molecule charge zgyeq = +20. At pH — pK = 0,
the degree of ionization is approximately constant in the core of
the network and increases strongly in the periphery as dangling
chains surround the guest molecules. Since the guest mole-
cules bind preferentially close to the crosslinks, the monomers
close to the crosslinks are preferred to be ionized (see ESL+
Fig. S3). However, the monomers with the highest distance to
the center of mass are not in direct contact with the guest
molecules, therefore, less ionized, leading to a decrease in the
degree of ionization. At pH — pK = +2, the ionization increases
with the distance to the center of mass since the guest mole-
cules, which compensate for the network charges, are located
in the periphery.

This journal is © The Royal Society of Chemistry 2024
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4. Conclusion

We investigated the uptake of charged guest molecules, mod-
eled as simple charged hard spheres, into pH-responsive micro-
gels using Metropolis Monte Carlo simulations. By varying the
number of guest molecules, their charge, and their size, we
obtained information about the network ionization and the
uptake of the guest molecules into the microgels. We found
that the ionization, guest molecule uptake, and microgel
volume are determined by a subtle interplay of electrostatic
energy, ion entropy, and excluded volume.

Varying the charge of the guest molecules showed three
regimes of their uptake. At low charge, the interaction energy of
the guest molecule in contact with network monomers is smaller
than that of the monovalent counterions. Therefore, uptake is
neither energetically nor entropically favored. As a result, only a
few of the guest molecules were found inside the microgel.

For guest molecule charges higher than the charge of the
counterions, the guest molecules are preferred over counter-
ions to be taken up into the network. The uptake of guest
molecules in this regime leads to an increased ionization of the
network monomers and, due to complex formation, keeps the
network in a collapsed state. The results show that guest
molecules in this regime are homogeneously distributed
throughout the network. For highly charged guest molecules,
the network locally cannot fully compensate for the repulsive
electrostatic interactions between the guest molecules, resulting
in a decreased uptake and a preferred location of the guest
molecules at the microgel periphery.

The size of the guest molecule mainly influences the swel-
ling behavior of the microgel. Due to the larger excluded
volume of the bigger guest molecules, the radius of gyration
of the network-guest complex, and with this also of the network
alone, increases when they are taken up.

Varying the guest molecule concentration (for zgyese = +10)
showed that with increasing concentration of the guest mole-
cules, the ionization of the network increases significantly at
positive pH — pK values.

When monovalent salt is added to the system, the uptake of
guest molecules is slightly decreased due to electrostatic
screening. For salt ions with higher valency, such as trivalent
salt cations, the gain in interaction energy with the network
monomers by exchanging trivalent salt ions by guest molecules
is strongly decreased, and the gain in entropy by releasing the
salt ions is also smaller compared to systems with monovalent
salt. Thus, trivalent salt ions compete with the guest molecules
and are also present inside the network, leading to a reduction
in the guest molecule uptake.

In the future, the model can be extended to more complex
structures of guest molecules, including titratable units and
short-range attractive interactions.
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