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Abstract

[t is well known that certain polymers and polyelectrolytes can be synthe-
sized forming cross-linked networks (commonly referred to as polymer/poly-
electrolyte gels). Some of these polymers are thermo-sensitive and are char-
acterized by their ability to change reversibly from a swollen to a shrunken
state with temperature. This phase transition makes the synthesis of thermo-
responsive microgels (micrometric -sized cross-linked polymer particles) very
interesting. However, it should be noted that both gels and microgels are sen-
sitive to other environmental conditions (such as pH and ionic strength). As its
own name implies, a microgel is a kind of "small gel", ergo, a polymer network
with the entity of particle. Specifically, particles in the colloidal range of 10 to
1000 nm. They are often referred to as nanogel if their equivalent diameter is
less than 100 nm.

Therefore, a great interest has surged around the microgels and nanogels
as soft active materials. They could be used in a variety of applications such as
super-absorbers, or as stimuli-responsive nanoreactors for controlled cataly-
sis. In fact, these particles can be easily penetrated by solvent molecules, ions,
and other types of small reactants. This opens the door for its use as drug de-
livery, biosensor, chemical separation, and catalysis, among others.

Although many studies have been conducted on the synthesis and charac-
terization of microgels and nanogel dispersions, the number of articles directly
related to effective interactions between constituent particles is relatively
small. Computer simulation can be very helpful in clarifying these problems.
Furthermore, they can be used to test theories and improve the understanding
of the processes involved. More specifically, coarse-grained simulations can
provide valuable information about steric and electrostatic effects on different
single-particle properties without requiring detailed information on the chem-
ical nature.

In the present thesis, different aspects of micro- and nanogels are studied
with help of coarse-grained simulations, that will allow us to understand their
behavior in order to be used as drug transporters. For this purpose, the equi-
librium absorption of nanometric cosolutes (which could represent drugs,



reactants, small globular proteins and other kind of biomacromolecules) inside
neutral hydrogels has been studied. We have explored, for different swelling
states, the competition between the steric exclusion induced by the cross-
linked polymer network constituting the hydrogel, and the solvent-induced
short-range hydrophobic attraction between the polymer chains and the coso-
lute particle. For this purpose, the cosolute partition coefficient is calculated by
means of coarse-grained grand canonical simulations, and the results are com-
pared to theoretical predictions based on the calculation of the excluded and
binding volume around the polymer chains. The interplay between hydropho-
bic adhesion and the steric exclusion leads to different behaviors depending on
the hydrophobic attraction or the size of the cosolutes.

Simulations with charged nanogels have also been carried out where their
ability to absorb different electrolytes or polyelectrolyte is explored. On the
one hand, coarse-grained simulations of nanogels in the presence of three dif-
ferent electrolytes were performed. Aiming to evaluate the effect of dispersion
forces on different properties of nanogels, such as size, net charge and surface
electrostatic potential. This model allowed us to explicitly consider the disper-
sion interactions between ions inside the nanogel and monomer units rather
than interactions between the ions and the nanoparticle as a whole. On the
other hand, coarse-grained simulations of nanogel-polyelectrolyte complexes
were carried out, where our simulation results capture two phenomena re-
ported in experiments with real complexes: the charge inversion detected
through electrophoretic mobility data, which our simulations only shows if the
polyelectrolyte charge is large enough; and the reduction in size after absorb-
ing just a few chains. These results allow us to delve into the application of
nanogels as nano-sized devices for drug delivery.



Resumen

Es bien sabido que ciertos polimeros y polielectrolitos pueden sintetizarse
formando redes reticuladas (comunmente denominadas geles de polime-
ros/polielectrolitos). Algunos de estos polimeros son termosensibles y se ca-
racterizan por su capacidad de cambiar reversiblemente de un estado hin-
chado a otro encogido con la temperatura. Esta transicién de fase hace muy
interesante la sintesis de microgeles termosensibles (particulas poliméricas
reticuladas de tamafio micrométrico). Sin embargo, hay que tener en cuenta
que tanto los geles como los microgeles son sensibles a otras condiciones am-
bientales (como el pH y la fuerza i6nica). Como su propio nombre indica, un
microgel es una especie de "gel pequefio”, es decir, una red polimérica con en-
tidad de particula. En concreto, se trata de particulas en el rango coloidal de 10
a 1000 nm. Suelen denominarse nanogeles si su didmetro equivalente es infe-
rior a 100 nm.

Por ello, ha surgido un gran interés en torno a los microgeles y nanogeles
como materia blanda inteligente. Podrian utilizarse en diversas aplicaciones,
como superabsorbentes, o nanorreactores que responden a estimulos de cata-
lisis controlada. De hecho, estas particulas pueden ser facilmente penetradas
por moléculas de disolvente, iones y otros tipos de pequefios reactivos. Esto
abre la puerta a su uso como transportadores de fairmacos, biosensores, en se-
paracion quimica y catalisis, entre otros.

Aunque se han realizado muchos estudios sobre la sintesis y la caracteri-
zacién de dispersiones de microgeles y de nanogeles, el nimero de articulos
relacionados directamente con las interacciones efectivas entre las particulas
constituyentes es relativamente pequefo. La simulacion por ordenador puede
ser muy util para aclarar estos problemas. Ademas, pueden utilizarse para po-
ner a prueba las teorias y mejorar la comprension de los procesos implicados.
Mas concretamente, las simulaciones de grano grueso pueden proporcionar
una valiosa informacién sobre los efectos estéricos y electrostaticos en las di-
ferentes propiedades de las particulas individuales sin necesidad de disponer
de informacién detallada sobre la naturaleza quimica.



En la presente tesis se estudian diferentes aspectos de los micro y nanoge-
les mediante simulaciones de grano grueso, que permitirdn entender su com-
portamiento para ser utilizados como transportadores de farmacos. Para ello,
se ha estudiado la absorcién en equilibrio de cosolutos nanométricos (que po-
drian representar firmacos, reactivos, pequefias proteinas globulares y otro
tipo de biomacromoléculas) dentro de hidrogeles neutros. Hemos explorado,
para diferentes estados de hinchamiento, la competencia entre la exclusion es-
térica inducida por la red polimérica reticulada que constituye el hidrogel, y la
atraccion hidrofébica de corto alcance inducida por el disolvente entre las ca-
denas poliméricas y la particula de cosoluto. Para ello, se calcula el coeficiente
de particion del cosoluto mediante simulaciones, y los resultados se comparan
con las predicciones tedricas basadas en el calculo del volumen excluido y de
unién alrededor de las cadenas poliméricas. La interaccion entre la adhesion
hidrofébica y la exclusion estérica conduce a diferentes comportamientos de-
pendiendo de la atraccion hidrofébica o del tamafio de los cosolutos.

También se han realizado simulaciones con nanogeles cargados donde se
explora su capacidad para absorber diferentes electrolitos o polielectrolitos.
Por un lado, se realizaron simulaciones de grano grueso de nanogeles en pre-
sencia de tres electrolitos diferentes. Con el objetivo de evaluar el efecto de las
fuerzas de dispersion sobre diferentes propiedades de los nanogeles, como el
tamafio, la carga neta y el potencial electrostatico superficial. Este modelo nos
permitié considerar explicitamente las interacciones de dispersion entre los
iones dentro de las unidades de nanogel y mondmero en lugar de las interac-
ciones entre los iones y la nanoparticula como un todo. Por otro lado, se lleva-
ron a cabo simulaciones de grano grueso de complejos nanogel-polielectrolito,
donde nuestros resultados de simulacién capturan dos fen6menos reportados
en experimentos con complejos reales: la inversion de carga detectada a través
de datos de movilidad electroforética, que nuestras simulaciones solo mues-
tran si la carga de polielectrolito es suficientemente grande; y la reduccion de
tamafio tras absorber unas pocas cadenas. Estos resultados nos permiten pro-
fundizar en la aplicaciéon de nanogeles como dispositivos de tamafio nanomé-
trico para la administracion de farmacos.









1.Introduction

1.1. Gels, microgels and nanogels

Polymer science is a multidisciplinary scientific field that brings together
researchers from diverse academic fields. To explore the nature of matter, sci-
entific methods and theories have been applied since early times to extract in-
formation from the world around us.

[t is well known that certain polymers and polyelectrolytes can be synthe-
sized forming cross-linked networks (commonly referred to as polymer/poly-
electrolyte gels). These polymer chains are molecules of high relative molecu-
lar mass made of the repetition of molecules of low relative molecular mass,
called monomers. Those monomers can have ionizable or ionic groups, and
then, they will form polyelectrolytes. A gel made of polyelectrolytes is called
ionic or charged gel. Some of these polymers are thermo-sensitive and exhibit
the so-called lower critical solution temperature (LCST)12. When the tempera-
ture is lower than the LCST, the polymer chains are soluble in water, however
when it rises above the LCST, the chains undergo a pronounced transition coil-
to-globule shape and aggregate among themselves. This phase transition
makes the synthesis of thermo-responsive microgels (micrometric -sized
cross-linked polymer particles) very interesting. They are characterized by
their ability to change reversibly from a swollen to a shrunken state with tem-
perature. However, it should be noted that both gels and microgels are
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1.Introduction

sensitive to other environmental conditions (such as pH and ionic strength). As
its own name implies, a microgel is a kind of "small gel", that is to say, a polymer
network with the entity of particle. Specifically, particles in the colloidal range
of 10 to 1000 nms3. If their equivalent diameter is less than 100 nm, they are
often referred to as nanogels*.

According to their size, microgels are ranged within the mesoscopic scale.
At this scale, the properties of these materials are different from massive ma-
terial properties. Mesoscopic objects serve as elementary building blocks of
macroscopic objects. Statistical mechanics are applied, but interactions in the
mesoscopic range are affected by local fluctuations in component size and
properties (such as polarization, local particle concentration, or charge distri-
bution). The size threshold at which the behavior of a material changes into the
mesoscopic range is not well defined. Particles of a few microns, such as bacte-
ria, microgels, hair, etc., could define an upper limit. Individual molecules and
atoms could be the smallest objects considered at the mesoscopic scale. For
objects below the mesoscopic scale, their interactions are governed by quan-
tum mechanics rather than statistical mechanics. See Figure 1.1.

Materials Science

Nano and Micro Technology

Aggregates

Molecules @
g Classical Physics

. Quantum Theory )
107107 107 107 107" 10 100 10 100 10° 10° 10° 107 10° 10° 10" 10"

| | | | 1 | 1 | | 1 1 1 |
_ SUBATOMIC [ ATOMIC |  MICRO | MESO |
Particle Accelerators

Subatomic
Particles

Probe Microscopy (AFM) Length{nm)

Electron Microscopy
Atoms Light Microscopy

ﬁo Genes

Chromosomes

’ )
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Cellular
Life Organisms

Subatomic
Particles

Nano and Macromolecular Biology

Figure 1.1 Schematic comparing the relevant length scales in materials science. Extracted from
reference 5.



1.1.Gels, microgels and nanogels

Their swelling capacity and their ability to respond to chemical, biochemi-
cal and physical external stimuli are precisely responsible for the technological
interest in gels and microgels. Both are considered smart materials with appli-
cations such as drug delivery, health care, and microfluidic devices (in the case
of microgels) or absorbent hygiene products (in the case of macroscopic gels).6-
10 The three-dimensional structures formed by polymer chain networks swell
by absorbing large amounts of solvent, when the solubility conditions are suit-
able. When the transition occurs these polymer networks shrink expelling the
solvent, keeping their identity due to chemical bonds between their chains, es-
tablished in the synthesis process.

Moreover, the scientific interest is due to the complex interplay of forces
that govern the swelling behavior of the gels. The chemistry of the components
in the synthesis process determines the dominant interaction in the system
(e.g., hydrogen bonding, van der Waals, hydrophobic/hydrophilic, or ionic in-
teractions) and therefore the specific swelling mechanism. These physical
forces, which lead the interactions among chains within the solvent, are exam-
ples of non-covalent interactions.

As already mentioned above, microgels or nanogels form part of aqueous
dispersions as colloidal particles of micro- and nanometric size, respectively.
Their mechanical properties and their swelling/deswelling transition are of
great importance for their use in biotechnological applications. Firstly, these
particles can be to many external stimuli, such as pH, ionic strength, tempera-
ture, light, or external applied electric and magnetic fields (incorporating mag-
netic nanoparticles in the latter case), and therefore control their solvent-up-
take ability3. There are some thermo-responsive microgels, like poly(N-iso-
propylacrylamide) (PNIPAM)! or poly(N-vinyl caprolactam) (PVCL)!!, whose
volume phase transition usually occurs at temperatures around 32°C-382C,
which is very close to the temperature of the human body. Secondly, due to fact
that the characteristic time of swelling/deswelling scales with the square of its
typical size, a much faster response times (of the order of seconds) can be ob-
tained than from the macroscopic gels (response times from hours to days)?2.
Thirdly, micro- and nanogels are porous and permeable structures. The total
surface of polymer exposed to the solvent is maximized by the fibrous internal
morphology of these particles. Hydrophobic and hydrophilic forces associated
to changes in water structure close to the polymer chains may entail a very
important role. Consequently, microgels are especially sensitive to the
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1.Introduction

presence of hydrophobic or hydrophilic molecules or ions in the aqueous me-
dium. Finally, a model system of soft nanoparticles can be represented by the-
ses gels, as the degree of softness and the total volume fraction occupied by the
particles can be externally controlled.

Although the elasticity of the polymer allows the particles to be com-
pressed and deformed, two microgels cannot fully overlap due to the repulsion
of the excluded volume exerted by the polymer chains. Therefore, they are al-
ways distinguishable particles!3. A picture of microgels at different length
scales can be observed in Figure 1.2.

Microgel suspension Microgel particle Microgel pore

polymer

crosslinker

1000 nm o P 100 nm o 10 nm

A
h
A
h
F 3
v

Figure 1.2 Microgels observed at different length scales. Left picture is a Scanning Electron Mi-
croscopy micrograph of a Poly-(N-vinylcaprolactam) microgels. Extracted with permission of
the author from reference 4.

Accordingly, microgels and nanogels have prompted great interest as soft
active materials in a variety of applications such as super-absorbers, as stimuli-
responsive nanoreactors for controlled catalysis, or as transport and time-con-
trolled delivery of therapeutic molecules 3.10.15-18, [n fact, as these particles can
be easily penetrated by solvent molecules, ions and other types of small reac-
tants such as biomacromolecules, specific drug molecules, proteins and pep-
tides, among others. This opens a door to being able to use them as drug ad-
ministrators, biosensors, chemical separation and catalysis. Similarly, micro-
and nanogels can be used as nanocarriers to incorporate and deliver host mol-
ecules or drugs in a responsive way?°.

In addition, these gel nanoparticles have shown to be suitable for gene
therapy, since they are capable of encapsulating genetic material (such as si-
lenced RNA or DNA oligonucleotides). Its low permeability through cellular
membranes and low stability against enzymatic degradation restricts the
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1.1.Gels, microgels and nanogels

potential therapeutic application of these molecules. Hence, specifically de-
signed microgels allow them to surpass the intracellular barriers and deliver
the therapeutic agents to the cytoplasm of the target cell. 2021

The interest of gels does not only rely on their applications, but also on
their potential use as model systems under a theoretical point of view. In fact,
within microgel suspensions, the interaction between a pair of particles can be
easily tuned, leading to effective pair potentials with a distinct degree of soft-
ness. In addition, excluded-volume, hydrophobic and electrostatic interactions
between the cross-linked polymer network and ions or more complex solutes,
can be explored under multiple conditions. These interactions are the key to
understand the physical properties involved in the encapsulation and diffusion
of solutes inside the microgel or nanogel, the stability of the suspension, and
the structural properties in both bulk volumes and interfaces.

1.1.1. Applications to drug delivery

Itis well known that in the particular case of drug delivery, many drug can-
didates fail during preclinical evaluation due to poor efficacy, hampered bioa-
vailability, and other challenges associated with effective drug delivery. Micro-
gels and nanogels can be used in this context to improve the pharmacodynam-
ics and pharmacokinetics of each therapeutic drug and make it possible to be
delivered at the right time, in the right place, and in the right dose. After encap-
sulation, the micro- or nanogel may facilitate the transport, for example
through biological environments, acting as a protective covering for the ad-
sorbed molecule.l® Moreover, nanogels specifically designed for this purpose
offers many other advantages, which includes conformational stabilization and
retained biological activity, gradual drug release, reduction of toxicity, protec-
tion from chemical and enzymatic degradation, biocompatibility, immunity
and biodegradability.

In the last decades, numerous experimental studies have been done on
nanogels as carriers and drug delivery systems. In fact, a new area of research
has risen as biomedical nanogels, with daily rapid developments. And, during
the recent years, several highly cited reviews can be found mainly devoted to
this biotechnological application of nanogels,?2-34. Hence, the intense research
activity in this field is quite remarkable. Among the drugs that have been stud-
ied, we can find: cytarabine and gemcitabine (anticancer drugs),3s fluxudirine
(anticancer drug),3¢ aspirin,3” caffeine,3® doxorubicin (anticancer drug),39-41

5



1.Introduction

ethosuximide (antiepileptic),42 levofloxaciona (antibiotic),*3 insulin,*4 terfena-
dine (antihistamine), 5-fluorouracil (anticancer drug) 45 and bovine serum al-
bumin (protein)?.

In addition, smaller nanoparticles, in the size range of 1-10 nm, can be
transported contained by micro- and nanogels, such as drugs,?” magnetite,*7:48
metal nanoparticles,*9-53 quantum dots*® and other inorganic nanoparticles.54-
56 Therefore, the uptake of nanoparticles into microgels and their subsequent
release have become an area of growing interest in recent years. This ability
plays a key role in the formulation and controlled release of pharmaceuticals
and/or drugs. It is also very important in a variety of separation problems, in-
cluding ultrafiltration, chromatography and other membrane processes.

There are several interactions of the solute and the polymer network that
could determine the quantity of solute absorbed by the nanogel /microgel, but
the simplest interaction that we can imagine between them is steric exclusion,
which is always present. In any case, the prediction of partitioning coefficients
of solute-gel systems involving additional forces can be estimated with the pre-
cise knowledge of size-exclusion effects. In the case of charged gels/nanogels
and charged solutes, electrostatic forces must be considered as well.

Moreover, ionic micro- and nanogels can also incorporate oppositely
charged polyelectrolytes, macromolecules or inorganic nanoparticles due to
attractive electrostatic forces. In fact, this principle can be exploited to protect
oligonucleotides and nucleic acids from enzymatic degradation, by immobiliz-
ing such polyelectrolytes in cationic nanogels. 2557-6¢ Hence, these nanogels can
be used to deliver genes into a cell. In addition, nanogels have been proposed
as a soft and porous alternative to solid substrates. Absorption of some poly-
electrolytes (such as miktoarm star polymers or peptides) into micro- or nano-
gels has been investigating experimentally by some research groups.65-69

1.2. Background

Already in 1907, Leo Baekeland invented one of the first synthetic plastics
(called Bakelite). And because of the differences between natural and synthetic
polymers, Hermann Staudinger studied them and published his classic paper
titled "Uber Polymerisation” in 1920, which proposed that polymers are mac-
romolecules composed of many repeating units covalently bonded together to
form long chains?0. The theory of polymers as macromolecules broke with the
previous theory where all chemical compounds were low molecular weight

6



1.2.Background

entities that could potentially "aggregate”, and polymers gradually started to
become recognized as separate from colloidal systems?”t. The way of doing re-
search took a big turn with the advent of computers in the 1940s. A new
method of studying chemical phenomena became possible. It went from re-
searching in a laboratory to being able to implement mathematical models in
computer programs and simulate the laboratory environment virtually. Since
then, breakthroughs in high-performance computers have combined computer
simulation with theory and experimentation to become a powerful tool for pro-
moting innovation and gaining insights into the properties of polymers, for ex-
ample.

From a theoretical viewpoint, Flory and Rehner developed their classical
theory concerning cross-linked polymer networks in 19437273, on which
mostly of researchers have been relying on to extend their theories throughout
the century. This is because, despite being such a longstanding theory, it has
some pretty solid strengths. Since it does not require a large number of param-
eters and, although it is simple, the theory covers a variety of phenomena and
situations. For example, the formalism successfully demonstrated the exist-
ence of continuous and discontinuous volume changes. In fact, Dusek and Pat-
terson’# predicted the phase transition of the gel (theoretically) before it was
discovered experimentally. Moreover, it is adaptive and suitable for different
situations and/or stimuli. This theory can explain why some gels collapse with
increasing temperature, while others swell. In addition, the classical swelling
theory can be used to discuss the influence of other parameters (solvent com-
position, loading, pH, salt concentration, etc.). For example, in other pioneering
works, this formalism was used to predict how swelling depends on salt con-
centration and pH7576, More specifically, Brannon-Peppas and Peppas reported
that gels swell as pH increases, but shrink as salt is added?7e.

On the other hand, this theory has some weaknesses and limitations. For
example, it is based on some dubious assumptions. The theory assumes the
separability of ionic, polymer/solvent mixing and elasticity contributions. In
addition, an ideal polymer network is also assumed. This means that the basic
model does not consider the effects of entanglements, free branches, loops, fi-
nite chain lengths or their polydispersity??. Furthermore, in the case of ionized
polyelectrolyte gels, the influence of electrostatic interaction is also simplified.
The electrostatic force between charges is completely ignored. Moreover, it
uses phenomenological parameters. In other words, for special situations, the-
oretical considerations can hardly be predictive. Therefore, empirical (or

7



1.Introduction

adjustable) parameters estimated from the swelling data have to be consid-
ered. Unfortunately, the values obtained in this way may differ from the value
of non-crosslinked polymer by two or even three orders of magnitude’s. In
many cases, the cross-link density is also considered an effective parameter
and is a controversial property. In summary, the predictability of this theory
for specific cases is very limited.

1.3. Simulation of gels and nanogels

Under this scenario, computer simulation (used on their own or in combi-
nation with theoretical methods) appear as a helpful tool to improve the capa-
bility of prediction of the gel models. The nanogel simulations carried out over
the last decade are largely inspired by earlier gel simulation computers. The
first gel simulations were based on an infinite polymer/polyelectrolyte net-
work, which was originally realized by Soviet scientists in the 1970s and
198057980, These initial simulations sought to understand the various proper-
ties of polymer networks, but they encountered two notable problems. One of
them, that due to the great absorption of the polyelectrolyte gels, the number
of particles to simulate counting with the solute became prohibitive. For swol-
len charged gels, the solute was up to three orders of magnitude greater than
the number of particles in its network. Additionally, by having to simulate elec-
trical interactions, and being these long-range, the calculations of charged gels
were further increased?!. To solve these two problems, a coarse-grained rep-
resentation was used, where the monomer units of the gel and the ions were
grouped each into spheres, and the solvent was considered as a continuous di-
electric medium (Primitive model)s. The gel spheres could be charged or neu-
tral. Allowing to simplify both the number of solvent particles and the number
of electrical interactions.

This coarse-grained representation of polymer systems has been exten-
sively used in the study of adsorption and collapse of charged polyelectro-
lytes82:83, Since it does not contain as many particles as atomistic simulations,
the times that the simulation system walks can be longer. Approaching what
would be seen experimentally and facilitating the comparison with the experi-
ments. At the beginning of the 2000's, Schneider and Linse performed the first
simulations in which charged groups, counterions and Coulomb interactions
were explicitly considered within a coarse-grained model of polyelectrolyte
networks4. They studied the effect of different parameters (chain flexibility,
chain length, charge density and counterion valence) on the swelling of gels in

8
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salt-free solutions. The network had the diamond-like topology previously
used by Escobedo and de Pablo for uncharged gels8>: each crosslinker connects
four polyelectrolyte chains with the same amount of monomers. Some authors
used the coarse-grained models to explore the swelling behavior of gels in the
presence of salt, multivalent ions and charged macroions86-9.

Unlike (macroscopic) gel simulations based on polymer/polyelectrolyte
networks, explicit nanogel and microgel simulations are currently rare, mainly
due to the computational resources required. By simulating the nanogel from
an outside view, new data can be obtained from the system that was not seen
with the inside perspective with which gels are simulated. This new aspect of
the simulation allows, on the one hand, to consider that the counter ions that
neutralize the nanogel can come out of it. Therefore, the nanogel could be not
necessarily neutral, although the total system is. Another new consideration
would be the ionic atmosphere (the electric double layer) around the nanogel,
since now it makes sense to consider it. From a colloidal perspective, these
properties provide important information on particle properties such as effec-
tive charge, electrostatic surface potential or size9192,

Opening the possibility of simulating single-nanogel particle, in 2009 a
group of researchers led by C. Holm simulated a polyelectrolyte nanogel with
the corresponding counterions in a periodic box, by using a molecular dynam-
ics package for soft matter simulations called ESPResSo (Extensible Simulation
Package for Research on Soft Matter)?. Coming to conclude that nanogels do
not confine their counterions completely. In addition, Claudio et al. also com-
pared molecular dynamics simulations with the predictions of a Poisson-Boltz-
mann cell model for the case of good solvent conditions and monovalent ions.
Concluding that the ion distributions predicted by the model and those ob-
tained from simulations agree quite well?4. Others authors have extended this
work of Claudio et al. to collapsed nanogels in salt-free solutions®! and in the
presence of salt focusing on the thermal response of temperature-sensitive
nanogels. In these works?195, the attractive hydrophobic forces between mon-
omers were included in the model through an empirical interaction potential,
which demonstrates the experimental behavior of poly (N-isopropylacryla-
mide) (PNIPAM)- based gels%. In agreement with Claudio et al., these simula-
tions confirmed that nanogels do not confine all their counterions.

Summarizing, although there have been many studies on the synthesis and
characterization of micro- and nanogel dispersions, the number of papers that
deal directly with the effective interactions between the constituent particles

9



1.Introduction

is relatively low. Computer simulations can be extremely helpful to shed light
on these issues. In this sense, the main goal of this thesis is to explore for dif-
ferent swelling states of gels, the competition between the different interac-
tions that govern the behavior of the gel. Explicit simulations of nanogels can
improved our comprehension of their electrokinetic behavior as colloidal na-
noparticles or be used to test models or theories. More specifically, our simu-
lations provide valuable information about steric and electrostatic effects on
different single-particle properties (ionic distributions, mass distribution,
swelling, electrostatic potential, effective charge, and degree of ionization)
without requiring detailed information on the chemical nature. These results
will allow us to delve into the application of nanogels as nano-sized devices for
drug delivery.
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2. Objectives

In this section the goals of the thesis are listed by individual papers. Along
these papers different simulation studies are proposed dealing with microgels
and nanogels, and their absorption and encapsulation capacities of various
electrolytes, solutes or even polyelectrolyte complexes. In any case, we should
keep in mind that our main goal is the understanding of these colloidal systems
and the correct interpretation of the physical mechanisms behind their behav-
ior.

2.1. Paper1

Coarse-grained Monte Carlo simulations of the absorption of diluted
spherical cosolutes inside a neutral hydrogel for different swelling states are
performed. One of the goals of this paper is to understand the interplay be-
tween the excluded-volume repulsion exerted by polymer chains inside the hy-
drogel and the solvent-induced hydrophobic attraction between the mono-
meric units and the cosolute particle. To do this, a hydrogel with different
swelling rates that is permeated by a cosolute will be simulated. The variables
on which the study will focus are, on the one hand, the size of the cosolute,
which is expected to increase the exclusion of volume of the cosolute within
the gel; and on the other hand, the depth and range of the hydrophobic attrac-
tion felt by the cosolute to the monomers of the gel. Another objective is to
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2.0bjectives

compare the results from the simulations with a theoretical expression devel-
oped to predict conditions that favor a maximum absorption of the cosolute by
the gel.

2.2. Paper Il

Here the goal is to analyze the effects of dispersion forces suffered by nano-
gels. To do this, a thermosensitive nanogel in the presence of different electro-
lytes is studied by means of coarse-grained Monte Carlo simulation. These sim-
ulations attempt to reproduce previous experimental results in which it has
been observed that low NaSCN concentrations induce charge inversion in
PNIPAM microgels. Particularly, a charge reversal and/or a surface electro-
static potential reversal are expected in simulations of collapsed nanogels in
the presence of NaSCN but not after the addition of other electrolytes (such as
NaCl and NaNO3).

In other words, our objective is to find out to what extent dispersion forces
can justify certain ion specific phenomena observed in micro- or nanogels.
Given that ions can permeate micro- and nanogels, our simulation explicitly
consider interactions between ions and polymer chains or their monomer
units (which constitutes a novelty itself) rather than interactions between the
ions and the whole particle, as done in the case of hard and impenetrable col-
loids.

2.3. Paper III

Coarse-grained Monte Carlo simulations of complexes consisting of a
nanogel and oppositely charged polyelectrolyte chains with different charges,
numbers of monomers per chain and topology are carried out.

The goal is to analyze the absorption of these chains within the nanogel,
and study the properties of the nanogel-polyelectrolyte complex paying special
attention to size and charge effects. Our simulations also intend to capture two
phenomena observed experimentally with microgel-polyelectrolyte com-
plexes: the deswelling and charge inversion of the nanogel undergone after ab-
sorption of the electrolyte chains. It would also be interesting to observe how
the chains are distributed inside the nanogel, and if they have a preferential
location. Finally, a comparison between ring and linear polyelectrolytes is per-
formed to discover if the distribution of the chain charge has important effects.
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3. Methodology

3.1. Monte Carlo simulations

The Monte Carlo (MC) simulation is a very valuable alternative for the
study of the properties in the equilibrium of simple and colloidal fluids. It is a
statistical method based on probability theory that allows characterizing a sys-
tem made up of a number of particles on the order of N4, using a much smaller
number of them. Through MC simulation, the system does not evolve according
to the real trajectories that the particles follow over time, but rather it does so
through fictitious trajectories governed by statistical laws and that, on average,
also lead to the values of the macroscopic variables that characterize the state
of balance of said system. Thus, the MC method is specially designed for the
study of systems in equilibrium where time does not play a fundamental role.

In particular, this allows us to study the behavior or interactions of differ-
ent systems, such as gels or nanogels. Either seeing the absorption of different
cosolutes within these gels, their own characteristics such as their tempera-
ture-sensitive volume variation; or from an outside view, look for the forces
that mediate the approach to external objects of a nanogel, or even another
nanogel. All these situations are feasible to study with MC because they are sys-
tems in equilibrium.
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In order to explain the Metropolis algorithm, used in MC simulations, let us
consider, theoretically, the mean value at equilibrium of a generic function
G(ry,1ry, ..., ry) = G(@r;) with i = 1,2,..., N, which depends on the configura-
tion of a system of N particles, is given through a configurational distribution
function as follows:

(G@r) = f GrOP(r) d®ry -+ ddry (3.1)

where P(r;) is the probability density function. Any ensemble average must be
calculated by analyzing the entire region of the phasic space accessible by the
system. However, there are a large number of configurations that contribute
very little to the average value. Precisely what is achieved with the MC method
is to calculate a distribution function in pairs, from a finite number of configu-
rations without knowing the probability function explicitly. To this end, what
is done is to sample the states with a more significant contribution more times
(significant sampling). Thus, the previous average can be rewritten in terms of
a sum of a finite number S of configurations:

S S
1 1
(Gt =5 ) G ™,y ™) =2 > 6 (™) (3.2)
m=1 m=1

where G(ri(m)) represents the value that the function takes in the configura-
tion m, being the case m = 1 the one corresponding to the initial configuration.
In principle, the validity of equation (3.2) will depend on the statistical quality.
Consequently, the greater the number of configurations, the better the results.
As has been said before, the trajectories that the particles follow are not real
but respond to a sequence of states that are reached by statistical criteria. One
way to generate these states is based on the concept of a Markov chain: a finite
sequence of states, each of which is related only to the one that precedes it.
Accordingly, Markov's master equation relates the probability per unit time
that the system evolves from state k to state j, Wj._,;, with the probability of

finding the system in state k, P(r;(¥)):1
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3.13.1.1.Monte Carlo simulations

p l.(k) .
(rdt - z[_W’HiP (r:%9) + Wi P(r: )] (3.3)
,-

If in equilibrium the function P does not vary with time and assuming that
these probability functions are given by a Boltzmann statistic, it follows that:

s L) [ O s
Wik P(r;) kgT kgT

where kj is Boltzmann’s constant and T the absolute temperature. And there-
fore:

Wi _ oxp (_ AUk—U')

W = (3.5)

In accordance with this result, the Metropolis algorithm proposes to gen-
erate particle configurations as follows:12

1 if AUg,;<0

AU’“") if AUps;>0
kgT J

Wiesj (3.6)

exp (—

Thatis, given a state k, a test state j is randomly generated and then AU,
is calculated. If this difference in energy is negative, state j is accepted. Other-
wise, a random number between 0 and 1 is generated so that if
exp(— AUk_,j/kB T) is less than that number, the test state is rejected. Instead,
the new configuration is accepted if the number is less than the exponential.

The reason why the statistical evolution according to the Metropolis algo-
rithm is linked to the search for a region of the configurational space where the
potential energy of the system is minimal, is related to the fact that within the
formalism of the canonical ensemble this condition it is equivalent to the
search for a minimum in Helmholtz free energy, which characterizes from a
thermodynamic point of view the equilibrium state of a system where the vol-
ume and the temperature are constant.
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Figure 3.1 Schematic illustration of the coarse-grained model of a polyelectrolyte chain. The
atomic groups of each monomer unit are grouped into one coarse-grained particle. These parti-
cles are connected by springs to form the chain (bead-spring model). The grey and red beads
represent neutral and charged monomer units, respectively. In many cases, ions are explicitly
treated, but the solvent is considered a dielectric continuum. Figure reproduced from refer-
ence3 with permission of Springer International Publishing.

3.1.1. Model of simulations

The simulation scheme implemented in the present thesis consist of the
combination of two models. On the one hand, the polyelectrolyte gel is de-
scribed within a bead-spring model, where instead of simulating all the mole-
cules of the gel, the closes ones are grouped together as a simulation element.
This reduces the number of system components and interactions, and consid-
erably the simulation time. The usual model for microgels and nanogels con-
sists of an idealized representation of a polymer network in which monomer
units and cross-linkers are modelled as spheres of a fixed diameter. Each poly-
mer chain is modelled as a sequence of a given number of spherical monomer
units (beads), named as Nj,,4. The number of fixed charged beads per chain
and the corresponding fraction are designated by Ncpgrgeq and f (=
Ncharged/Npeaa ), respectively. The charge of the chain is uniformly distrib-
uted, and these monomers are charged with the positive or negative elemen-
tary charge (e), if a cationic or anionic gel is simulated, respectively. On the
other hand, the molecules of the solvent, like water, are despised because of
their small size. Therefore, the solvent is modelled as a continuum with a con-
stant dielectric permittivity. In addition, the cosolute molecules are also
grouped and modelled as spheres of a fixed diameter. These spheres are also
charged based on their electric charge, like charged monomers. Figure 3.1
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3.13.1.1.Monte Carlo simulations

shows the combination of models: a polyelectrolyte chain with bead-spring
model and the solvent with the primitive model.

Steric Interaction. There are two usual ways that we can model the short-
range repulsion between any pair of these particles due to excluded volume
effects. Depending on whether we want to compare the simulations with the-
ory or experimental results, but not necessarily, we have used one or the other.
For a closer match with a theory model, we have used the exclude volume ef-
fects, that can be modelled by means of the hard sphere potential:

o r<o

ups(r) = {O r>o (3.7)

where r is the center-to-center distance between a given pair of particles, and
since we want to put an infinite potential avoiding the overlapping of the
spheres, the minimum approach distance will be the sum of the radii of these,
o = R; + R;, where R; stands for the radius of species i. On the other hand,
when we preferred a experimental approach with our simulations, where the
spheres have a smooth approach rather than an abrupt jump, we have used the
exclude volume effects, that can be modelled means of a truncated Weeks-
Chandler-Andersen potential:4-7

0.12

4ep; | = ——
uL](T') = Lj <T‘12 7‘6
0 >

(3.8)

where g; = 4.11 X 10721 J denote the characteristic Lennard-Jones repulsion
energy, T, is the cutoff distance and c is a constant chosen so that u;;(r) = 0.
There is a condition for the interaction potential to be purely repulsive, and it
is when 7. = 0¥/2. We can apply this condition to equation (3.8), which allows

. . 1
us to obtain the previous constantasc = — "

Elastic interaction. Consecutive beads of a chain are connected by harmonic
bonds. These bonds can be simulated as spring-type links, whose interaction
potential is:
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k
Wpona(r) = =57 (r = 10)? (39)

where k4 is the elastic force constant and ry is the equilibrium bond length
corresponding to this harmonic potential (0.65 nm in our case). Taking as ref-
erence Schneider and Edgecombe et al.8-10 in pioneering coarse-grained simu-
lations of polyelectrolyte gels, the value of elastic force constant could be
kpona = 0.4 N/m. Other authors proposed elastic constants much greater than
kgT/c?.511 This ensures that thermal fluctuations undergone by monomers
are much smaller than their diameter. The elastic constant proposed by Schnei-
der and Edgecombe and employed in our simulations satisfies this condition.

Electric interaction. The charged species (charged monomers and ions) will
interact electrostatically through the Coulomb potential:

ZiZje*

—_— (3.10)
dege, T

Ugpec (1) =

where Z; is the valence of species i, &y and ¢, are the vacuum permittivity and
relative vacuum permittivity of the solvent, respectively.

It should be considered that if we are using periodic conditions in the simula-
tion, and because the electrical interaction is long-range, a charged particle will
interact with all the rest particles of the cell, and all the particles of all the im-
aginary nearby cells until their interaction is negligible by their distance. This
could entail a considerable computational cost. Thereby, the Ewald summation
method is a technique used to efficiently sum the interactions between charged
particles and all their periodic images. This method has been used to account
for long-range contributions of potential energy without having to account di-
rectly for all those contributions. Ewald summations truly consider the perio-
dicity of the replicated system, substituting the interaction energies in real
space with a tantamount summation in Fourier space. The advantages of the
Ewald summations are the fast convergence of the summation in the Fourier
space in contrast with its real space equivalent.

Using this method, the final Coulomb energy will have a short-range con-
tribution ES (from the particle to a distance a,) in real space due to the
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3.13.1.1.Monte Carlo simulations

unshielded charges, another long-range contribution EL (from a, to ) in Fou-
rier space, where the calculations are more immediate, and a spurious term of
self-interaction ES€Y, that is subtracted, to compensate for the interaction of
the particle with its images in the reciprocal plane. The total Coulomb interac-
tion energy of the system can be written as:12

ptotal — S 4 gL _ pself (3.11)

47t808r2 Z |ru+ L|erfc(“c|"if+mL|) (3.12)

i<j mez3

e? exp[—k?/4a.?]
Er = 2L3¢,e Z k? ST (3.13)
05T %0
per = 2% Zz 2 (3.14)
Amege T '

where a, is the parameter that controls the convergence of the Ewald sums, r;;
is the vector that marks the distance from two charged particles, L is the length
of the simulation cell, and S (k) is the structure factor used to calculate the elec-
trostatic potential from which its contribution in Fourier space has been deter-
mined. Several test simulations must be done to choose an appropriate «,
which could consume too many resources if too many interactions are consid-
ered in the real space.

Hydrophobic interaction. The interaction energy between nonbonded mon-
omeric units is also considered in our model to capture the thermo-shrinking
behavior. It is well known that it is caused by the shift from entropy-ruled to
enthalpy-ruled forces, where water degrees of freedom and hydrogen bonds
play a fundamental role.13

Therefore, this effect results in an increase of the attractive hydrophobic
interaction between the monomeric units when the temperature is increased.14
This hydrophobic force is modelled through an interaction potentialls
(unyq (1)) which consists of a smooth approach of the square-well potential
(previously used by other authors)!6-18 whose depth increases with tempera-
ture. This potential and its depth (&5,) are described by the following functional
forms:
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Upya(T) = _52_h (1 — tanh(kp (r — rh))) (3.15)

e, (T) = 8”;“" (1 + tanh (ke (T - TE/Z))> (3.16)

where 13, is the range of the potential, kj, is related to the slope ofthe sigmoid,
Emax 1S the maximum depth of the hydrophobic potential (reached at high tem-
peratures), T/, is the temperature for which &, = &4,4x/2 and k¢, is propor-
tional to the slope of the function at that point. For the particular case of
(NIPAM)-based microgels, the potential parameters can be adopted as the fol-
lowing values: 1, =09nm, ky=122nm™}, Tej, =3075K, kgp=
0.0667 K1 and &,,,4, = 7.5 X 10721 J.15 The hydrophobic interaction is quite
relevant compared to the other interactions used. Since while the ones de-
scribed above have been used easily for at least a century, the latter began to
be used around a decade ago. And this is because it opened a path that until
then had not been considered. This step that was taken consists of studying,
through simulations, the thermosensitive behavior of polymers, such as gels.
Behavior that has been studied experimentally for a long time, in which this
change in volume with temperature was observed. Additionally, theoretical
studies were also carried out based on the Flory-Rehner theory??, developed
half a century ago. Where the Flory solvency parameter (y) could explain this
temperature-dependent volume transition. However, there was no suitable
tool that could emulate the experimental data through simulations, until a
scarce decade ago.

In addition, if a thermo-responsive gels is modelled, where there are
charged particles in the simulation, the temperature dependence of the dielec-
tric permittivity is needed in consideration as well, adopting the following ex-
pression:20

5321 -
& = T +233.76 — 0.9297T + 0.1417 x 10°T

—0.8292 x 10°T3 (3.17)

So far, we have explained different characteristics in the simulation model,
common regardless of the size of the gel. But there is a marked difference, and
it is the size of the structure of these two. When simulating a nanogel, it is
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3.13.1.1.Monte Carlo simulations

computationally viable to configure it as a delimited structure, since it can be
contained by our simulation space without the simulation data overflowing.
This allows us to get an outside perspective on it and even see its interaction
with other external components of equal or smaller size. In this type of simula-
tions, thousands of spheres modelling nanogel monomers and solute could be
handled simulating with MC methods on a computer. But these numbers would
increase several orders of magnitude if one wanted to simulate a gel in all its
immensity, making simulation calculations prohibitive. For this reason, when
a gel or microgel has been studied, a small internal part of it has been simu-
lated, recreating its internal structure, and extrapolating with periodic condi-
tions on a larger scale. With these simulations, results can be obtained from
systems with a significantly large size and a reduced computing cost.

3.2. Gel Simulation

In order to simulate a microgel with MC methods, we have used the grand
canonical ensemble, also known as uV'T ensemble, where the temperature, the
simulation volume and the chemical potential are kept constant. In this system,
the particles will move freely, seeking the global position in equilibrium. To do
this, many movements are simulated, but not all movements are accepted. In
addition, the number of particles is not fixed. Since the simulation represents a
portion inside the total macrogel, the ions are going to diffuse freely through-
out the medium, which implies that they can enter or leave our simulation
space. To represent this condition, there are special movements that can insert
or remove a random cosolute of the simulation cell. So, there are different type
of movements, but the displacement movement is more likely to be applied at
the simulation. The relative frequencies of each type of movement are of the
order of those used by Valleau et al in a classic work on MC in the grand canon-
ical ensemble.?!

Displacement movement. This process consists of selecting a particle at ran-
dom and trying to move it a random distance. After the translation, the energy
variation of the system produced by the displacement is employed to compute
an acceptance probability, and the movement is only accepted if the energy
variation is negative, or positive but less than the acceptance probability:
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AUmO,,)]

P = min [1, exp (— kT

(3.18)

where P4 a is the probability to move the particle and AU,,,,, is the change in

the potential energy with that move. After each movement attempt, whether
the movement is accepted or not, the final position of the selected particle is
stored. And by making a statistical balance of the stored positions, the configu-
ration of the real system in thermodynamic equilibrium can be obtained.
Which allows us to delve into the behavior of nanogels, and their various qual-
ities and behaviors. There is a consideration to take into account in this
method, the statistical analysis makes sense when we are in a configuration
close to the real one. But our initial configuration starts from a much more or-
derly one. A defect-free network with diamond-like topology where the nodes
are positioned on the diamond lattice and the monomer beads in the lines con-
necting them (see Figure 3.2.). The topology of the network is unchanged
throughout the simulations, thus representing a covalently cross-linked net-
work. The network is assembled connecting the chain ends to the tetrafunc-
tional cross-linkers. Figure 3.2. allows us to appreciate how the simulation is
only a part inside the macrogel, and because it makes sense that the cosolutes
can enter or exit freely. Periodic boundary conditions are applied.22

Since the initial configuration is far from looking like a real one, the pro-
gram has an initial stage of thermalization, where movements are made that
do not save the positions, that is, they do not have statistical weight. Thus, the
simulation usually performs at least a number of 108 thermalization move-
ments.
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Figure 3.2. (left) Schematic illustration of a macroscopic gel in a solvent reservoir. (right)
Schematic illustration of a unit cell of a defect-free network of diamond-like topology contain-
ing eight tetrafunctional nodes (open spheres) linked by uncrossed chains (wavy lines). Note

that four of the eight subcubes contain chains (shaded) while the other four are empty. Re-

printed with permission froms8. Copyright 2021 American Chemical Society.

Insertion/removal movement. These two processes consist of adding or re-
moving a random cosolute from our simulation space, respectively. Acting in
an analogous way to the displacement of a particle, the energy variation of the
system is calculated before and after the operation, if the energy variation is
negative or less than the insertion or removal acceptance probabilities, respec-
tively, the motion is accepted. Represented the probabilities as:23

AU pbulkNAL3y

PAE =min|1,exp| — k37l" + In <CNCT (3.19)
‘ AU pbulkNAL3]/

P =min|l,exp| — ks; —In <CT (3.20)

where AU; and AU, are the changes of potential energy involved in each inser-
tion or removal, respectively, N, is the current number of cosolute molecules
before the insertion or removal attempts, p?%!¥ is the cosolute concentration

(in mole m™3 ) in the reservoir (bulk) and y is the mean activity coefficient,
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which was estimated from the Carnahan-Starling expression for hard
spheres:24

B PPk (8 — 9k 4 3pbutk)
- (1- d)?ulk)S

Iny (3.21)

where g% is the volume fraction of the cosolute in the reservoir. Whether

the operation is accepted or rejected, the resulting position is saved to make
statistics with the rest of the displacement movements, which allows us to es-
timate the global system in equilibrium.

By simulating the inside of a macrogel, we can obtain useful information
about it. Like, for example, how permeable is the gel to a given solute. To cal-
culate this situation, we seek to obtain the parameter that characterizes the net
absorption of certain substance inside the macrogel, the partition coefficient,
defined as

Pc
K =— (3.22)
Pc

where p, and p2“¥ are the concentration of cosolute particles inside the mac-

rogel and in the bulk suspension, respectively. Moreover, if we are in the limit-
ing case of infinite dilution of cosolute particles, the mutual interactions be-
tween cosolute particles can be neglected. And therefore:

Ko = ng{ELOK (3.23)

This condition is useful to investigate the role of the interaction between
the cosolute particles and the interconnected monomers of the macrogel net-
work without the interaction of cosolutes with other cosolutes.

Another important element of the simulation would be the swollen rate of
the macrogel. This behavior could be expressed in the simulation through the
polymer volume fraction:
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- 4pm R (3.24)
3

where R,, is the radius of the monomers in the gel, and p,,, = N,,,/V is the den-
sity of the gel, that is, the number of monomers between the simulation space.
As the number of monomers in our simulation is fixed, but the volume is ad-
justed depending on the desired polymer volume fraction, it can be concluded
that the higher the simulation volume, the more expanded the macrogel is.
Thus, an inversely proportional relationship can be obtained between the pol-
ymer volume fraction and the swelling of the gel. Moreover, the dependence of
K with ¢, provides a description of the equilibrium cosolute absorption as a
function of the swelling state of the macrogel, and so it can lead to a realistic
estimate of the optimum swelling that maximizes the cosolute uptake.

3.3. Nanogel Simulation

In order to simulate a nanogel instead, the canonical ensemble, also known
as NVT ensemble, can be used, where the temperature, the volume of the sim-
ulation cell and the number of particles in the system are kept constant. This
ensemble is used instead of the grand canonical one because the nanogel is
simulated from an outside view. Instead of simulating the inside of the gel,
where it made sense for the cosolute to diffuse into or out of the simulation
space, since the solute does not leave the macrogel as such, it just flows through
it. However, with a nanogel, we generate a fixed simulation space large enough
to house the nanogel itself. Therefore, the particles will move freely, but their
total number is fixed. Thus, there is no insertion/removal movement in the
nanogel simulation. Only displacement movement are applied (as explained in
the previous section) in the simulation. Periodic boundary conditions are ap-
plied, although there is some distance between the nanogel and the bounda-
ries.

Similarly, our initial configuration is also a diamond-like topology, how-
ever not all crosslinkers are linked to four chains as with the macrogel. Since
the nanogel is a finite entity, there must be crosslinkers with three and even
two neighbors. Figure 3.3. (left) shows what an initial configuration could look
like before thermalization. Figure 3.3. (right) shows how once the particles are
allowed to move, the shape becomes more spherical. As we have an outside
perspective of the nanogel, a special displacement movement can be
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performed in which all the nanogel particles expand or contract with respect
to the mass center of the nanogel. This movement is preferably carried out in
the thermalization phase, which allows accelerating that phase. This move-
ment consists of varying the size of the nanogel multiplying the position vector
of each nanogel particle (with respect to the mass center) by a factor () close
to 1 keeping the simulation cell constant. Analogously to the displacement of a
particle, the energy variation of the system before and after is computed with
a probability of acceptance of volume change. If this is negative, or positive but
less than the probability of acceptance, the volume change is accepted. The
probability of accepting the volume change would be:25

AU,
P3¢ = min [1, a3Nparexp (— p “)] (3.25)
sl

where PJ¢ a is the probability that the coordinates of all particles are multi-
plied by «, AU is the change in the potential energy after the displacement and

Npqr is the number of particles in the nanogel network.

Figure 3.3. Snapshots of the initial diamond-like configuration studied in Paper II to generate a
nanogel (left) and a representative configuration of the nanogel after equilibration (right).

By simulating an exterior view of the nanogel, we can obtain results that
from an interior perspective would be impossible to achieve. For example,
when treating it as a particle, it is ideal to get the radius of the nanogel. Which
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helps us to see how its size varies under different conditions. Like simulating a
nanogel at different temperatures and obtaining its swelling curve that de-
pends on temperature.

In order to determine the radius of the nanogel (R ), we are going to cal-
culate its relationship with the radius of gyration (R, ), considering what would

be the Rﬁ of a rigid sphere with a geometric radius R, and volume Vgp:

RZ _ frszphdvsph _ fff r:phSin(e)drsphded(p _ 3 Rz
g = % - 4 3 - g sph (3.26)
sph §7TRsph

where rg,,, 6 and @ are the spherical coordinates of the volume integral. There-
fore, considering the nanogel as a rigid sphere we can consider that Ry, =
Rgpp, and therefore:

Rye = |ZR, (3.27)

The radius of gyration of a particular molecule at a given time is defined
as:

_ 2 rpzar

RZ
Npar

2 (3.28)

where 75,4, is the distance of each particle of the nanogel to the nanogel mass
center. As the simulation is using MC methods, where the state being simulated
does not have to be real, but the statistical average does. We can calculate the
R; of each simulation, using formula (3.28), from averaging all the Rg2 of each
iteration once the thermalization process has passed. And from here, it is im-
mediate to obtain the Ry using equation (3.27).

One of the most interesting properties of nanogels is the electrical poten-
tial that they generate around them. Since this is what mediates the interaction
with other elements of its environment sensitive to electrical charges, even
with other nearby charged nanogels. By simulating a nanogel as a finite parti-
cle, the simulation allows us to account for the total charge contained within
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the nanogel, and even its spatial distribution. We could calculate the net charge
enclosed by a sphere of radius r as:

r

o) =f p(r)anr?dr (3.29)
0

where p is the concentration of charged particles from the simulation. In addi-
tion, if we calculated previously the Ry, with equation (3.27), the effective net
charge of the nanogel can be obtain as Q(Ry). Applying Gauss’s law to equa-
tion (3.29), the electric field at a distance r is:

Q)

E(r) =
) AmeyE,T?

(3.30)

Finally, the electrostatic potential is calculated integrating the electric field
of the nanogel:

Y(r) = frE(r)dr (3.31)

0

With ¢ (r) and Ry, we can obtain the electrostatic potential at the surface
of the nanogel ¥ = Y (Ry¢), which indicates the maximum approach potential
that a charged particle approaching the nanogel will suffer. This surface poten-
tial can give us some information about the electrokinetic behavior of these soft
nanoparticles as the zeta potential does in the case of hard particles. The zeta
potential is the electrical potential at the plane which separates mobile fluid
from fluid that remains attached to the surface. Zeta potential is not measura-
ble directly, but it can be calculated using theoretical models and an experi-
mentally-determined dynamic electrophoretic mobility or electrophoretic mo-
bility. Therefore, the simulation data obtained can be compared qualitatively
with its experimental analogue data.
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Abstract

In this work the equilibrium absorption of nanometric cosolutes (which could
represent drugs, reactants, small globular proteins and other kind of biomacro-
molecules) inside neutral hydrogels is studied. We specially focus on exploring,
for different swelling states, the competition between the steric exclusion in-
duced by the cross-linked polymer network constituting the hydrogel, and the
solvent-induced short range hydrophobic attraction between the polymer
chains and the cosolute particle. For this purpose, the cosolute partition coeffi-
cient is calculated by means of coarse-grained grand canonical Monte Carlo
simulations, and the results are compared to theoretical predictions based on
the calculation of the excluded and binding volume around the polymer chains.
For small hydrophobic attractions or large cosolute sizes, the steric repulsion
dominates, and the partition coefficient decreases monotonically with the pol-
ymer volume fraction, ¢,,. However, for large enough hydrophobic attraction
strength, the interplay between hydrophobic adhesion and the steric exclusion
leads to a maximum in the partition coefficient at certain intermediate polymer
density. Good qualitative and quantitative agreement is achieved between sim-
ulation results and theoretical predictions in the limit of small ¢,,,, pointing out
the importance of geometrical aspects of the cross-linked polymer network,
even for hydrogels in the swollen state. In addition, the theory is able to predict
analytically the onset of the maximum formation in terms of the details of the
cosolute-monomer pair interaction, in good agreement with simulations too.
Finally, the effect of the many-body attractions between the cosolute and mul-
tiple polymer chains is quantified. The results clearly show that these many-
body attractions play a very relevant role determining the cosolute binding,
enhancing its absorption in more than one order of magnitude.

4.1. Introduction

Hydrogels are soft particles formed by a cross-linked polymer network dis-
persed in water that can be synthesized with nanoscopic dimensions. These
nanoparticles have gained consider-able attention during the last decades due
to their unique physicochemical properties. First of all, hydrogel particles ex-
perience a volume phase transition between swollen and shrunken states, in
response to many external stimuli such as pH, ionic strength, temperature,
light, or external applied electric and magnetic fields.!-* The characteristic time
of swelling/deswelling scales with the square of its typical size, leading to
much faster response times to reach equilibrium (of the order of seconds) than
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the so-called macroscopic gels (response times from hours to days).5 Due to
their porous morphology, hydro-gels are able to absorb large amounts of small
biomacromolecules (such as proteins, peptides or DNA), drugs or chemical re-
actants. Moreover, the fibrous internal morphology of these particles maxim-
izes the total exposed surface of polymer to the solvent, which can be exploited
to enhance the attachment of the substance to the polymeric matrix of the mi-
crogel. Finally, due to their large water content, the uploading of biomacromol-
ecules can be achieved maintaining their biological activity and conformational
state.6-10 Hydrogels are specially interesting for applications that involve the
uptake of hydrophobic cosolutes. Indeed, the poor solubility of many newly de-
signed hydrophobic therapeutic drugs has resulted in numerous problems for
their transport and release.1112 The combination of all these important features
make hydrogels excellent candidates for different biomedical and industrial
applications, such as transport and time-controlled delivery of therapeutic
molecules,3-17 or as stimuli-responsive nanoreactors for controlled cataly-
sis.18-21 The diffusion, encapsulation and attachment of a certain cosolute inside
a neutral hydrogel are mainly determined by two interactions, namely the ex-
cluded-volume repulsion exerted by the polymer chains, and the hydrophobic
(hydrophilic) cosolute-polymer attraction (repulsion) caused by changes in
water structure around the cosolute and the polymer chain.22-25 These interac-
tions represent in fact effective potentials that gather chemistry-specific infor-
mation from the detailed atomistic level, in which the solvent degrees of free-
dom, hydrogen-bonding effects and the conformational flexibility of the poly-
mer have been coarse-grained using certain statistical averaging proce-
dure.2627 Therefore, entropic and enthalpic contributions are usually implied
in this kind of interactions. The strength of this interaction can be significantly
large, giving rise to a noteworthy accumulation or depletion of cosolute inside
the hydrogel. The steric exclusion controls the in-diffusion of the cosolute in-
side the particle, whereas the hydrophobic attraction determines the binding
energy of the substance inside the polymer matrix. Indeed, large-sized solutes
are less likely to diffuse inside the polymeric matrix compared to small ones,
since the average pore size (or interchain spacing) establishes a threshold to
the size of cosolutes that can permeate inside the polymer matrix.28 On the
other hand, the specific nature of the polymer chains can also contribute to am-
plify the hydrophobic adhesion. In this sense, experimental observations
clearly show that protein sorption can be enhanced in hydrogel particles con-
taining a larger amount of hydrophobic comonomer.2° The adhesive properties
of the hydrogel can also be switched by changing its swelling state.3° For

41



4. Paper [ Physical Chemistry Chemical Physics, 2018, 20, 2814.

instance, the swollen con-figuration is achieved because the polymer chains
are hydrophilic and so more likely to be surrounded by water molecules. Con-
versely, the shrunken state is the consequence of hydrophobic polymer-water
repulsions that induce the collapse of the particle, although other effects as hy-
drogen bonding or van der Waals interactions may also be involved.! Conse-
quently, in the swollen conformation, the polymer packing fraction inside the
particle decreases, leading to a reduced excluded-volume repulsion. However,
in this state the hydrogel becomes predominantly hydrophilic, so the cosolute
binding is also smaller. In the shrunken (hydrophobic) state, the steric exclu-
sion is greatly enhanced, but at the same time the hydro-phobic affinity of the
cosolute becomes very important too. This interplay between both effects has
been observed in many experiments of protein sorption into neutral hydrogels
and grafted coatings.31-3* As a result of this competition, the internal permea-
tion of the protein is favored for swollen hydrogels, whereas a strong hydro-
phobic binding adsorption onto the hydrogel surface is promoted in the
shrunken state.35-37 Analogously, it has been shown experimentally that the up-
take of water-solute drugs (or ions) induced by shrunken hydrogels can be
substantially increased due to the hydrophobic character of the drug mole-
cules.38-40 In concrete, Punjabi et al. have recently observed that significantly
more drug is taken up by each of the hydrogels (MAA-NIPAM) at 70 2C (con-
densed state) compared to 25 2C (swollen state). This result was attributable
to the increased hydrophobicity of the microgel at higher temperatures. This
maintained swelling at high temperatures is important in facilitating the higher
observed drug loading at 70 2C, allowing hydrophobic partitioning to control
the drug uptake behavior as opposed to mass transfer.40

As mentioned above, the partitioning inside a neutral hydrogel is the result
of a complex interplay between excluded-volume and hydrophobic binding ef-
fects. Given the large number of applications of these systems, this work in-
tends to explore under a theoretical point of view different strategies to max-
imize the internal uptake of cosolutes (such as globular proteins or therapeutic
drugs), inside a neutral hydrogel polymer network. In addition, it would be in-
teresting to find out if the morphological details of the cross-linked polymer
network and the many-body attractions between the cosolute particle and
multiple polymer chains play a significant role on the cosolute partitioning. To
address these fundamental questions, we perform Monte Carlo (MC) coarse-
grained simulations of a neutral hydrogel in the presence of hydrophobic coso-
lutes. The hydrophobic inter-action between the cosolute and the polymer
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chain is taken into account by assuming an attractive short-range interaction.
Accordingly, characteristic parameters of this interaction (as its strength and
range) are tuned in order to discover the optimal conditions at which a maxi-
mum of internal sorption is reached. Moreover, the influence of the size of the
cosolute is also analyzed. In addition to the simulations, a simple theoretical
model based on the calculation of the excluded and binding volumes around
the polymer is developed to predict the onset of maximum formation. The pa-
per is organized as follows. In Section 1.2 the theoretical models for the parti-
tion coefficient in the regime of infinite dilution of cosolute particles are pre-
sented. The MC computer simulations to tackle the cosolute absorption inside
a cross-linked polymer network are described in Section 1.3. The results ob-
tained from these simulations and the comparison with the theoretical predic-
tions are shown in Section 1.4, and the most relevant conclusions summarized
in Section 1.5. Finally, some details of the theoretical calculations are described
in the Appendixes.

4.2. Theory: partition coefficient of attractive
spherical cosolutes inside cross-linked polymer
networks

In this section, a theory to predict the absorption of spherical cosolutes (repre-
senting small globular proteins, drugs, reactants,...) inside neutral hydrogels is
developed. We define V as the total volume of the hydrogel network, with
N;poss cross-linkers and Ny, 45 beads. Hence, the total number of monomers is
Np = Neross + Npeaas- The most important parameter that characterizes the
net absorption of certain substance inside the hydrogel is the so-called parti-
tion coefficient, defined as

Pc
K=— (4.1)

Pc
where p, and p2*¥ care the concentration of cosolute particles inside the hy-

drogel and in the bulk suspension, respectively. K is in general a very complex
quantity that depends on many parameters, such as the cosolute-cosolute and
monomer-cosolute pair interaction potentials, bulk cosolute concentration,
polymer packing fraction inside the hydrogel, cross-linking concentration and
the particular morphology of the network. In this work, the assembly of
N,, monomers are connected by means of tetrafunctional cross-linkers (each
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cross-linker is connected to four chains). This kind of structure is quite general,
as it represents the internal structure of many realistic hydrogel systems, such
as poly(N-isopropylacrylamide) (PNIPAM) or poly(N-vinylcaprolactam)
(PVCL), among others. We also consider that all chains between two cross-link-
ers nodes have the same length. This means that, if v is the number of beads
per chain and N_j,ins is the total number of chains, then Ny 445 = VN pqins- FOr
a tetrafunctional cross-linked network, it can be shown that N.p,gins = 2N ross-
Therefore,

Nm = (1 + ZV)NCT'OSS (4 2)

The total number of bonds between two interconnected monomers can
also be estimated in a similar way. For each cross-linker, there are 2 chains,
and for each chain, there are (v + 1) bonds, so

Nponas = 2(V + 1)Ngposs (4.3)

We further assume that monomers and cosolutes are spherical particles,
with radius R,, and R, respectively, and that two interconnected monomers
are in close contact, so the distance between them is 2R,;,.

In order to investigate the role of the interaction between the cosolute par-
ticles and the interconnected monomers of the hydrogel network, we focus our
study in the limiting case of infinite dilution of cosolute particles. In this regime,
the mutual interactions between cosolute particles can be neglected, and the
partition coefficient can be simply written in terms of the effective interaction
energy that the cosolute experiences inside the hydrogel, u:

Ko= Jim K=e e (4.4)
with f = 1/(kgT), where T is the absolute temperature. For this purpose, the
pair potential between the cosolute particle and a monomer, u.,,(r), must be
known. u.,, (r) should be regarded as an effective potential obtained after cer-
tain coarse-graining procedure, in which the degrees of freedom of the coso-
lute, the polymer chain and the surrounding solvent molecules have been
traced out. In general, u.,, (r) has a repulsive barrier that prevents the particle
interpenetration, followed by a short-range repulsive or attractive tail that
yields an additional exclusion or binding. In spite of the short-range character
of this force (of a few water molecule diameters), it plays a very important role
in many physico-chemical and bio-logical phenomena, such as protein stabili-
zation and polymer coil-to-globule transitions.41-44 In this work, we are not in-
terested in the swelling transition of the hydrogel in the presence of finite
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concentration of cosolute molecules. Instead, we especially focus on studying
the cosolute partitioning inside the hydrogel in the presence of hydrophobic
attractive interactions. Given the short-range character of the cosolute-mono-
mer pair interaction potential, its specific details are not very important.
Therefore, approximations can be done as soon as u.,,(r) is chosen to fairly
represent the volume exclusion repulsion effect and the existence of certain
short-range hydrophobic attraction. A feasible and practical way to introduce
both effects can be achieved through the square-well potential

oo r S REXC
Uem (1) ={—€ Rexc <7 = Rpina (4.5)

0 r>R,+R.+A
where Rgy. = Ry, + R; is the excluded radius, Rpjng = Ry, + R + A is the
range of the attractive well (A is the thickness of the attractive region) and € >
0 stands for the attraction strength. Despite its simplicity, this potential retains
the most important features of the real interaction. Indeed, since the hydro-
phobic attraction is in general short-ranged, the effective pair potential could
be characterized within a square-well form, where € and A are chosen to match
the second and third virial coefficients of the real interaction. In addition, this
choice has the particular advantage of allowing the analytical calculation of the
partition coefficient in some limits, as will be shown below.

Once the pair potential and the network structure are fixed, the partition
coefficient depends exclusively on the polymer volume fraction inside the hy-
drogel, K = K(¢,,), with ¢,,, = 4mp,R3,/3 (P, = Ny /V). The knowledge of
K (¢) provides a complete description of the equilibrium cosolute absorption
as a function of the swelling state of the hydrogel, and so it can lead to a realistic
estimate of the optimum swelling that maximizes the cosolute uptake. In the
following section, a theory to predict the value of K, for swollen hydrogels is
presented. This is indeed the simplest situation, as many-body correlations in-
duced by the polymer chains can be neglected. Then, in a second step, an ap-
proximate model to extend this theory for large ¢,,, is shown.

4.2.1. Calculation of K, for swollen hydrogels

When the hydrogel is immersed in a good solvent, the cross-linked polymer
chains are extended. Under this particular case, it is very unlikely that two
neighboring polymer chains approach each other. This means that the absorp-
tion of the cosolute will involve only the interaction with a single chain. Making

45



4. Paper [ Physical Chemistry Chemical Physics, 2018, 20, 2814.

use of this approximation, the volume excluded by the polymers and the vol-
ume of the binding region around them (the region where the cosolute experi-
ences an attraction to the polymers) can be calculated analytically. Then, K,
can be expressed in terms of these excluded and binding volumes. A detailed
explanation of the calculation of K, is shown in Appendix A. The resulting ana-
lytical expression can be written as

Ko(pm) =1+ adp, (4.6)
where a can be split in three different additive terms

a = a + beP¢ + ce?Pe (4.7)

The first term is the contribution to the partitioning coefficient arising
from the volume where the interaction between the cosolute particle and the
polymer chains is zero. The term proportional to e#¢ accounts for the region
where the cosolute is attracted to a single monomer, with a total interaction
energy of —e. Finally, the term proportional to e2#¢ represents the contribution
of the regions where the cosolute is attracted at the same time to a couple of
monomers, with an energy of interaction of —2¢. Coefficients a, b and c are ex-
plicitly given by

1
a = —Apina + % (1 = Apina)*(1 + 22pina) (4.8)
b= Atgn'nd - Azxc ( )
v+1
2v+1 [(1 - Aexe)z(l + Zlexc) (4_9)

3 2
— (1 = Apina)*(X + 22pinq) — 3 (Apina — A3xc) ]

2

3w+ 1)
=3 (’1l27ind - Agxc) (4'10)

‘TBv+1
where Aping = Rpina/Rm and Aoyc = Royc/Rm- We remind that v is the num-
ber of monomers per chain (assuming that all chains between two cross-link-
ers have the same length). Several comments should be mentioned at this
point. First of all, the theory predicts a linear dependence of K, with the poly-
mer volume fraction. This prediction represents an approximation for ex-
tended hydrogels, where the polymer packing fraction is small. By increasing
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¢m, more entangled overlaps between the excluded and binding volumes
around the monomers entail additional non-linear terms.

Secondly, it is interesting to remark that the contribution proportional to
e2P¢ becomes very significant when the depth of the potential well is large
enough (S > 1). This means that the 3-body contribution due to the simulta-
neous attraction between a cosolute particle with two interconnected mono-
mer cannot be neglected, even in the limit of very small polymer packing frac-
tions. In fact, the partition coefficient obtained assuming that the cosolute is
only attracted to the closest monomer is always smaller than the one obtained
from eqn (4.6) - (4.10). The explicit expression of a for this particular case is

X2—body = —Apina + ) (1 = Apina)*(1 + 22pina)

2v+1
v+1)
+ eBE {Agind _Agxc + 2V +1

[(1 - Aexc)z(l (4_11)

+ 22exc) — (1 = Apina)*(1 + 22pina)]

Finally, it is important to emphasize that the geometrical aspects are also
relevant in determining the correct expression of the partition coefficient. In
other words, the fact that monomers are not free individual particles, but in-
stead are structured forming an interconnected and cross-linked network, has
significant implications even in the limit of very small ¢,,,. In order to demon-
strate this, a simple thermo-dynamic calculation of K, has been performed us-
ing a naive second order virial expansion in terms of the monomer and cosolute
number densities, p,, and p., respectively (see Appendix B). In the limit of
small cosolute concentration, Kj, is given by

Kpirial = 1 4 [_Agind + eﬁg(/'liina — /'lgxc)]fl)m (4.12)

However, this thermodynamic approach completely neglects the overlap-
ping volumes between the excluded and attractive regions around intercon-
nected monomers, and so it is expected to lead to wrong predictions.

4.2.2. Estimating K, for any swelling state of the hydrogel

For swollen hydrogels, the previous section showed that the network structure
can be modeled by an assembly of interconnected monomers forming inde-
pendent chains. However, as the polymer volume fraction increases due to hy-
drogel collapsing, this picture completely breaks down, since monomers
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belonging to different chains (and even unconnected monomer sin the same
chain) approach each other to very close distances, causing multiple overlaps
of the excluded and binding volumes. This many-body effect leads to a non-
linear structure-dependent behavior of K, (¢,,,). Moreover, K, also become de-
pendent of other parameters, such as the persistence length of the polymer
chains.

In spite of the enormous complexity of this problem, it is still possible to
give a qualitative description of the expected behavior. For small attractions
(small ), the excluded-volume repulsion exerted by the polymer chains always
increase with ¢,,. Consequently, K,(¢,,) decreases monotonically to zero as
¢m tends to 1 (in this limit, there is no free space for the incoming cosolute).
However, as ¢, increases, the volume of the attractive region grows for small
¢m, and then decreases for large ¢,,. If the depth of the attractive well is suffi-
ciently large, this effect leads to the appearance of a maximum of Ky(¢;,),
which is the result of the competition between the hydrophobic short-range
attraction and the steric repulsion. Eventually, K, decays when ¢, is further
increased, as the steric effect becomes dominant in this limit.

An exact analytical expression for the partition coefficient can be deduced
for any polymer concentration if the structure of the polymer network is ap-
proximated by means of simple geometrical models. One option is to assume
that the cross-linked polymers are modeled by an assembly of randomly ori-
ented cylindrical fibers, and that the cosolute only inter-acts with the closest
fiber (many-body effects neglected).*546 Under these grounds, the total volume
fraction available for the cosolute with a distance from the closest chain larger

thanrisgivenby ¢(r) = (1 — q,’>m)(r/Rf)2 ,where Ry = /2/3R, is the effective
radius of the rod that matches the volume of an straight array of spherical mon-
omers of radius R,,.#” The partition coefficient is K, = e#¢[¢(R; + R.) —
#(Rr + R + A)] + ¢(R; + R + A),which leads to

KSOdS — eﬁs[(l _ ¢m)(1+RC/Rf)2 _a- ¢m)(1+(RC+A)/Rf)2

+ (1 — ¢yy) A+ RAD/Rp)? (4.13)

Another simple analytical model can be deduced considering the network

as an assembly of randomly located spherical monomers of radius R,,. In this
case
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K(s)pheres _ eﬁg[(l _ ¢m)(1+Rc/Rm)3 _ (1 _ ¢m)(1+(Rc+A)/Rm)3

3 (4.14)
+ (1 = ¢,,) A+ (Ret4)/Rm)

In spite of the strong assumptions on the internal morphology of the hy-
drogel, both models predict the existence of a maximum of K|;, providing a qual-
itative explanation to the interplay between steric repulsion and hydrophobic
attraction.2* Although a quantitative description of the position and height of
the maximum is still remaining, the theory previously presented for swollen
hydrogels still provides an excellent way to find out whether this maximum
will arise or not, by simply analyzing the partition coefficient in the limit of
small ¢,,,. Indeed, for @ > 0, a maximum develops at certain intermediate pol-
ymer maxing fraction. This condition of maximum is satisfied when

—b + Vb2 — 4ac]
2c

Be >In (4.15)

where coefficients a, b and c are given in eqn (4.8) - (4.10).

4.3. Monte Carlo simulations

According to the model described in the introduction, monomers, cross-linkers
and cosolute molecules are explicitly considered as hard spheres. The short-
range repulsion between monomers and crosslinkers due to excluded volume
effects is modeled by means of the usual potential for hard spheres:

[* ) T'SRi-i'Rj

U (1) = {0 r > R; +R (4.16)

where 7 is the center-to-center distance between a given pair of particles and i
stands for the species. This short-range repulsion is also employed for the coso-
lute-cosolute excluded-volume interaction and is also considered in the
square-well potential characterizing the monomer-cosolute interaction (see
eqn (4.5)).It should be also mentioned that the beads forming a given chain are
connected by harmonic bonds, whose interaction potential is:

kb;nd (T‘ _ ro)z (417)

where kp 4 is the elastic constant (k.4 = 0.4 N m1) and ry is the equilibrium
bond length (in this work ry = 2R,,,). The network was assembled connecting
the chain ends to the tetra-functional cross-linkers (through the same har-
monic bonds). For simplicity, a defect-free network with diamond-like

Upond (T) =
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topology and chains of equal length was assumed. In this work, networks with
20 beads per chain were simulated. The simulation cell contains 8 nodes and
16 chains (as in previous similar works).48-51 Two typical snapshots of the sim-
ulations for two different polymer volume fractions are depicted in Figure 4.1.

Figure 4.1: Two snapshots of the simulations for (a) ¢,,, = 0.01 and (b) ¢, = 0.1. Blue,
green, and red spheres represent interconnected beads of the chains, cross-linker nodes,
and cosolute particles, respectively.

The configurations of the polymer network for different polymer volume frac-
tions were simulated here just changing the cell dimensions while the number
of particles of the network remains constant. In other words, the network was
simulated in the canonical ensemble. A cubic simulation box contained the par-
ticles of the polymer network and the solute. The conventional Metropolis
Monte Carlo (MC) protocol was used to generate Boltzmann-weighted gel con-
figurations. The maximum displacements corresponding to solute particles
and network beads were adjusted so that their respective acceptance ratios
were close to 50%. Periodic boundary conditions were applied. The nodes
were initially positioned on a diamond lattice and the monomer beads in the
lines connecting them.48-51
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The equilibrium between cosolute molecules in the gel and in a reservoir
at the desired concentration was simulated in the grand canonical (GC) ensem-
ble. Thus, simulations also consider insertion and removal of one cosolute par-
ticle together with the translational MC moves. The probability of acceptance
of insertion and removal are given, respectively, by:52

Ay, p Ny Vy
1 — 4.18
,exp( kBT+ln< N F 1 (4.18)

acc(insertion) = min

Au bulkN Vv
acc(removal) = min [1, exp (— " YT, —In (Pc N a’¥ ))] (4.19)
B c

where Vis the volume of the simulation cell, T is the absolute temperature, Au;
and Au, are the changes of potential energy involved in a given insertion or
removal, respectively, N, is the current number of cosolute molecules before
the insertion or removal attempts, p2?%!¥ is the cosolute concentration (in mole
m-3) in the reservoir (bulk) and y is the mean activity coefficient, which was

estimated from the Carnahan-Starling expression for hardspheres:s3
_ ¢£)ulk(8 _ 9¢£ulk + 3¢?ulk2)
B (1- ¢bulk)3
Cc
where ¢ is the volume fraction of the cosolute in the reservoir. The solvent

both in the gel and the solute reservoir was modelled as a continuum at room
temperature (7= 298 K).

Iny (4.20)

bulk
c

4.4. Results and discussion

In order to investigate the interplay between steric exclusion and hydrophobic
adhesion, the details of the polymer network and the cosolute particle must be
specified. In this work, the neutral hydrogel is modeled by a tetrafunctional
cross-linked network, considering a total number of monomers per chain given
by v = 20. The radius of all monomeric units and cross-linkers is R,;, = 0.4 nm.
The cosolute-monomer pair interaction is controlled by three additional pa-
rameters (see eqn (4.5)), namely the cosolute radius, the depth and the range
of the attractive well (R;, € and A, respectively). Here, we intend to provide a
general description of the equilibrium partitioning of spherical cosolutes, fea-
turing a large variety of substances. For this purpose, the values of these three
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parameters are varied to cover the typical hydrophobic interaction of cosolutes
sizes involved in the applications. In particular, the cosolute radius is varied
from R, = 0.2-0.8 nm. This range of sizes comprises the radii of many hydro-
phobic drugs involved in different therapeutic treatments, such as hydrocorti-
sone, budesonide, dexamethasone, paclitaxel, tamoxifen or -
lapachone,!417.5455 and chemical reactants in catalytic reactions, such as nitro-
benzene or 4-nitrophenol.!® Analogously, in order to cover different degrees of
hydrophobicity, the attraction strength goes from € = 0 (no attraction) to 4kgT
(strong attraction), and the range of the attraction varies from A = 0.05 nm to
A = 0.2 nm. The bulk concentration of cosolute is p?** = 10 mM =~ 0.006 part
per nm3, which is sufficiently small to neglect the cosolute-cosolute interac-
tions.

4.4.1. Dependence of K, with the attraction strength, €. Role of
the multiple attractive bonds

For each combination of the interaction parameters, the partition coefficient as
a function of the polymer packing fraction of the microgel was explored. Figure
4.2 (a) and (b) show K,(¢,,) for different values of ¢, fixing R, = 0.4 nm and
A = 0.05nm. As expected, for € = 0, the cosolute partitioning is completely con-
trolled by the volume exclusion exerted by the polymer chains. When ¢,, in-
creases, the average size of the pores between polymer chains, I, decreases as

l~¢;ll/3, which precludes the cosolute particles from diffusing inside the mi-
crogel. This leads to a monotonous decrease of K, from 1 to 0 as ¢,, increases.
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Figure 4.2: Cosolute partition coefficient as a function of the polymer packing fraction inside
the hydrogel. Open symbols are the simulation data for different values of the attractive well
&, for a fixed cosolute radius R, = R, = 0.4 nm and fixed attraction range, A = 0.05 nm.
Straight dashed lines show the linear theoretical predictions obtained from eqn (4.6) -
(4.10) for small ¢,,. The data are split in two graphs, (a) and (b), in order to give a clear rep-
resentation of the complete set of results.

A progressive increase of the attraction strength, ¢, partially reduces the
steric repulsion effect. For small attractions, the cosolute particle is more likely
to bind to one or more polymer chains, increasing the value of K. Under these
conditions of weak binding, the volume exclusion is still dominating the parti-
tioning, so K, again decreases monotonically to zero. However, if the attraction
strength is large enough, the cosolute binding becomes so important that is
able to completely compensate the steric exclusion, inducing an increase of K|,
with ¢,,. Technically, the reason for this absorption enhancement is due to the
fact that increasing the polymer packing fraction also implies a relative in-
crease of the volume of the attraction layer around the polymer chains. This
absorption enhancement is not sustained in the limit of large ¢,,,, and eventu-
ally volume exclusion becomes again more relevant. As a result of the compe-
tition between these two effects, the partition coefficient exhibits a maximum
at certain intermediate polymer packing fractions. We find this result really in-
teresting, as it shows that it is possible to find particular conditions to maxim-
ize the uploading of certain macromolecule inside the hydrogel. A similar non-
monotonic behavior has been observed for charged cosolutes inside oppositely
charged polymer gels.22 In this case, however, the origin of the monomer-coso-
lute attraction is not hydrophobic, but electrostatic.
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[t is important to remark that the height of the maximum grows with the
attraction strength in a non-linear fashion, leading to values K of about 50 for
& = 4kgT. This huge effect is a direct consequence of multiple cosolute binding
to three or more monomeric units, which occurs when the polymer chains de-
form to wrap around the cosolute particle. This many-body effect is expected
to become very significant in shrunken hydrogels. Recent simulation and the-
oretical results performed in Lennard-Jones cosolutes clearly show that for
strong cosolute coupling, the polymer network in the collapsed state also em-
beds the attracted cosolutes.5¢ Only for very large polymer volume fraction
¢m = 0.3 the steric repulsion is able to hinder the cosolute penetration.

In order to quantify this multiple binding effect, other batch of simulations
were performed, but in this case restricting the cosolute attraction to the clos-
est monomer of the network. The data for the partition coefficient for this ide-
alistic situation are shown in Figure 4.3. As observed, neglecting the multiple
bonds causes huge changes in K,. Indeed, the maximum observed for
large € decreases by one order of magnitude (or even disappears for the case
of moderate attractions) and shifts towards smaller values of ¢,,,. This behav-
ior is a signature of the important reduction of the overall attraction that arises
from neglecting the many-body coupling. It is interesting to note that the mul-
tiple bonds play an important role not only for shrunken hydrogels, but also
for swollen, as it systematically reduces the slope of K, for small ¢,,, since the
binding of the cosolute to two inter-connected monomers is not taken into ac-
count (region C in Figure 4.7 of Appendix A).

The behavior reported in the simulations is captured by our theoretical
models. Eqn (4.6) - (4.10) were used for predicting the small-¢,,, linear behav-
ior of K, in the general case, and eqn (4.11) for the simplified model in which
the cosolute exclusively interacts with the closest monomer. The results are
plotted as dashed straight lines in Figure 4.2 (a), (b) and 4.3. In all cases, the
agreement is excellent, as the theory provides qualitative and quantitative ac-
cordance with the simulation results in the regime of swollen hydrogels. Con-
versely, the model based on the virial thermodynamic approach given by eqn
(4.12) leads to wrong predictions for the slope (not shown), since it systemat-
ically overestimates the exclusion and binding volumes of the interconnected
monomers. This result clearly indicates that the geometrical details of the
cross-linked polymer network are very important for attractive cosolutes, even
in the limit of swollen hydrogel conformations.
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Figure 4.3: Ky(¢,,) calculated considering that the cosolute particle only interacts with the
closest monomer, for R, = 0.4 nm and A = 0.05 nm. Open symbols depict the simulation re-
sults. Straight dashed lines show the linear small-¢ theoretical prediction deduced from eqn

(4.6) - (4.11). Solid and dashed-dotted lines correspond to the theoretical predictions as-
suming that the polymer network are made of random overlapping cylinders eqn (4.13) or
random overlapping spheres eqn (4.14), respectively.

For non-diluted polymer networks, we tried to reproduce the overall curve ap-
proximating the network structure by an assembly of random located (and ori-
ented) cylindrical chains (see eqn (4.13)) or by an assembly of random spher-
ical monomers (eqn (4.14)). As an example, two curves for ¢ = 3kgT are plot-
ted as solid and dashed-dotted lines in Figure 4.3, corresponding to both mod-
els. Both theories gather the required ingredients to give a qualitative
justification of the maximum of K, (¢,,). The model of random rods gives a bet-
ter representation for swollen hydrogels, where the polymer chains are ex-
tended, whereas the model of random spheres becomes more accurate for
large polymer packing fractions. However, these models completely neglect the
effect of the multiple bonds, and so lead to a severe underestimate of the
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location and height of the peak, when comparing with the simulation data
shown in Figure 4.2 (a) and (b).
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Figure 4.4: K, (¢,,)as a function of the cosolute radius, R, for fixed values of ¢ = 2kgT and
A = 0.05 nm. Open symbols represent the simulation results, and dashed lines the theoreti-
cal predictions for small ¢,,.

4.4.2. Dependence of K, with the cosolute size and the range
of the hydrophobic attraction (R, and A)

The dependence of the partition coefficient with the cosolute size is shown
in Figure 4.4 for e = 2kzT and A = 0.05 nm. As expected, increasing the particle
size while keeping constant the attraction always intensifies the volume exclu-
sion effect. As a consequence, the maximum of K; diminishes and shifts to-
wards smaller polymer volume fractions. If the cosolute diameter is large
enough, the steric repulsion completely suppresses the peak, leading to a mon-
otonic decay of Ky(¢,,). The theoretical predictions given by eqn (4.6) - (4.10)
also reproduce the simulation data, at least for the studied cosolutes sizes. The
opposite trend is found if the dependence of K, with the range of the attraction
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Ais examined. An example of this is shown in Figure 4.5 for ¢ = 2kgT and R, =
0.4 nm. Indeed, increasing A augments the thickness of the binding region
around the monomers. In addition, the overlap between the binding regions of
neighboring chains also emphasizes the appearance of regions where the coso-
lute is attracted simultaneously to more than two monomers. The combination
of both effects yields a substantial growth of the peak height. For large values
of A, the theoretical model underestimates the values of K since these many-
body attractions are not totally accounted in eqn (4.6) - (4.10), even in the case
of swollen states of the hydrogel.
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Figure 4.5: K, (¢b,,) as a function of the attraction range, A, for fixed values of € = 2kgT
and R, = 0.4. Open symbols represent the simulation results, and dashed lines the theo-
retical predictions for small ¢,,,.

4.4.3. Searching for the condition of maximum

As mentioned above, the existence of a peak in the partition coefficient entails
the possibility of designing a hydrogel that, for a given hydrophobic cosolute
and solvent conditions, maximizes the cosolute uploading. Therefore, it would
be interesting to find out the particular parameters of the cosolute-monomer
interaction at which the hydrophobic attraction is strong enough to produce
such a peak in K. For this purpose, additional MC simulations were performed
to carefully search for these conditions.
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Figure 4.6: Onset of maximum formation in K (¢, ). Symbols depict the simulation data, and
solid lines the theoretical predictions obtained with eqn (4.15).The error bars show an esti-
mate of the fluctuations of the simulation data.

Figure 4.6 shows (in symbols) the simulation data that establishes the on-
set of the maximum of K, represented in a € — R, diagram. The graph depicts
results for several values of A. For points below this line, the cosolute is pre-
cluded by the steric repulsion. For points above it, the hydrophobic attraction
is strong enough to induce a maximum of the partition coefficient. As expected,
the attraction strength required to overcome the steric exclusion grows with
the cosolute size. It is interesting to point out that, even for a point-like cosolute
(R, = 0), it still experiences a non-negligible volume exclusion that must be
overcome to generate the maximum. Analogously, an increase of the attraction
range, A, shifts the whole curve to smaller values of €. The simulation results
are totally corroborated by the theoretical prediction obtained from eqn
(4.15), shown as solid lines. This means that, although the theory cannot pro-
vide a quantitative description of the maximum, at least itis able to predict the
onset of maximum formation, in terms of the details of the cosolute-monomer
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interaction. Hence, eqn (4.15) can be regarded as a simple prescription to guar-
antee the existence of a maximum in K.

4.5. Conclusions

In summary, the absorption of diluted spherical cosolutes (which could repre-
sent therapeutic drugs, reactants, globular proteins and other biomacromole-
cules) inside a neutral hydro-gel is studied for different swelling states. We spe-
cially focused on the interplay between the excluded-volume repulsion exerted
by the polymer chains inside the hydrogel and the solvent-induced hydropho-
bic attraction between the cosolute particle and the monomeric units. For this
purpose, MC coarse-grained simulations were performed, assuming that the
cosolute-monomer interaction is given by a square well pair potential, and
achieving a wide analysis in terms of different meaningful parameters, namely
the cosolute radius (R.), the depth (€) and range (A) of the attraction. In spite
of the simplicity of this model, it gathers the more important elements to fairly
represent more realistic short-range hydrophobic attractions.

Two well-defined regimes were found depending on the value of the at-
traction strength. For small attractions, the steric exclusion dominates and the
partition coefficient decreases monotonically with the polymer volume frac-
tion. However, for sufficiently large hydrophobic attractions, a maximum of the
partition coefficient is reached at some intermediate polymer volume fraction,
which arises as a consequence of the competition between steric exclusion and
hydrophobic adhesion. The location and height of the peak increase with € and
A, but decrease with R, as a result of the enhancement of the volume exclusion
effect. The existence of this peak in the partitioning shows that, for some spe-
cific hydrophobic cosolute, the uploading can be maximized by adjusting the
swelling state, the internal morphology of the hydrogel (for instance, modify-
ing the cross-linker density) or the nature of the polymer chains.

The results indicate that the formation of many attractive bonds between
the cosolute particle and multiple monomers of the polymer network plays a
very important role in determining the partitioning. The existence of these
multiple attractions strongly intensifies the cosolute uptake for moderate and
large polymer packing fractions. This many-body effect was quantified to show
that this enhancement is also present even in the limit of small polymer con-
centrations (swollen hydrogels), due to the binding of the cosolute to two in-
terconnected monomers within the same chain.
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The simulation results agreed with a theoretical model based on the calcu-
lation of the volumes of the excluded and attractive regions around the poly-
mer chains. Very good quantitative agreement between theory and simulations
in the regime of swollen hydrogels was achieved. The particular choice of coso-
lute-monomer pair interaction potential becomes very convenient under a
practical point of view, as it allows us to deduce useful analytical expressions
for the partition coefficient. The theoretical predictions clearly indicate that the
geometrical aspects of the cross-linked polymer network are important, even
in the regime of swollen hydrogels. Moreover, the theory is able to provide the
conditions that establish the onset of formation of the maximum for a hydro-
phobic cosolute.

An interesting extension of this work would be the study of the influence
of the network topology, such as chain poly-dispersity.57-59 According to
Edgecombe and Linse,57 as the network is made polydisperse, the microgel vol-
ume decreases, with the short chains being more stretched and the long ones
less stretched as compared to a monodisperse chain length distribution. Based
on this, we expect that the leading contribution of considering chain polydis-
persity is that swollen microgels have a lower volume, and so a corrected pack-
ing fraction ¢,, larger than the corresponding one for monodisperse chains. In
the limit of very low packing fractions (swollen hydrogel), the cosolute only
interacts with the closest chain in the network and the effect of the chain poly-
dispersity should be described by simply applying eqn (4.6) with the corrected
volume fraction ¢,,. However, for shrunken hydrogels, the chain polydisper-
sity may have more complex effects, such as shifting and broadening/narrow-
ing of the peak of K|,. Definitely, a more profound study of the role of chain pol-
ydispersity will be worth in future works. Another improvement of this study
will also entail the investigation of cosolute partitioning in concentrated sus-
pensions inside finite-size microgel particles. In this case, hydrophobic adhe-
sion will enhance the internal absorption, whereas volume exclusion will pro-
mote the surface adsorption of cosolutes. In turn, the adsorbed particles may
form an external layer that acts as a steric shield for further absorption.

Another interesting direction is to extend previous studies onion partition-
ing and microgel swelling to investigate the permeation of charged hydropho-
bic cosolutes inside charged hydrogels in salty suspensions.60-¢9 [n addition to
steric and hydrophobic forces, electrostatic interactions become a very rele-
vant contribution that completely modifies the cosolute absorption. In this re-
gard, the partitioning not only depends on the cosolute charge, but also on how
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this charged is distributed. For instance, the charged distribution of a protein
is usually non-homogeneous, giving rise to an electric dipole that tends to ori-
entate along the external field generated by the microgel. Recent studies show
that the potential of mean force between the charged cosolute and the microgel
can be phenomenologically separated into five different additional contribu-
tions: monopolar, dipolar, Born solvation free energy, counterion release, and
osmotic.3670[t is important to remark here that the dipolar, Born and counter-
ion release contributions are attractive even for like-charged hydrogels. More-
over, the theoretical predictions for this kind of systems clearly show that the
combination of these attractions can be strong enough to compensate the
monopolar repulsion, giving rise to a cosolute absorption even for like-charged
hydrogels. All this phenomenology is very important on determining not only
the equilibrium partitioning, but also the absorption and release kinetics in
real applications. Therefore, the characterization of the physics behind it can
help in the design of new stimuli-responsive functionalized nanomaterials.
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Appendix A: calculation of K, in terms of the ex-
cluded and binding volumes

In this section, the volume of the excluded and binding regions mentioned in
the theory are calculated for swollen hydrogels. The network is assumed to be
formed through N, tetra-functional cross-linkers, having N_p4ins Chains,
with v interconnected monomers per chain. As shown in the theoretical section
of this paper, the ratio between the number of bonds and the total number of
monomers for this particular morphology is

Nponas _ Z(V + 1)

= Al
Ny, 2v+1 (A1)
The packing fraction of monomers is
41 N, 4N, R3,
=——R3 5V=—"= A2

We further assume that the connected monomers inside a polymer chain
are in close contact, so the distance between them is r = 2R,,,, which is indeed
a good approximation.

61



4. Paper [ Physical Chemistry Chemical Physics, 2018, 20, 2814.

The position of the centers of the N monomeric units are specified by their
coordinates {77, 75, ... 7y} = {r;}. The total volume inside the hydrogel volume
can be classified into four different regions. A schematic representation of the
interconnected monomer units inside the network is shown in Figure 1.7. Ac-
cordingly, region A is defined as the points where the distance of the cosolute
center to any monomer center is smaller than R, = R,, + R,

A={FeV/|F =7 < Roxc} (A.3)

and so it corresponds to the volume of cosolute exclusion. Analogously, region
B is the zone where the distance to any monomer is smaller that Ry;,q = Ry +
R.+A

B ={f € V/IF = 7i] < Rpina} (A.4)

Clearly, region (B-A) represents the volume where the cosolute-monomer is
attractive. However, due to the proximity of the interconnected monomers,
there is a belt (identified by region C) where the cosolute is attracted at the
same time to a couple of monomers, with an energy of interaction of
—2¢&. Region C represents a 3-body cosolute-monomer-monomer correlation.
In a similar way, new zones with four or higher overlaps of attractive regions
can be identified, giving rise to binding energies of —3¢, —4¢ and so on. How-
ever, these four and higher body contributions can be neglected for extended
chains.
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Region B

Region C
Region D

Figure 4.7: Schematic bidimensional illustration of a single chain formed by interconnected
monomers. The picture depicts the four different regions (A-D) described in Appendix A.
The dark blue and right hatched zones show, respectively, the overlapping volume between
the excluded and attractive regions of two connected monomers.

Finally, region D corresponds to the points where the interaction with any
monomer is zero
D = {# € V/IF = 7| = Rpina} (A.5)

Due to the simplicity of the monomer-cosolute pair potential, the partition
coefficient is obtained in terms of the volume fraction of these four regions. If
V4, Vg, Ve and Vj, are their volumes, and ¢; = V;/V their volume fractions, the
partition coefficient is

L Be 2P
KO=V(VD+3 Vg = Vy = V) + e“PEVe)
=1—¢5+eP(pp — pa— ¢c) +e¥ep,  (A6)

where we used thatVp =1 — V5.
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To calculate the volume of the regions correctly, special care must be taken
of removing the mutual overlapping regions between two interconnected mon-
omers (see Figure 4.7). In general, the overlapping volume between two
spheres of radius R; and R, with a center-to-center distance given by r; is given
by
m(R; + R, —1)?

12r
—3(Rf + RY)]
for |R; — R;| <r < Ry + R,. The volume of region A is obtained adding the
contribution of the volume N,,, spheres of radius R,,. = R,;, + R, and then, sub-
tracting the overlapping volumes of the N, ;s between them,

V’(T‘, Rll Rz) =

X [r? 4 2r(R; + R,) + 6R,R, (A7)

4 !
3 T[Rexc NbondSV (ZRm; Rexc: Rexc) (A'SJ

[t is convenient to define the dimensionless distances ., = Rexc/Rm, SO

VA=N

4 !
Vy = R%(Nm §7T/12xc = NponasV' (2; Aexcr Aexc) (A.9)

The volume fraction of region A, ¢, = V,/V, is obtained using eqn (A.1), (A.2)
and (A.9), which leads to

32v+1)

4 2 + 1 V (2 ABXCI exc)] ¢m

ba = [Agxc
(A.10)

v+1)
= [Agxc - v+ 1 1- Aexc)z(l + 22exc) | Pm
Proceeding in a similar way, the volume fraction of region B is
(v+1) 2
¢ Ablnd 2v+1 (1 Ablnd) (1 + 2/1bmd) ¢m (A-ll)

where Aping = Rpina/Rm- Finally, the volume of region C can be written in
terms off our overlapping volumes (see again Figure 4.7), so

3@Ww+1 ,
bc = w1 [V'(2; Apinas Abina) — 2V'(2; Apinas Aexc)
+V'(2; Aexer dexc)1Pm (A12)

3 v+1 2
8 2v + 1[ bind Agxc] ¢m

The substitution of eqn (A.10), (A.11) and (A.12) into eqn (A.6) finally leads to
the explicit expression of K, shown in eqn (4.6) - (4.10).
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Appendix B: virial approximation for K

Within the virial expansion, the free energy per volume f = F/V of the system
can be written as

f = fnetwork(Pm) + pc [ln(pcA%) —-1]+ Bgnmprzl + 2B} pmpc
cc 2 (B.1)
+ B3 p¢
where A, is the thermal wave length of the cosolute, and B;j are the corre-
sponding second virial coefficient for the mutual interactions. The cosolute
chemical potential is

of
e =5 - = In(pchd) + 2BYpyn + 285, (B.2)

Cc

The hydrogel is in contact with a bulk reservoir of cosolutes at a concentration

pLulk at a common temperature, with a chemical potential given by Hebulk =

In(plukA3) + 2B pb¥k. The equilibrium between both phases implies the
equality of the chemical potential, p. = u2*, which leads to
Pe = é’ulke_ZBgnCPm_BZCC(pc_Pgulk) (B3)

In the limit of swollen hydrogels (small p,,) and infinite dilution of cosolutes

(pLuk - 0), K, is given by

K():
p

1—-2B3" pm (B.4)

bulk
pitio pf

Making use the analytical expression of the second virial coefficient for the
square well potential (eqn (4.5)),

B = 2?" [Rexc = (Riina — Réxe) (e — 1)), (B:3)
the following expression for the partition coefficient is found
Ko = 1+ [~Aing + P (Bina — Xixc)|dm (B.6)
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Abstract

The main goal of this work is to evaluate the effect of dispersion forces on dif-
ferent properties of nanogels, such as the size, the net charge and the surface
electrostatic potential. This task was done by means of Monte Carlo coarse-
grained simulations of nanogels in the presence of three different electrolytes.
This model allows us to explicitly consider the dispersion interactions between
ions inside the nanogel and the monomer units rather than interactions be-
tween the ions and the nanoparticle as a whole. Our simulations reveal that
dispersion forces can be responsible for the charge inversion and the surface
electrostatic potential inversion that cationic nanogels undergo in the presence
of NaSCN. Moreover, these phenomena only take place if the bare charge of the
nanogel is small enough. Our results also suggest that dispersions forces can
induce a high capacity of permeation of some ions, such as thiocyanate, even
into collapsed nanogels.

5.1. Introduction

Nanogels are nanometer-sized particles that consist of a crosslinked polymer
network swollen by solvent, typically water. Nanogels with sizes of hundreds
of nanometers are also known as microgels. The interest in microgels has
grown rapidly over the past two decades because these soft nanoparticles can
undergo a volume phase transition by external stimuli (e.g. temperature, pH,
ionic strength). It is this responsiveness that makes nano- and microgels smart
particles in different cutting-edge technologies, such drug delivery, catalyst
media, nanoreactors, sensors, photonic crystals, and so on. [1-7]

In colloid science and biochemistry, there is a wide range of phenomena
showing that ions with the same valence can induce different behaviors. Such
phenomena, advisably reviewed by Ninham and coworkers,[8-14] also include
electrokinetic experiments with microgels. In particular, Lépez-Ledén and
coworkers reported that the electrophoretic mobility of poly(N-isopropy-
lacrlyamide) (PNIPAM) particles strongly depends on the monovalent electro-
lyte employed.[15] These authors also reported a puzzling finding: a concen-
tration of 0.01 M of NaSCN was sufficient to completely reverse the electropho-
retic mobility of this kind of soft particles.

The standard models of electric double layer (EDL) fail to theoretically jus-
tify these ionic specific effects (also known as Hofmeister effects) since classi-
cal approaches describe ions only by their valence. However, Ninham,
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coworkers and other authors made major progress suggesting that that ionic
dispersion forces should be included in the EDL theory.[8,11,24-28,16-23] In
this way, ion specificity arises naturally since such forces depend on the ionic
polarizability, which differs for ions with the same valence. Following this idea,
Tavares et al.[23] and Bostrom et al.[24] studied the effect of van der Waals
interactions on the forces between hard colloids by means of computer simu-
lations. Their results turned out to be qualitatively consistent with specific salt
effects experimentally observed by numerous researchers, which supported
the idea that dispersion forces played a key role in Hofmeister effects. Other
authors have also developed different theories that consider polarizability to
explain the behavior of the effective charge and zeta potential of oil droplets or
interfacial tensions of different electrolyte solutions.[29-31]

Inspired by the simulations carried out by Tavares et al. and Bostrom et al.
the effect of ionic dispersion forces on the EDL of hard colloids was assessed
by means of Monte Carlo (MC) simulations. According to them, ionic van der
Waals interactions contribute to the ion specificity of the electrokinetic prop-
erties of these colloidal particles, but their weight strongly depends on the ion
size.[26,27] In addition, it should be stressed that dispersion forces could par-
tially justify the inversion of electrophoretic mobility reported by Lépez-Le6n
et al. for latex particles at high concentrations of NaSCN.[32]

Thus, it would be interesting to find out to what extent dispersion forces
can also explain some ion specific phenomena with micro- or nanogels. How-
ever, we should keep in mind that there is a key feature that distinguishes these
soft colloids from hard colloidal particles: their permeability. lons can easily
enter swollen microgels. On the other hand, a recent work has concluded that
the polymer volume fraction of collapsed microgels is of the order of 0.44,[33]
so there is room for small ions inside the polymer network even in the case of
shrunken states. Consequently, realistic simulations of nanogels in the frame-
work of the primitive model should explicitly consider interactions between
ions and polymer chains (or their monomer units) rather than interactions be-
tween the ions and the whole particle, as done in the case of hard and impene-
trable colloids. In this way, the possibility of ions inside the polymer network
is also accounted for.

Accordingly, the main goal of this work is to evaluate the effect of ionic dis-
persion forces on the electric double layer of nanogels by means of MC coarse-
grained simulations. Ions and monomer units forming the polymer network
will be treated on the same footing. All-atom molecular dynamics simulations
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have already been employed to gain insight into conformational transitions of
PNIPAM chains induced by temperature.[34-36] The effect of different electro-
lytes has also been investigated through this computational technique.[37,38]
However, these atomistic simulations are usually restricted to small assem-
blies of a few polymer chains. To simulate larger spatial and time scales coarse
graining is preferred. This includes the case of a whole nanogel.[39-48] Thus
coarse-grained simulations of a nanogel and its electric double layer are car-
ried out here. In such simulations the inner crosslinked structure, the topology
of the nanogel and monomer-ion interactions are explicitly considered.

The rest of the paper is organized as follows. First, the model and simula-
tion technique are described. Then results are presented and discussed. Fi-
nally, some conclusions are highlighted.

5.2. Model and simulations
5.2.1. Model

In this work, MC simulations were performed within a coarse-grained model
for polyelectrolytes known as the bead-spring model, in which the monomer
units of the polymer chain and ions are considered spheres whereas the sol-
vent is not explicitly considered and instead it is treated as a dielectric contin-
uum (primitive model). An illustrative example of the versatility of the bead-
spring model is its application in viral detection. Shin et al. computed the me-
chanical tension and the contraction that a virus exerts on single-stranded
DNA.[49] Such a contraction might be macroscopically detected if DNA is in-
corporated in a hydrogel.

In our case, each chain of the nanogel is formed by a sequence of 1,44
spherical monomer units (beads) connected by tetrafunctional crosslinkers
(also modeled by beads of the same size). A total number of 8 monomers are
linked to form a single chain (1,,4=8). The nanogel simulated here is made of
100 chains connected by 66 crosslinkers. 39.4% of them (the innermost ones)
are really connected to four polyelectrolyte chains. 24.2% and 36.4% are
linked to three and two chains, respectively. There are no crosslinkers con-
nected to only one chain. In this survey, we have explored slightly ionized
nanogels. The simulation cell also contains monovalent cations and monova-
lent anions (in a fixed number determined by the bulk electrolyte concentra-
tion, 10 mM) as well as the excess of monovalent anions required to have an
electroneutral system.
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As mentioned before, we have modeled chain beads, crosslinker molecules
and ions (cations and anions) as spheres, whose diameters are oy, oci, o¢ and
04, respectively. Monomer and crosslinker molecules were assumed to have
the same size (on= 0¢;= 0.65 nm).[50] However, different sizes were employed
for the ions of the three salts studied here: NaSCN, NaNOs; and NaCl. Table 5.1
shows the diameters of hydrated and bare ions corresponding to these electro-
lytes. Depending of their place in the lyotropic series, these ions have been con-
sidered hydrated or dehydrated. For instance, we have considered bare diam-
eters for SCN™ and NO3™ because these anions are extremely chaotropic.[51] In
contrast, CI"and Na*are more kosmotropic than those two, so their hydrated
diameters have been used instead.

Ion Bare ion diameter (nm)  Hydrated ion diameter (nm)
Na+* 0.19 0.72
SCN- 0.40 0.56
NOs~ 0.528 0.68

Cl- 0.362 0.66

Table 5.1: Ion diameters used in our simulations

5.2.2. Interactions

The short-range repulsion between any pair of particles due to excluded vol-
ume effects is modeled by means of the hard sphere potential:

o r<o

upea® ={y 737 (5.1)

where r is the center-to-center distance between a given pair of particles, and
o = (o; + 0;)/2 is the average diameter of both particles. The interaction of all

the charged species is given by the potential of Coulomb:
uc(r) = ZiZje? [4me, eor (5.2)

where Z; is the valence of species i, e is the elementary charge, € and &, are the
relative permittivity and vacuum permittivity of the solvent, respectively. Be-
ing interested in thermoresponsive nanogels, the temperature dependence of
the dielectric permittivity was also considered:[52]

5321 -
& = T +233.76 — 0.9297T + 0.1417 x 10™“T

—0.8292 x 107°T3

(5.3)
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The interaction connecting monomer units and crosslinkers with their
neighbors was modeled by harmonic bonds,[53-55]

k
Upona (1) = =27 (r = 10)? (54)

where kpona is the elastic constant (kyong= 0.4 N/m) and ry (= 0.65 nm) is the
equilibrium length corresponding to this harmonic potential. The interactions
due to ion polarizability between an ion and any other particle were modeled
by an ionic dispersion potential:

Uqgisp(r) = —By/;/1° (5.5)

where Bj;is the parameter characterizing the dispersion interaction between
species i and j. More information about this parameter is provided below.

It is well known that the thermoresponsive nature of nanogels is caused
by the shift from enthalpy-ruled to entropy-ruled forces, where hydrogen
bonds and water degrees of freedom play a fundamental role.[56] For the par-
ticular case of PNIPAM, this effect yields an increase of the attractive hydro-
phobic interaction between the monomeric units upon increasing the temper-
ature.[57] This hydrophobic force was modeled through an interaction poten-
tial[50] (up (r)) that consists in a smooth approximation of the square-well po-
tential (previously used by other authors) [58-60] whose depth increases with
temperature. The same interaction potential was employed in previous simu-
lations of thermoresponsive nanogels.[61,62] Therein the reader can find the
details concerning this potential.

5.2.3. Dispersion constants

Given that the effect of dispersion forces is studied in our work, the values of
the dispersion constants B;,; (where i and j refers to cations, anions and mon-
omeric units) play a key role. According to the Lifshitz theory of van der Waals
forces,[51,63] the constant between two species (i and j) can be calculated as:

By . ai(0x;(0) O ai(v)a;(v)
KT 0 22(0) #6), &2 (V)

(5.6)

where kg is the Boltzmann constant, T is the absolute temperature, @;(v) is the
effective polarizability of ion i in water and at frequency v, &;(v) is the dielec-
tric constant of the solvent at the same frequency, and v,, = 2mkgTn/h, where
h is Planck’s constant and n an integer. As can be seen, this theory requires the
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knowledge of effective polarizabilities and dielectric constants at different fre-
quencies, which can be estimated from the harmonic oscillator model as:

a) = —29 (5.7)
1+ @/v)?)
_ (,(0) — 1)
R0 o)

where v is the characteristic frequency of the harmonic oscillator, also called
in this context as ionization frequency. The values of @(0) and v, employed for
Na*, NOs~and Cl™ are those summarized by Tavares et al. [23] The polarizability
and the characteristic frequency used for SCN~ (6.5A3 and 2.4 x1015 Hz) are
quite similar to those reported by Kunz et al. [20] Given that our model consid-
ers dispersion interactions between ions and monomers, the values of a(0)
and v; for monomeric units of PNIPAM are also required. The polarizability of
such monomeric units was estimated from the Clausius-Mossotti relationship
(turning out to be 0.033 nm3). A characteristic frequency of 8 x1015 Hz was
adopted for these constituents of the polyelectrolyte nanogel. According to Ma-
han et al., v; typically ranges from 1.6 x1015 to 8 x10!5 Hz. [64] The values of
the dispersion constants obtained from Lifshitz theory of van der Waals forces
under the previously mentioned assumptions are summarized in Table 5.2.

Bcation/cation( 6) Banion/cation ( 6) Banion/anion( 6) Bcation/m (n 6) Bcation/m (nm(’)

Electrolyte g T KpT nm g T
NaSCN 132 x 1075 2.01x107* 481x1073 2.86x 1073 442 x 1072
NaNO3 132 x107° 7.68 x 1075 1.13 x 1073 2.86x 1073 1.69 x 1072
NaCl 132 x 1075 6.61x 1075 8.19x 107* 2.86x 1073 1.46 x 1072

Table 5.2: Dispersion constants used in our simulations for different electrolytes (subindex m
refers to monomeric units).

5.2.4. Simulations

The conventional Metropolis algorithm was applied to a cubic box of length L
and periodic boundary conditions. The volume, temperature and number of
particles were kept constant. In theory, the box size would be established by
the nanogel concentration, being infinite for isolated nanogel particles. In prac-
tice, however, this is not achievable because, in the presence of additional elec-
trolyte, the number of particles in the simulation box would become
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prohibitive. Thereby, the simulation box must be large enough to contain the
nanogel particle and a significantly developed electric double layer around it.
The L-values used in our simulations are (at least) one order of magnitude
larger than the Debye length. When this is the case, a considerable portion of
the solution bulk is included in the simulation box.[62] Figure 5.1 shows a
snapshot of the simulation cell corresponding to NaSCN at 293 K. Long-range
Coulomb forces were handled through Ewald sums, which were implemented
with algorithms and recommendations similar to those reported in previous
papers.[61,62] Although there are efficient simulation packages for coarse-
grained models of soft matter, simulations were carried out using our own
computer code (in C).

Figure 5.1: Snapshot of the simulation cell for NaSCN at 293 K. Blue and red beads represent
neutral and charged monomers, respectively. Orange and green beads correspond to Na*
and SCN™ ions, respectively.

At least 4 x108and 8 x108 configurations were used for equilibration and
statistics, respectively. The maximum displacements corresponding to ions
and network beads were adjusted so that their respective acceptance ratios
were close to 50%. To accelerate the equilibration, scaling moves of the net-
work (in which the position of the particles are multiplied by a scaling factor
o) were attempted during this process as well. The evolution of the radius of
gyration of the nanogel, R;, was monitored averaging this quantity in subsets
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of 105 configurations to check that an equilibrium value was reached after equi-
libration. In addition, at least three repetitions of the simulations were done to
give us an idea of its uncertainty. Simulations also provide the concentration of
charged particles at a distance r from the center of mass (CM), n;(r), where i
stands for charged beads and the different ionic species (excess counterions,
cations and anions). From these ionic profiles, we computed the net charge and
the surface electrostatic potential.

5.3. Results and discussion

Let us begin showing some results regarding the thermal response of the na-
noparticles. First, we have simulated slightly charged cationic nanogels at
seven different temperatures ranging from 293 to 323 K, for each electrolyte.
One fifth of the chains carry only one ionized group with the positive elemen-
tary charge, +e (degree of ionization: 0.025). For polymer chains or networks,
our simulations can provide the so-called radius of gyration, which can also be
determined from light scattering experiments. But, given that nanogels can be
modeled as spheres in a first approximation, we rather employ the geometrical
radius of such spheres (R,4) to characterize their size. For a solid sphere, the

relationship between its geometrical radius and its radius of gyration is:

Ry =+/5/3R, (5.9)

Thus this expression was employed to compute the geometrical radius of
the nanogel from its radius of gyration. An imaginary sphere of radius R, cen-

tered at the center of mass of the nanogel contains 90% of its monomers.[65]
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Figure 5.2: Effective radius of the nanogel (R;4) as a function of temperature for different
electrolytes: 10 mM NaCl (open square), 10 mM NaNOs (open up triangle), 10 mM NaSCN
(open down triangle).

Figure 5.2 shows R,  as a function of temperature in order to find out if
the thermosensitive behavior is affected by the dispersion effects of the differ-
ent salts at 10 mM. As can be seen, the nanogels go from a swollen state to a
collapsed stated following a sigmoid function. The inflection point of this curve
gives us the transition temperature (approximately 305 K, 332C), which is close
to the Volume Phase Transition Temperature (VPTT) of PNIPAM. According to
this figure, there are not significant differences among the three electrolytes
studied. This result agrees with the behavior reported for cationic microgels
with the same electrolytes at 10 mM.[15]

At this point let us turn our attention to the net charge of the nanogel. This
charge includes the charge of the polymer backbone and the ions inside the
nanogel (those whose distance to the CM is smaller than the radius of the nano-
gel). Figure 5.3 displays the net charge as a function of temperature for the
three electrolytes commented previously.
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Figure 5.3: Net charge as a function of temperature for different electrolytes: 10 mM NaCl
(open square), 10 mM NaNOs (open up triangle), 10 mM NaSCN (open down triangle). This
figure also includes the net charge corresponding to 10 mM of NaSCN in the absence of dis-

persion forces (open circles).

This figure reveals two different behaviors. On the one hand, the net
charges of the microgels in the presence of NaCl and NaNOs3 are positive and
very similar (of the order of 10 elementary units in both cases). On the other
hand, the net charge in the presence of NaSCN is close to zero below the VPTT
and decreases above this temperature taking negatives values for a cationic
nanogel. In other words, a charge reversal is observed for NaSCN. Figure 5.3
also includes the net charge corresponding to NaSCN without dispersion forces
(Bi/j = 0). These values are almost identical to the net charges of NaCl and
NaNOs. Thus, we might conclude that dispersion forces have outstanding ef-
fects for NaSCN in the whole range of temperatures studied. In fact, they are
responsible for the charge inversion found above 305 K. Although the results
corresponding to NaCl and NaNO3 in the absence of dispersion forces have not
been shown, they are quite similar to those obtained with dispersion forces in
Figure 5.1. As a consequence, dispersive effects are negligible for NaCl and
NaNOs.

It is also interesting to comment the behavior of the electrostatic potential
at the surface of the nanogel (y;). This property can provide us helpful infor-
mation about the electrokinetic behaviour of these nanoparticles. Figure 2.4
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shows the normalized electrostatic potential (W = ey /kgT) as a function of
the temperature for the three previously shown electrolytes.
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Figure 5.4: Normalized electrostatic potential as a function of temperature for different elec-
trolytes: 10 mM NaCl (open square), 10 mM NaNOs (open up triangle), 10 mM NaSCN (open
down triangle). ). This figure also includes the normalized electrostatic potential corre-
sponding to 10 mM NaSCN in the absence of dispersion forces (open circles).

Again, the behavior of electrostatic potential of NaSCN clearly differs from
NaCl, NaNO3z and NaSCN in the absence of dispersive forces. We might also con-
clude that dispersion forces induce a reversal in the electrostatic potential
whereas their effects are unimportant for NaCl and NaNOs. However, the be-
havior of the electrostatic potential and the net charge for NaCl and NaNO3 are
quite different. While 1), is small below the VPTT and grows following a sig-
moid function above this temperature, the net charge in the presence of NaCl
and NaNOs remains practically constant in the whole range of temperatures
(Figure 5.3). This rise of Y can be attributed to the reduction in size with tem-
perature while the net charge remains constant. It is worth qualitatively com-
paring these results with the electrophoretic mobility (u,) data reported for a
cationic microgel in the presence of 10 mM of the same electrolytes.[15] Lépez-
Leon et al. found that the magnitude of the electrophoretic mobility of cationic
microgels grows near the VPTT describing a sigmoid function but exhibiting a
reversal for NaSCN. These findings are in agreement with our results. Accord-
ing to these authors, SCN™ is a chaotropic anion that interacts with the hydro-
phobic moieties of PNIPAM chains enhancing their solubility and increasing
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the lower critical solution temperature of the PNIPAM.[66] However, their p,-
values for NaNO3z and NaCl were quite different, which disagrees with y)s-val-
ues obtained by our simulations. Regarding this disagreement between exper-
iments and simulations, we should bear in mind that our model only includes
dispersion forces, and there are Hofmeister effects beyond these interactions.
Just as an example related to hard colloids, a recent work has analyzed the ef-
fect of hydrophilic/hydrophobic character of the surface of different particles
on the {-potential.[67] Regarding microgels, Lopez-Ledn et al. suggested that
structural rearrangements in water induced by ions were also partially respon-
sible for Hofmeister effects.[68] In any case, specific ionic effects attributed to
NaCl and NaNO3; when they interact with cationic microgels based on PNIPAM
are not captured if only a generic cationic nanogel and dispersion forces are
considered in the model.
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Figure 5.5: Spherically averaged local number density (p(r)) of ions SCN~ and NOs~ and
monomers in their presence as a function of the distance to the CM (r) at 323 K.

As mentioned before, simulations provide the distributions of different
particles (monomers, ions, etc) around the CM of the nanogel. It would be quite
illustrative to compare the distributions corresponding to SCN-, for which dis-
persive effects are important, and NOs™. Figure 5.5 displays the spherically av-
eraged local number density (p(r)) for these two ions and for the monomers
in the presence of them at 323 K. On one hand, we might observe that the
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monomers forming the nanogel for both electrolytes have a similar distribu-
tion. On the other hand, only the SCN™ appreciably permeates the nanoparticle.
Its concentration inside the nanoparticle is considerably greater than outside
despite the fact that the nanogel is collapsed. In contrast, the concentrations of
NOs3~ and Na* (not shown) in the middle of the nanogel are much smaller than
outside. Thus, this graph shows us how the dispersive effects are quite relevant
for SCN-, attracting these ions towards the nanogel monomers. In contrast,
NOs~and Na* ions are mostly outside the nanogel since they are less attracted
to the monomers.
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Figure 5.6: Normalized electrostatic potential as a function of the number of elementary
charges of the nanogel in the presence of 10 mM of NaSCN at 323 K.

Up to this point, only 20% of the chains of the simulated nanogels carry
only one charged group (2.5% of monomers). Given that these nanogels have
100 chains, this means that such nanoparticles possess 20 elementary charges.
It would be appealing to analyze how the effects of dispersive forces depend
on the number charge groups. Figure 5.6 shows the normalized electrostatic
potential as a function of the number of elementary charges of the nanogel in
the presence of NaSCN at 10 mM at 323 K. We have chosen this system because
the effects of dispersion forces are stronger (Figure 5.4). As can be seen, two
regions can be discerned easily. For nanogels with charges smaller than 45e
(5.6% of total monomers) the normalized electrostatic potential is negative.
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For greater charges this property is positive. This implies that the potential re-
versal only occurs bellow a threshold charge value.

5.4. Conclusion

In this work, the effects of dispersion forces have been assessed by means of
coarse-grained simulation of nanogels in the presence of different electrolytes.
According to our results, dispersion forces can induce charge inversion and
electrostatic potential inversion for slightly charged cationic nanogels in the
presence of NaSCN. This phenomenon would be straightforwardly related with
the electrophoretic mobility reversal that Lopez-Leon and coworker reported
for PNIPAM microgels even at low NaSCN concentrations (such as 0.01 M).[15]
These authors tried to qualitatively justify their results in terms of the disper-
sion potential between the ions and microgel surface, which is inversely pro-
portional to the cube of the distance between a given ion and the surface. In
this work, however, van der Waals interactions between ions and the mono-
meric units (instead of the surface of the nanogel) have been explicitly consid-
ered since ions can permeate the polymer network even in collapsed states.
Such attractive interactions are inversely proportional to the six power of the
distance between the interacting ions or molecules, whose minimum value de-
pends on their ionic or molecular radii. Thus the phenomenon of charge inver-
sion might happen not only for NaSCN and PNIPAM but also for other ions and
polymers if these ionic species and the corresponding monomeric units have
small sizes and high polarizability. It must also be stressed that this phenome-
non disappears when the bare charge of the nanogel increases.

On the other hand, dispersion forces do not seem to have relevant effects
on the net charge or the surface electrostatic potential for NaCl and NaNO:s.
Moreover, the effects of the dispersive forces on the nanogel size are negligible
for the three studied electrolytes. In any case, we should remark that here we
have restricted ourselves to dispersion interactions, but Hofmeister effects can
be driven by other forces.
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Abstract

Coarse-grained Monte-Carlo simulations of nanogel-polyelectrolyte complexes
have been carried out. The results presented here capture two phenomena re-
ported in experiments with real complexes: i) the reduction in size after ab-
sorbing just a few chains; ii) the charge inversion detected through electropho-
retic mobility data. Our simulations reveal that charge inversion occurs if the
polyelectrolyte charge is large enough. In addition, the distribution of chains
inside the nanogel strongly depends on whether charge inversion takes place.
It should be also stressed that the size and surface electrostatic potential de-
pends on the number of monomers per chain. However, the chain topology has
very scarce influence on the properties studied here.

6.1. Introduction

Nanogels are crosslinked polymer (or polyelectrolyte) networks with sizes of
just a few tens of nanometers.12 One of their more outstanding characteristics
is that these colloidal particles are able to swell or shrink in response to envi-
ronmental properties, such as temperature or pH. As a result of this respon-
siveness and their high loading capacity, nanogels are very promising as drug-
delivery carriers.3-8 In particular, ionic nanogels can incorporate oppositely
charged macromolecules, polyelectrolytes or inorganic nanoparticles due to
attractive electrostatic forces. In fact, this principle can be exploited to immo-
bilize oligonucleotides and plasmid DNA in cationic nanogels, which protect
such polyelectrolytes from enzymatic degradation.®-17 In addition, these nano-
gels can be used to deliver genes into a cell. Apart from that, nanogels have
been proposed as a soft and porous alternative to solid substrates and, what is
more, some research groups have experimentally investigated the absorption
of some polyelectrolytes (such as poly(diallydimethylammoniumchloride)
(PDADMAC), miktoarm star polymers, peptides or polystyrene suphonate) into
micro- or nanogels.18-23

In order to control the uptake of polyelectrolytes by nanogels, we should
fully understand the role played by electrostatic and excluded-volume interac-
tions, which are present in all charged systems. However, some counterintui-
tive electrostatic phenomena continue challenging many theorists of colloid
science and soft matter. Widely known examples of this are charge inversion
and the existence of attractive electrostatic forces between like-charged
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macroions. Strong electrostatic correlations and charge fluctuations neglected
by mean-field theories are responsible in many cases for such striking phenom-
ena.z+-29

It is appropriate to mention in this regard that coarse-grained simulations
of nanogels are particularly useful to consider these and other aspects which
are not included in many theoretical models, such as the presence of nodes in
the polyelectrolyte network or the flexibility of the chains. In addition, these
simulations have significantly contributed to elucidate some aspects of the be-
havior of nanogels,30-47 such as size and charge effects. For instance, a previous
work has recently showed that the deswelling and charge inversion observed
after the absorption of spherical hard nanoparticles into nanogels can be ex-
plained in terms of electrostatic and excluded volume interactions.8 The sim-
ulations performed therein also revealed that: i) charge inversion only takes
place if the nanoparticle charge is large enough; ii) the distribution of hard na-
noparticles inside the nanogel depends on whether charge inversion occurs.

Some experimental works assume that the formation of polyelectrolyte-
microgel complexes is driven largely by electrostatic interactions to draw some
conclusions about the role of these interactions.2022 In real systems, however,
the presence of other interactions depending on the specific chemical nature
of the microgel and polyelectrolyte chains is very likely. Commonly, such inter-
actions are not known a priori and therefore it is difficult to reach firm conclu-
sions. In this respect, computer simulations can be extremely helpful since they
employ tailor-made systems, whose structure and interactions between their
constituents are specified at the beginning.

According to the preceding paragraphs, one of the main goals of this work
is to find out the precise role played by electrostatic forces in complexes
formed by nanogels and soft polyelectrolyte chains incorporated into them. To
tackle this issue, the absorption of linear and ring polyelectrolyte chains into
nanogels has been simulated using the bead-spring model for both species. In
this way, the complex topology of nanogels and the fluctuations of polyelectro-
lyte chains are explicitly considered. Different properties of the polyelectro-
lyte/nanogel complexes formed are analyzed paying special attention to size
and charge effects. Linear and ring polyelectrolyte chains are inspired in oligo-
nucleotides and plasmid DNA, since the latter it has been proved to be much
more efficiently transfected than linear DNA (when cationic lipids as used as
vectors in gene therapy).4250 However, the results obtained here go far beyond
DNA arrangements and can be relevant for a huge variety of
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polyelectrolyte /nanogel complexes given the generality of the model. Apart
from this, ring polymers were also included in our study because two polyelec-
trolytes with the same charge but different architecture or topology exhibit dif-
ferent charge distributions. Therefore, the comparison between ring and linear
polyelectrolytes will help us to discover if the chain charge distribution has im-
portant effects.

6.2. Model and simulations

The coarse-grained picture employed here for polyelectrolyte chains and nano-
gels is the so-called bead-spring model. According to this representation of re-
ality, monomer units and ions are modeled as spheres, whereas the solvent is
modeled as a dielectric continuum. The short-range repulsion between any
pair of these beads (monomers or ions) due to excluded volume effects is mod-
eled by means of the Weeks-Chandler-Andersen potential:

4 (dlz i + 1) < V2(a; + a))
eyl =t r < a; +a;
u,(r) = rizore 4 B

0 r> %(ai + aj)

Here r is the center-to-center distance between a given pair of particles, ,; =

(6.1)

4.11 x 10721 ], a; stands for the radius of species i and d = a; + a;. We as-
sumed that the monomers of the nanogel and the monomers of the free chains
have similar but slightly different diameters (d = 0.65 and 0.7 nm, respec-
tively). Estimates of the diameters of different monomers yield values of this
order.5! A diameter of 0.7 nm was also employed for ions. The hydration shell
of ions is included in the corresponding spheres.

Consecutive monomers of a chain are connected by harmonic bonds,
whose interaction potential is:

Upona (1) = 0.5Kkpona(r — ro)z (6.2)

where kj,,,4 is the elastic constant and ry is the equilibrium length corre-
sponding to this harmonic potential. The ry-values used for monomers of the
nanogel and the free polyelectrolyte chains were identical to their respective
diameters, but the same k,,,4-value was employed for both, 0.4 Nm-. This
value was also employed by Schneider and Edgecombe et al. in coarse-grained
simulations of polyelectrolyte gels.52-5¢ Other authors proposed elastic con-
stants much greater than kzT/d?2,, where d,, is the diameter of monomers, kg
is Boltzmann’s constant and T is the absolute temperature.3055 This ensures
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that thermal fluctuations undergone by the monomers are much smaller than
their diameter. The elastic constant employed in this work also satisfies this
condition.

Some monomers of the free polyelectrolyte chains and nanogels carry elec-
tric charge. These beads and ions interact through the Coulomb potential:

2
ZL-Zje
4ege,T

Uelec (T‘) = (6-3)

where Zie is the charge of species i, e denotes the positive elementary charge
and g,¢, is the dielectric permittivity of the medium (water at 293 K in this
case).

The topology of the nanogel is the same as we employed in previous
works:#8 100 polyelectrolyte chains connect through 66 crosslinkers. Inner
crosslinkers (40%) were connected to the ends four polyelectrolyte chains.
However, the most external crosslinkers were connected only to three or even
two chains. The nanogel lacks chains with a free end. Each chain of the nanogel
is formed by 15 monomers whereas the free polyelectrolyte chains are made
of 12 or 24 monomers. The bare charge of the nanogel is +100e (one charged
group per chain). This is a representative sample of a slightly charged nanogel.
As we are interested in charge effects, four families of free chains with different
bare charges were employed in our simulations. Linear and ring polyelectro-
lyte chains with 12 monomers carry bare charges of —3e, —6e, —12e and —24e,
whereas the bare charge of linear and ring polyelectrolytes with 24 monomers
can be —4e, —8e, —16e, —24e or —48e. Figure 6.1 shows the nanogel and some
24-monomer linear polyelectrolyte chains whose charge is —8e.

The simulation cell contains the cationic nanogel in the middle, a given
number of free anionic polyelectrolyte chains and the monovalent anions and
cations required to neutralize the charge of the nanogel and the polyelectrolyte
chains, respectively. The simulation box also contains additional cations and
anions corresponding to a fixed concentration of monovalent electrolyte (0.1
mM). The length of the cell (L.) was estimated as L = 2(Ry¢o + 3lp), where
Ryco is an estimate of the radius of the nanogel in the absence of free polyelec-
trolyte chains and [, is the Debye screening length. The definition of [, is nota
trivial issue. In fact, Claudio et al. admitted in their pioneering work on coarse-
grained simulations of nanogels that different criteria might be employed to
define the Debye length.3° Here, we have adopted the simplest criterion: to con-
sider the total number of ionic species in the simulation box (including free
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polyelectrolyte chains), which gives us a lower bound for the Debye length. Af-
ter simulation, we confirmed that the cell contained a significant portion of
electrical double layer around the nanogel. In any case, the cell lengths em-
ployed in our simulations were greater than 100 nm.

Figure 6.1: Nanogel and some 24-monomer linear polyelectrolyte chains whose charge is
—8e. Blue, light blue and green beads represent neutral monomers, charged monomers
and crosslinkers of the nanogel. Magenta and pink beads stand for neutral and charged

monomers of the polyelectrolyte chains.

Monte Carlo (MC) simulations were performed using the canonical ensem-
ble, in which volume, temperature and number of particles are kept constant.
Different kinds of MC moves were executed in our simulations according to the
conventional Metropolis algorithm: i) 88% of the total number of trial moves
are single-particle moves of the beads forming the nanogel and the free poly-
electrolyte chains; ii) 10% are translations of the free chains as a whole; iii) 2%
are rotations of these free chains. Polyelectrolyte chains were translated and
rotated together with their nearest counterions (as if they formed a cluster).
Simulations with higher percentages for translations and rotation of free
chains were also performed in a preliminary study obtaining almost identical
results (within the statistical uncertainty). It should be mentioned, however,
that the simulation time considerably increases with these percentages. For
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that reason, low percentages are preferred. The maximum displacement cor-
responding to each bead and cluster was individually adjusted so that its re-
spective acceptance ratio was close to 50%. But in the case of clusters, this max-
imum displacement could not be larger than the diameter of monomers. Peri-
odic boundary conditions were employed. Long-range Coulomb forces were
handled through Ewald sums, which were implemented with the recommen-
dations reported in previous works.40

Simulations can be split into three stages. First, the nanogel is equilibrated
in the absence of free polyelectrolytes. This stage takes 3 x 108 moves. Then,
the polyelectrolyte chains are added to the simulation box and equilibrated
(1 x 108 moves). Finally, a set of statistically independent configuration for av-
eraging was extracted from 3 x 108 MC moves. The correlation functions of dif-
ferent properties revealed that such configurations should be sampled at least
every 10° moves (in round numbers). According to this, 300 statistically inde-
pendent configurations were obtained. There are efficient simulation packages
for coarse-grained models of soft matter, but these simulations were per-
formed using a home-made computer code (in C).

6.3. Results and discussion

As mentioned previously, four families of free polyelectrolyte chains were em-
ployed in our simulations. Figure 6.2 shows the radius of gyration of all these
chains as a function of the magnitude of their bare charge. As can be seen the
radius of gyration grows with the bare charge and the number of monomers of
the chain. In addition, the two families of linear chains exhibit radii of gyration
greater than the families of ring polyelectrolytes with the same number of
monomers. This figure also shows that the families of ring chains with 24 mon-
omers and linear chains with 12 monomers exhibit very similar sizes.

In a first set of simulations, we employed four polyelectrolyte chains with the
same bare charge (—24e) but different numbers of monomers (12 or 24) and
topology (linear or ring). Figure 6.3 displays the number of free chains ab-
sorbed by the nanogel as a function of the number of in the simulation cell,
which can also be thought of as the number of chains per nanogel particle in
the reservoir. A chain is considered to be absorbed if the distance between its
center of mass (CM) and the CM of the nanogel is smaller than the effective
radius. Here, the effective radius of the polymer network that constitutes a

nanogel (oracomplex) is R.rs = 1/5/3Ry, where Ry is its radius of gyration.30.56
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It can be shown that the radius of gyration of a solid sphere of radius R is R, =

\/%R. Consequently, R, provides us an idea of the geometrical radius of the
polymer network considered as a sphere in a first approximation. In fact, an
imaginary sphere of radius R.ss centered at the CM of the polymer network
contains 90% of its monomers.5¢ Such an imaginary sphere is also considered
the border between the interior and the exterior of the nanogel. As can be in-
ferred from Figure 6.3, if this number of chains in the simulation cell is small
enough (two or four chains in our case), all the chains are absorbed. But if the
number of chains in the simulation cell goes on increasing, the number of
chains absorbed seems to reach a plateau (saturated complexes). This behavior
has been experimentally found for complexes formed by poly(N-isopropy-
lacrylamide) (PNIPAm) microgels and PDADMAC.20 It is worth stressing that
the maximum number of chains absorbed characterizing the saturated com-
plexes slightly decreases when the radius of gyration increases, as can be con-
cluded comparing Figure 6.2 and 6.3
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Figure 6.2: Radius of gyration of the polyelectrolyte chains (Ry) as a function of the mag-
nitude of their charge (in elementary units, —Q/e) for: 12-monomer linear chain (open cir-
cle), 12-monomer ring chain (closed circle), 24-monomer linear chain (open square), 24-
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Figure 6.3: Number of chains absorbed as a function of the number of chains per nanogel
for the four chains whose charge is —24e: 12-monomer linear chain (open circle), 12-mon-
omer ring chain (closed circle), 24-monomer linear chain (open square), 24-monomer

ring chain (closed square).
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At this point, it is interesting to find out if the nanogel-polyelectrolyte com-
plexes differ in size from the nanogel. The answer to this question can be found
in Figure 6.4, which shows the effective radius of the complexes as a function
of the number of chains in the cell. The error bars were estimated as the stand-
ard deviation of the effective diameters obtained in three simulations. A similar
criterion was employed for other properties (number of absorbed chains, net
charge and electrostatic potential).

As can be seen in Figure 6.4, first the size of the complexes decreases mark-
edly, then it goes through a minimum and finally it increases slightly. A similar
behavior has been reported by Kleinen et al.18 from experiments with microgel-
PDADMAC complexes.
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Figure 6.4: Effective radius of the nanogel-polyelectrolyte complexes as a function of the
number of chains in the simulation cell for the four chains whose charge is —24e: 12-mono-
mer linear chain (open circle), 12-monomer ring chain (closed circle), 24-monomer linear

chain (open square), 24-monomer ring chain (closed square). The radius at 0 is the effective
radius of the nanogel in the absence of chains.

The reduction in the size of the polyelectrolyte network observed when
the nanogel absorbs just a few chains can be explained as follows. In the ab-
sence of chains, the nanogel contains some monovalent counterions that partly
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neutralize its bare charge. For instance, the bare charge of the nanogel em-
ployed in this work is +100e, which means that its polymer backbone carries
100 ionized monovalent groups. In addition, the nanogel contains around 22
monovalent counterions. Thus its net charge is +78e. When the nanogel ab-
sorbs a few highly charged polyelectrolytes, a considerable fraction of these
monovalent counterions are expelled, which brings about a fall in the osmotic
pressure that swells the polyelectrolyte network, which in turn causes the re-
duction in size.

Now let us turn our attention to electric properties of these complexes. Fig-
ure 6.5 displays their net charge as a function of the number of chains in the
simulation cell for the four polyelectrolytes studied previously. The net charge
of the complexes includes the bare charge of the nanogel as well as the charge
of the polyelectrolyte chains and small ions inside. As can be seen, the net
charge varies from a positive value for the nanogel without chains (+78e) to a
negative value of the order of —30e for saturated complexes. Indeed, the most
outstanding feature of this figure is the change of sign in the electric charge.
This phenomenon, which has been reported for a wide variety of complex flu-
ids, is known as charge inversion or overcharging.
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Figure 3.5: Net charge of the nanogel-polyelectrolyte complexes as a function of the number

of chains in the simulation cell for the four chains whose charge is —24e: 12-monomer linear

chain (open circle), 12-monomer ring chain (closed circle), 24-monomer linear chain (open

square), 24-monomer ring chain (closed square). The net charge at 0 is the net charge in the
absence of chains.

Figure 6.5 also shows that the neutralization point is reached when the
nanogel absorbs about four polyelectrolyte chains. As each of them carries an
electric charge of —24e, we can conclude that the charge neutralization can be
attributed to these four chains to a great extent. We should also keep in mind
that this can also be mathematically expressed by means of the quotient be-
tween the magnitude of the bare charge of the nanogel and the magnitude of
the total charge of the absorbed polyelectrolyte. Such a quotient is called nom-
inal charge ratio by some authors.1820 [n our case, this ratio is around one.

Regarding charge inversion, the question is: why does the nanogel con-
tinue to absorb chains beyond the neutralization point? In the last two decades,
several mechanisms have been put forward to justify the existence of charge
inversion. Previous simulations of complexes formed by nanogels and hard
spherical nanoparticles suggest that strong electrostatic correlations between
such nanoparticles can induce charge inversion.*8 Certainly, this idea can also
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be applied when these nanoparticles are replaced by highly charged polyelec-
trolyte chains.

Some experiments performed with PDADMAC,!820 miktoarm star poly-
mers,2! polystyrene sulphonate?3 and siRNA® have clearly suggested that poly-
electrolyte-microgel complexes undergo charge inversion. Nominal charge ra-
tios close to one were also reported. However, it should be stressed that such
experiments are based on electrophoretic mobility measurements. In the case
of hard colloids, it is well established that electrokinetic properties are directly
related to the zeta-potential, the electrostatic potential at the slipping surface,
very close to the particle surface. For that reason, we have also computed the
dimensionless electrostatic potential at the imaginary border of the nanogel,
eY(Rerr)/kpT, where 1 is the electrostatic potential, kg is Boltzmann’s con-
stant and T the absolute temperature. The electrostatic potential at a distance
R.zr from the CM, Y(R.ss), was computed by integrating from the border of
the simulation cell to R.¢:

Y(Resr) = - J "E@rdr (6.4)

Le/2

Re

Here, E(r) is the spherically averaged electric field at a distance r from the CM,
which in turn can be obtained from the net charge enclosed by a sphere of ra-
dius r by applying Gauss’ law.

Figure 6.6 shows the dimensionless electrostatic potential as a function of
the number of chains. The error bars were computed as the standard deviation
of the 1p-values obtained in three simulations. As expected, the electrostatic po-
tential also exhibits a change in sign for saturated complexes, which would be
straightforwardly related to an inversion in the electrophoretic mobility de-
tected in experiments. It should be mentioned that the electrostatic potential
does not depend on the topology of the complexes. This behavior contrasts
with that found for lipoplexes (complexes formed by liposomes and DNA). The
charge of ionic liposomes is mainly placed on their surface and the complexa-
tion of DNA by liposomes results in complexes in which the topology of nucleic
acid molecules plays an important role.49.50
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Figure 6.6: Dimensionless electrostatic potential at the imaginary surface of the nanogel-
polyelectrolyte complexes as a function of the number of chains per nanogel in the reservoir
for the four chains whose charge is —24e: 12-monomer linear chain (open circle), 12-mono-

mer ring chain (closed circle), 24-monomer linear chain (open square), 24-monomer ring

chain (closed square).

So far, we have commented results of simulations in which the polyelec-
trolyte chains had the same charge (—24e¢). It would be interesting to analyze
how the electrostatic potential depends on the charge of the chains. In practice,
this could be the case of polyelectrolytes with weak acid /basic groups, whose
charge varies with pH. Consequently, simulations were performed with the
four families of polyelectrolytes but setting the number of chains in the simu-
lation cell to 20. Figure 6.7 displays the normalized electrostatic potential ob-
tained for the four families of chains as a function of their electric charge.
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Figure 6.7: Dimensionless electrostatic potential at the imaginary surface of the nanogel-
polyelectrolyte complexes as a function of the chain charge for: 12-monomer linear chains
(open circle), 12-monomer ring chains (closed circle), 24-monomer linear chains (open
square), 24-monomer ring chains (closed square). The value at 0 stands for the normalized
electrostatic potential in the absence of chains.

This figure clearly shows that the electrostatic potential of the complexes
exhibits inversion only if the magnitude of the charge of chains is greater than
10e. This threshold seems to be similar for the four families of polyelectrolytes
simulated here and it is also very close to the charge required for inversion in
nanogel-nanoparticles composites with sizes ranging from 2 to 6 nm previ-
ously simulated.*8 This suggests that the charge required for inversion of sev-
eral species encapsulated by a nanogel is not very sensitive to the charge dis-
tribution since polyelectrolytes chains with different lengths and topology and
spherical nanoparticles exhibit similar values. The net charge also displays a
threshold of about 10e for charge inversion (figure not shown).

Finally, it is quite instructive to analyze where the polyelectrolyte chains
encapsulated by the nanogel are located (depending on their charge). In fact,
Gelissen et al. has recently employed simulations to compute the distribution
of polystyrene sulfonate chains inside polyampholyte core-shell microgels.23 In
our case, Figure 6.8 and 6.9 show the spherically averaged local chain number
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density, p.,(7), as a function of chain-nanogel center-to-center distance r for
different polyelectrolyte chains of 12 (Figure 6.8) and 24 (Figure 6.9) mono-
mers per chain. The most remarkable feature of both figures is that the prefer-
ential location of the chains inside the nanogel strongly depends on their elec-
tric charge. Chains with charges (in magnitude) smaller than 10e are preferen-
tially located at the center of the nanogel. Chains with —3e, —4¢, —6¢e or —8e are
illustrative examples of this behavior. In contrast, chains with greater charges
leave empty the center of the nanogel and are structured in shells at different
distances from it. Given that the threshold charge for inversion in the electro-
static potential is —10e we can also state that the distribution of chains inside
the nanogel strongly depends on the existence of charge inversion in the com-
plex.
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Figure 6.8: Spherically averaged local chain number density, pc:(r), as a function of the
chain-nanogel center-to-center distance r for linear and ring polyelectrolytes of 12 mono-
mers per chain.
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Figure 6.9: Spherically averaged local chain number density, pc:(r), as a function of the
chain-nanogel center-to-center distance r for linear and ring polyelectrolytes of 24 mono-
mers per chain.

6.4. Conclusions

In this work, we have performed coarse-grained Monte Carlo simulations of
complexes formed by a nanogel and oppositely charged polyelectrolyte chains
with different charge, number of monomers per chain and topology. Given that
the model employed only involves nonspecific forces (electrostatic and ex-
cluded volume forces), the results can be extrapolated to a wide variety of
nanogel-polyelectrolyte complexes to a great extent. Special attention has been
paid to two phenomena observed in experiments with microgel-polyelectro-
lyte complexes: the deswelling and charge inversion undergone after absorp-
tion.

Our results reveal that the net charge of the complexes and their surface
electrostatic potential are almost identical for linear and ring chains. In other
words, the topology of the polyelectrolytes has little or no influence on many
of these properties. This also implies that the distribution of charge in
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polyelectrolyte chains is not a determining feature in phenomena such as
charge inversion or the reduction of the complex size after absorbing some
chains.

According to our results, charge inversion only takes place if the charge of
the polyelectrolytes exceeds a threshold value, which suggests that strong elec-
trostatic correlations between highly charged polyelectrolyte chains are re-
sponsible for such a phenomenon. It should also be stressed that the existence
of charge inversion has a profound influence on the distribution of chains in-
side the nanogel. Slightly charged polyelectrolytes are preferentially located in
the center of the nanogel. However, highly charged chains (which give rise to
charge inversion) leave the center of the nanogel empty and form shells at dif-
ferent distances from it.
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7. Conclusions

A long this thesis we have carried out simulations of gels and nanogels,
exploring their use for encapsulation of spherical cosolutes (which could rep-
resent therapeutic drugs, reactants, globular proteins and other biomacromol-
ecules), different electrolytes or even polyelectrolyte chains. Let us review the
most important results we have obtained throughout this work.

7.1. Paper I

In this work, we have performed coarse-grained Monte Carlo simulations
of the absorption of diluted spherical cosolutes inside a neutral hydrogel for
different swelling states. The competition between the excluded-volume repul-
sion and the solvent-induced hydrophobic attraction between the monomeric
units and the cosolute particle has been analyzed. The simulations results show
two well-defined regimes depending on the strength of the attractive forces.
For small hydrophobic attractions, the steric exclusion dominates and the par-
tition coefficient decreases monotonically with the polymer volume fraction.

On the other hand, for sufficiently large hydrophobic attractions, a maxi-
mum of the partition coefficient at some intermediate polymer volume fraction
is found. This is a result of the competition between steric exclusion and hy-
drophobic adhesion. The location and height of the peak increase with the
depth and range of the hydrophobic interaction, but decrease with the cosolute
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radius, due to the increase of the volume exclusion effect. The existence of this
peak in the partition coefficient means that the uptake of some specific hydro-
phobic cosolutes can be maximized by adjusting its swelling state, its internal
morphology (for instance, modifying the cross-linker density) or the nature of
the polymer chains.

The simulation results are consistent with the theoretical model based on
the calculation of the volumes of the regions of exclusion and attraction around
the polymer chains, specially, in the regime of swollen hydrogels, where we
achieved a very good quantitative agreement between theory and simulations.
The theoretical model is able to provide the conditions required for the maxi-
mum absorption of a cosolute.

7.2. Paper 11

In this work, we have studied the effects of dispersion forces on the ab-
sorption of different electrolytes into nanogels by means of coarse-grained
Monte Carlo simulations. Our results prove that dispersion forces can induce
charge inversion and electrostatic potential inversion for slightly charged cat-
ionic nanogels in the presence of NaSCN. This phenomenon has also been ob-
served experimentally with PNIPAM microgels even at low NaSCN concentra-
tions (such as 0.01 M). Charge inversion might also be observed for other ions
and polymers if these ionic species and the corresponding monomeric units
have small sizes and high polarizability. It should also be noted that this phe-
nomenon disappears when the bare charge of the nanogel increases.

On the other hand, dispersion forces do not seem to have relevant effects
on the net charge or the surface electrostatic potential when NaCl or NaNO3 are
present. Furthermore, the effects of dispersion forces on nanogel size are neg-
ligible for the three electrolytes studied.

7.3. Paper III

In this work, we have carried out coarse-grained Monte Carlo simulations
of complexes consisting of a nanogel and oppositely charged polyelectrolyte
chains with different charges, numbers of monomers per chain and topology.
The results obtained can be extrapolated to a great extent to a wide variety of
nanogel-polyelectrolyte complexes since the model employed only involves
nonspecific forces (electrostatic and excluded volume forces). Our simulation
results explain two phenomena observed experimentally with different
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7.2.Paper Il

microgel-polyelectrolyte complexes: the deswelling and charge inversion un-
dergone after absorption.

Additionally, it has been observed that topology of the polyelectrolytes has
little or no influence on properties like the net charge or the surface electro-
static potential of these complexes. Moreover, the existence of charge inversion
has a profound effect on the chain distribution inside the nanogel. Highly
charged chains (which give rise to charge inversion) leave the center of the
nanogel empty and form shells at different distances from it. However, slightly
charged polyelectrolytes are preferentially located in the center of the nanogel.
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