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Background

In 1949 Baker described a group of polybutadiene particles of nanometric size
with the ability to swell in organic solvents in a paper entitled “Microgel, a new
macromolecule” . This is the first reported use of the term microgel, although
it is thought that Staudinger and Husemann were the first to prepare microgel
particles in the decade of the 1930’s%°. In contrast to the vague origin of these
particles, nowadays microgels are well stablished responsive materials in the
field of polymer science. The aim of this chapter is to present a brief description
of microgel suspensions, as well as their main features and applications within
the framework of this thesis.

1.1 Microgel suspensions

According to the IUPAC, a gel is a polymer network that is expanded through-
out its whole volume by a fluid*. This is a familiar term in everyday life, given
the strong presence of gels in cosmetic, food or pharmaceutical products. The
term microgel, in contrast, is considerably unknown for the society, despite its
promising applications. As its own name suggests, a microgel is a “small gel”,
that is, a polymer network with the entity of particle. Specifically, a particle
which size falls within the colloidal range, between 10 and 1000 nm?°. If their
equivalent diameter is smaller than 100 nm, they are usually called nanogels*. A
precise definition was also given by Pelton and Hoare, who described microgels
as “colloidal dispersions of gel particles”. As colloidal particles, microgels are
dispersed in a solvent, usually forming stable solutions, although several fac-

3



1. Background

tors can made them to aggregate or to form different structures®. The solvent
may be organic, such as aromatic solvents (e.g. toluene®), or inorganic, such
as water’. In this thesis we have focused on aqueous microgels, also known as
hydrogels.

A picture of microgels at different length scales can be observed in Figure
1.1. The network structure of a microgel particle is formed by crosslinked poly-
mer chains, which are molecules of high relative molecular mass made of the
repetition of molecules of low relative molecular mass, called monomers. If
some of the monomers have ionizable or ionic groups, then they form polyelec-
trolytes. A microgel made of polyelectrolytes is called ionic or charged microgel.
In, most of the cases, polymers in the microgel network are chemically cross-
linked by covalent bonds. However, the network may also be formed through
the physical aggregation of polymer chains, caused by entanglements, hydro-
gen bonds, crystallization, helix formation, complexation etc. The resulting mi-
crogels are termed physical or reversible microgels . Either chemical or phys-
ical, the polymer network is a stable structure, which differentiates microgels
from other colloidal particles such as micelles®. Even though polymer elastic-
ity allows the particles to be deformed and compressed, two microgels cannot
totally overlap due to the excluded-volume repulsion exerted by the polymer
chains, that is, they are always distinguishable particles®.

Microgel suspension Microgel particle Microgel pore

polymer

crosslinker

1000 nm 100 nm ~ 10 nm

| P [
» < »

A
\

<

Egu‘ql M licypgelsplsenped at different length scales. Left picture is a SEM micrograph of the
PVCL microgels studied in Paper III. In this image particle structure is slightly deformed due to
solvent evaporation. PES

But why has the scientific community put their attention towards micro-
gels? The reason is that these particles join the main properties of macrogels

with very useful features of colloidal suspensions®. The most important is that
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1.1. Microgel suspensions

microgels can absorb large amounts of solvent, so they can swell or shrink, dras-
tically changing their size in response to many parameters such as temperature,
pH, salt concentration, light, external fields, and specific solutes like glucose or
other biomolecules® 1913, This versatility allows microgels to be called “smart”
or “responsive” materials. Event though macroscopic gels are also sensitive to
external stimuli'*, microgels present some other advantages that made them
suitable for many applications. First, they can swell eight orders of magnitude
faster than macrogels, thanks to their high surface-volume ratio '°. Moreover, as
colloidal suspensions microgels are able to flow like liquids. The flow is roughly
independent of the amount of crosslinkers in the microgel network, in contrast
with macrogels, which can only flow if their crosslink density is low enough®.
In addition, different structures may be formed by assembling microgel parti-
cles. As will be shown in Paper VI, the behaviour of microgel monolayers at air-
water '©17, oil-water '®'9, and other interfaces?’ has gained attention in recent
years, and also other microgel 3D assemblies such as crystals*!??, thin films and
multilayers>>?* have been explored by many researchers.

1.1.1 Thermoresponsive microgels

In this thesis we have paid particular attention to thermoresponsive aqueous
microgels, formed by polymers that exhibit a lower critical solution tempera-
ture (LCST) above which they become hydrophobic. In Figure 1.2 we show an
example of the volume change of these microgels. At temperatures below the
LCST, hydrogen bonds are formed between water and the polymers, leading to
an increase of the particle size. Even though the amount of crosslinks in the
polymer network limits the microgel swelling degree, these particles can con-
tain up to 99% of their volume of water in the swollen state.® In this situation in
which polymer chains are hydrophilic, water is referred as a “good solvent”. In
contrast, when the system reaches the LCST, the microgel experiences a volume
phase transition and the hydrogen bonds with water are disrupted as temper-
ature increases, converting water in a “poor solvent” and leading to chain col-
lapse®°. Hence, above the LSCT thermoresponsive microgels shrink and expel
water from their inside, though there is always some amount of solvent inside
the particle. The proportion of microgel volume occupied by water in the col-
lapsed state causes controversy among scientists because microgel molecular
weight and internal structure is difficult to measure and so the exact water con-
tent inside it %%,

Most of the aqueous microgels reported in literature are based on LSCT
polymers, since the techniques for their synthesis and characterization have



1. Background
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Figure 1.2: Hydrodynamic diameter of a PVCL thermoresponsive microgel as a function of tem-
perature. Here we can observe the volume phase transition from the swollen state (good solvent)
to the shrunken or collapsed state (poor solvent).
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been well established for decades. In particular, the most studied microgels are
known as PNIPAM, formed by poly(N-isopropylacrylamide) polymers. The first
PNIPAM microgel was synthesized by Pelton and Chibante in 1978, though they
could not publish their work until 1986”7, A large amount of synthesis strate-
gies, tuning and characterization have been published ever since?*=?. Nowa-
days it is considered a model system in the field of polymer science, what results
really useful for developing and testing theoretical and computational models
for microgels**=°, as will be shown later in the works presented in this thesis.
Another interesting family of thermoresponsive m'vogels that has been gain-

ing attention recently is based in poly(N-vinylcaprolactam) polymers, abbrevi-
ated as PVCL. First synthesized in 1999 by Gao et al. *°, the strong point of these
particles is their biocompatibility*”*®, which makes them available for biotech-
nological applications, as will be shown in section 1.2. Unlike PNIPAM, swelling
behaviour of PVCL microgels depends on the polymer chain length and molec-
ular weight*Y. Even though this feature may diminish our control over the pro-
cesses of synthesis and characterization, it allows to tailor the microgel volume
phase transition temperature (VPTT), bringing new possibilities of applications.



1.1. Microgel suspensions

1.1.2 Ionic microgels in electrolyte solutions

Many microgels, especially those designed for biotechnological applications,
are ionic microgels, so they bear an electric bare charge due to the polyelec-
trolytes that compound the microgel network. When such microgels are im-
mersed in electrolyte solutions, the mobile ions of the salt permeate inside the
porous network and distribute around the particle, creating the electric dou-
ble layer. The swelling behaviour of these microgels results from the joint effect
of electrostatic, elastic and solvent-induced interactions®. Indeed, the equilib-
rium swelling may be strongly affected by the electrolyte concentration and the
valence of the ions present in the solution284%, Furthermore, as will be shown in
Papers I and II, for highly charged microgels, variations in the local concentra-
tion of counterions may lead to internal heterogeneities in the polymer struc-
ture142,

The presence of electrolyte also determines the effective interaction between
a microgel and other particles of the colloidal suspension, either microgels or
other solutes. This is due to the charge screening caused by the oppositely
charged counterions that diffuse through microgel pores, which can be freely
moving or condensated inside the polymer network*?, as will be shown in Pa-
per 1II. The overall screening is usually characterized by the microgel effective
charge, which provides a global estimation of the charge that other microgel or
incoming solute feels when approaching the particle from outside*>**%°, In ad-
dition, if the electrolyte solution presents ionic specificity (Hofmeister effects),
microgel effective charge may be affected by charge inversion or overcharging
effects*6~48,

Given the important role that the electrolyte solution plays on swelling re-
sponse and on microgel-solute interactions, it is indispensable to understand
the physical effects involved in the ionic distribution inside and around the mi-
crogel particle. In the bulk, Coulomb forces due to microgel effective charge
control the local density of ions. However, when ions permeate through the
polymer network, they are affected not only by the electrostatic interaction, but
also by the steric repulsion®>“®. This non-electric interaction arises because
of the finite size of the ions that cannot overlap with other ions nor polymer
chains. Therefore, this volume exclusion depends on the internal morphology
of the polymer network and is especially relevant when the microgel de-swells.



1. Background

1.2 Microgels for drug delivery

The development of “smart” polymer materials in last decades has opened up
a whole new world of applications in fields such as coatings, textiles, biosen-
sors, optical systems, tissue engineering, diagnostics, and drug delivery*>°°, In
particular, the design of stimuli-responsive drug transport and delivery systems
has gained considerable attention in recent years°'~*, especially in the field of
nanoscience, given that nanoparticles offer a number of advantages that allow
to overcome many problems associated with traditional therapies®. This in-
crease of interest is illustrated in Figure 1.3, where we can observe the growth of
research in drug delivery systems since 1960.

20000

Drug IdeIiveryI

15000

10000

5000

Number of publications

0
1960 1970 1980 1990 2000 2010
Year

Figure 1.3: Number of publications related with drug delivery per year. The search has been
performed looking for the term “drug delivery” within the title, abstract or keywords of the pub-
lications. Source: Scopus database (© Elsevier B.V.).

A drug delivery system is designed not only for improving the solubiliza-
tion of poorly soluble drugs, but many other features such as controlled drug
release rate, protection from chemical and enzymatic degradation, reduction
of toxicity, and improvement of drug availability are also desirable®®. In addi-
tion, by means of responsive materials, intelligent systems where the release of
amolecule is triggered by changes in external stimuli can be developed.

Thanks to the combined properties mentioned in section 1.1, microgel par-
ticles are promising candidates for such purpose. The free volume inside the
polymer network allows the encapsulation of different solutes, such as DNA,
proteins, peptides and other biomolecules°’~%!, either hydrophilic or hydropho-
bic, improving their solubility and protecting them from degradation °*. In addi-
tion, the colloidal size of microgels is an advantage in areas where macroscopic
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gels cannot be used, such as parenteral drug delivery, and their fast response
is also a useful property to oral and nasal administration®. The swelling be-
haviour of microgel particles can be used for controlled and responsive drug
uptake and release, and they even can be functionalized to enable specific tar-
geting®*. For all these reasons, a broad range of biotechnological and medical
applications for microgels are being widely investigated *%°=%7,

The kind of microgels most studied for drug delivery are temperature and
pH sensitive particles. On the one hand, thermoresponsive microgels with VPTT
close to physiological temperature are very useful for the release of biomolecu-
les in the human body®®, while by means of pH-responsive microgels electro-
static triggering can be achieved ®°. Therefore, a number of multiresponsive pH-
and T-dependent microgels have also been investigated ’"’!. In addition, mi-
crogels which do not require any triggers are also interesting. These particles
release the solutes by simple degradation of their polymer network ?. Indeed,
although biodegradability is a helpful feature for biomedical applications of mi-
crogels, biocompatibility is a must. In this sense, the use of PNIPAM for medical
applications may be more limited than PVCL based microgels, since it shows
higher cytotoxicity "8,

Compared with the considerable amount of experimental works published
regarding the applications of microgels as nanocarriers, surprisingly little re-
search have been done on describing such systems from a theoretical point of
view 381 As will be shown in Paper V, the permeation of biomolecules inside
microgels is a complex process that depends on the features of the solvent (tem-
perature, ionic strength, pH), microgel (charge distribution, network morphol-
ogy, hydrophobicity) and biomolecule (size, shape and charge distribution). For
this reason, knowing the microgel-biomolecule interactions is the cornerstone
of the development of biomedical applications for microgel suspensions.
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Justification

Once the main features of microgel suspensions have been presented, let us
put our research in context. As has been explained in the previous chapter,
microgels are soft colloidal particles whose unique characteristics made them
promising for a number of biotechnological applications. Among them, the po-
tential of microgels as drug transport an delivery systems has gained attention
in recent years.

There is a wide range of microgel particles which respond to different exter-
nal stimuli. Although the aim of this thesis is to provide knowledge that may be
applicable to the large family of microgel suspensions, we have paid special at-
tention to thermoresponsive ionic microgels. On the one hand, microgels with
VPTT close to physiological temperature are expected to be very useful for appli-
cations in the human body. On the other hand, the presence of charged groups
within the polymer network allows to control their behaviour when immersed
in electrolyte solutions and their interaction with charged biomolecules.

Since the first microgel particles were synthesized, a great number of works
have been published concerning their synthesis, characterization, modelling
and applications, but only a small fraction of them aim to shed light on the
behaviour of microgel in presence of charged solutes from a theoretical point
of view. We firmly believe that a comprehensive understanding of the physical
phenomena involved in the response of microgels to changes in their environ-
ment and the interactions between microgels and other particles will stimulate
the development of innovative applications, will open new lines of research and
in general will contribute to a deeper knowledge in the field of materials science.
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2. Justification

2.1 Objectives

Having this idea in mind, the aims of this thesis may be summarized in the fol-
lowing points:

¢ Identify the different interactions involved in the permeation of ions and
biomolecules inside charged microgel particles immersed in an electrolyte
solution. Among them, determine to what extent the excluded-volume ef-
fects may hinder solute permeation and affect the spatial distribution of
ions inside and around the microgel.

» Study the effect of the counterion permeation on the effective charge of
microgel particles. Determine whether counterion valence has a relevant
effect on the spatial distribution of electrolyte ions and on the internal
structure of the charged microgel particle.

* Explore the potential of the Ornstein-Zernike integral formalism to re-
produce and predict the radial distribution functions of ions inside and
around microgel particles. In order to apply this formalism, find a model
to properly represent the total microgel-ion interaction.

* Develop a microgel model for Molecular Dynamics simulations to study
the microgel-ion interactions.

* Explore the interfacial properties of microgel particles at the air-water in-
terface and their dependence with temperature and swelling behaviour.
With this aim, construct Langmuir monolayers with thermoresponsive
microgels in order to study the dependence of the spatial configuration
of particles with the surface pressure.

2.2 Outline of the thesis

According to their content, we have classified the research works presented in
this thesis in three main parts.
2.2.1 Microgel particles in presence of electrolyte

The aim of Papers I, II, III and IV was to study the interactions involved in the
permeation of ions inside thermoresponsive ionic microgel particles in the limit
of very diluted microgel suspensions. Bearing this idea in mind, we made use of
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2.2. Outline of the thesis

the Ornstein-Zernike integral formalism, Monte Carlo and Molecular Dynamics
simulations, as well as experimental synthesis and characterization of microgel

particles.

Paper 1

Paper 11

Paper II1

The starting point of this thesis was the study of the effect of the
steric interaction in the permeation of monovalent counterions in-
side a microgel particle. For this purpose, we developed a method
that blended Ornstein-Zernike integral equations with Monte Carlo
simulations, and we compared the ionic density profiles and the mi-
crogel effective charge obtained by the two methods for different
swelling states of the microgels. This allowed us to test two differ-
ent models for the steric interaction in order to determine which
one was able to quantify more accurately the volume-exclusion ef-
fects that arose in this system. The role of the polymer charge dis-
tribution, electrolyte concentration and the ionic size were also ad-
dressed in this paper.

In the same way as previous work, the combined technique of Monte
Carlo simulations and Ornstein-Zernike equations was employed
this time to determine the effect of two new variables on the swelling
behaviour of the particle. On the one hand, results were obtained for
1:1 and 1:3 electrolyte to study the effect of counterion valence. In
addition, two microgel particles, bearing different bare charge were
considered. For the steric repulsion we employed the model that re-
sulted more accurate in previous work, and also compared it with a
different one.

The reliability of the Ornstein-Zernike formalism was confirmed in

this study, in which experimental results obtained for two different

thermoresponsive ionic microgels were interpreted with the help of
the integral equations. In this work we measured the hydrodynamic

radius and electrophoretic mobility of PNIPAM and PVCL microgel

suspensions for different salt valence and concentration. An exper-

imental effective charge was obtained from these measurements,

which was compared with the theoretical effective charge calculated

for these systems. In this way, the effect of counterion valence and

electrolyte concentration on the effective charge of the different mi-

crogel particles was analyzed, which allowed to draw interesting con-
clusions about counterion permeation and condensation inside the

polymer network.
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2. Justification

Paper IV

To conclude this first part of our research, a completely different
procedure was followed, based on all-atom Molecular Dynamics sim-
ulations. This approach allows to consider all the entangled inter-
actions that arise when polymers are immersed an electrolyte solu-
tion. Given that constructing an exact microgel network to model
the system is extremely demanding in all-atom simulations, an as-
sembly of several PNIPAM chains was arranged into a membrane
configuration. The thermosensitivity of the model was tested first
with a infinitely diluted oligomer and then with a membrane in neat
water, providing satisfactory results. Finally the membrane was im-
mersed in two different electrolyte solutions to obtain the ionic den-
sity profiles for swollen and shrunken configurations.

2.2.2 Sorption and distribution of biomolecules in microgels

In addition to microgel-ion interactions, to assess the potential application of
microgel as drug delivery systems we need a better understanding about the
interactions between microgels and biomolecules. With this aim we performed
the research described in the following publication.

PaperV

We set aside the integral equations and simulations to carry out a
relatively simple theoretical analysis of the uptake of a non-uniform-
ly charged biomolecule by a microgel in presence of 1:1 electrolyte.
Within the framework of mean field theory, we studied the total mi-
crogel-solute potential of mean force for different values of electric
dipole moment and charge of the biomolecule. The effect of elec-
trolyte concentration, excluded-volume repulsion and hydrophobic
interactions was also considered. Five different sorption states were
identified, from complete repulsion of the solute to its absorption
deep inside the microgel.

2.2.3 Interfacial behaviour of thermoresponsive microgels

As mentioned in the introduction section, the assembling of microgel particles
in different structures has gained attention in recent years. Therefore, with this
concluding part of this thesis we aimed to open a new line in our research to
study the interfacial characteristics of thermoresponsive microgels in order to
explore their potential applications as stimuli responsive emulsion stabilizers.
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2.2. Outline of the thesis

Paper VI The properties of charged thermoresponsive microgels at the air-
water interface were investigated from both experimental and the-
oretical approaches. On the one hand, the experimental study was
performed by means of a combination of several techniques, namely,
adsorption, dilatational rheology and Langmuir monolayers. On the
other hand, a qualitative interpretation for the surface pressure be-
haviour of the particle was provided in terms of microgel-microgel
effective pair potentials.
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Methodology

The aim of this chapter is to briefly introduce the most relevant theoretical,
computational and experimental methods employed in this thesis. Given the
wide variety of techniques considered in this work, we do not intend to describe
them in depth, but to give a general view about the main procedures that have
been useful to accomplish the goals of this research. More information about
the specific details of each method will be provided in the corresponding chap-
ters below.

3.1 Theoretical background

3.1.1 Radial distribution function and potential of mean force

In a system of N identical particles confined in a volume V at temperature T,
in absence of external fields, the probability of finding any set of n particles at
a specific configuration r”* = {ry,...,r,}, irrespective of the configuration of the
rest of the particles, is given by the n-particle distribution function 2,

N! 1
Ny —ﬁVNd (N-n) 3.1
pN) (N—n)!ZNfe ' ’ G0

where Zy is the configuration integral and Vjy the total potential energy of the
system. To measure the extent to which the structure of a fluid deviates from

complete randomness, that is, to describe the correlations between particles,
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3. Methodology

we define the n-particle correlation function,

o0 ier,. 1)

gy = ———, 3.2)
[ pﬁ\l,) (r;)
i=1
which for a homogeneous system reduces to
(n) (r.n
Py (")
g™ = an . (3.3)

The pair correlation function g® (r1,r») is specially important because it can
be experimentally determined and from it we can obtain the thermodynamic
properties of the system. If the system is homogeneous and isotropic, g (ry,r»)
only depends on the relative distance between particles 1 and 2, rj» = [r; —1y].
In this case we call g'? (r1») the radial distribution function, denoted as g(r),
because the local density of particles at distance r about a fixed one is given by
the product of g(r) times the bulk density py,

p(r) = g(r)po. (3.4)

From the pair correlation function we can define the potential of mean force
(PME), introduced in the 1930s by Kirkwood 3

g2 (r),ry) = e Pl (3.5)

which is the interaction between two particles, held at positions r; and r», when
the rest N — 2 particles of the system are averaged over all configurations'. In
the limit of very diluted systems, the two particles fixed a distance r;» are not
affected by the remaining N — 2 particles, so w(rj2) — V(r12). Therefore, the
radial distribution function is related with the effective pair potential so that?®

lim g(r) = e PVer (), (3.6)
Po—0
Another important quantity defined from g(r) is the total correlation func-
tion,
h(r)=g(r) -1, 3.7
which measures the influence of particle 1 on particle 2, situated at distance r
from 1. Its Fourier transform /i (k) multiplied by the bulk density p provides

the structure factor, which can be experimentally determined by scattering of
electromagnetic radiation .

22



3.1. Theoretical background

3.1.2 Ornstein-Zernike integral formalism

In 1914 Ornstein and Zernike* proposed to split the total correlation function
h(r) in two parts, one direct and other indirect, giving rise to the well known
Ornstein-Zernike (OZ) integral equation:

h(r12) = c(r12) +P0fC(T13)h(T23)dT3- (3.8)

The term c(ry2) is called direct correlation function between particles 1 and 2.
The second term of the right-hand side of the OZ equation stands for the in-
direct influence that particle 1 exerts on 2 by means of any other particle 3 of
the system. This indirect effect is weighted with density and averaged over all
particle positions'.

The integration of equation (3.8) consists in a convolution of correlation
functions c(r) and h(r). Making use of a Fourier transformation the equation

is considerably simplified, given that the convolution becomes a product,
h(k) = &(k) + pé(k) h(k). (3.9)

For a system of spherical particles formed by M different species, there are
M(M +1)/2 coupled OZ integral equations. For a suspension of microgels in
presence of electrolyte there are three types of particles, namely microgel (m),
counterion (+) and coion (-). Therefore, a system of six equations is defined,

M
By (k) = uy (k) + Y poaur (k) hpy (K), (3.10)
A=1

where pg, is the bulk number density of particle A, and y and v run over all

species. In this way, ion-ion correlations give three equations,
hiy=0Cit+p0+Cri iy +po-Crhy— + pomCimhm+
hy_=¢i_+posCiyhi_+po-Ci—h__+pomCimhm- ¢; (3.11)
h__=¢__+ Po+ é+_h+_ + Po- c_h__+ pomé_mhm_

microgel-counterion and microgel-coion correlations are given by

hmt = Cmy + Po+ Cmt it + Po—Cn— Py~ + Pom Coum Am+ (3.12)
N N A A , .
hm— = Cm= + Po+Cm+N4— + Po—Cm—-N—_ + Pom Emm Pm-—

and microgel-microgel correlation provides the last equation,

~ ~

hmm = émm + Po+ Cm+ }jlm+ + 00— Cm-Nm- + PomCmm ﬁmm} . (3.13)
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3. Methodology

In the limit of very diluted microgel suspensions, pgm — 0, so the fourth term
of the right-hand side of these six equations vanishes. Hence, the equations
become decoupled, which allows to solve the system step by step.

To find the solution we know the bulk concentration of particles (pom, Po+,
Po-), but I:zm, and ¢,y correlation functions remain unknown. Therefore, six
more equations are needed to have a determined system of equations. This is
the aim of the closure relations, which relate h, (r) with ¢,y (r) by means of the
pair interaction potentials of the system, V),,(r). In this thesis we have made
use of the hypernetted-chain approximation (HNC), developed independently
by several authors>®,

h[,lV(r) — ehuv(r)*cpv(r)*ﬁvpv(r) —-1= eYuv(r)*ﬁva(r) _ 1’ (3.14)

where yy (r) = hyy (1) — ¢y (1) is known as indirect correlation function.

There is a number of closure relations, such as mean-spherical approxima-
tion (MSA)” or Percus-Yevik approximation (PY)®. None of them has demon-
strated to be quantitatively best for all system under all conditions, but each one
is more suitable for a specific problem. In this thesis we made use of the HNC
relation because it has proved to be very accurate for the interactions involved
in microgel suspensions in presence of electrolyte!!.

In this way, we have 6 OZ equations and 6 HNC approximations to find
the unknown ﬁﬂv(k) y ¢uv (k). However, is more simple to calculate ¢y, (k) and
)?m,(k) and from them the rest of quantities we are interested in. Hence, the re-
sulting OZ/HNC system of 12 equations derived from equations (3.11), (3.12),
(3.13) and (3.14) is given by

Vit =P0+Cos (Fas +Coi) +po-Cr (P +C42)
Vi =P0+Cos(Foo+Ci)+po-Cr(Y—+C-2) ¢, (3.15)
Y- =p0+Cs— (Y- +Ci )+ po-C (Y- +C_-)

Ym+ = Po+Cm+ (P 4+ + C+4) + po-Cm— (P+- + C4+-) (3.16)
Ym- = Po+Cm+ (F+- + C+-) + po-Cm— (Y- +¢--) ’ .
?mm = P0+Cm+ ()A’m+ + Cm+) + Po-Cm-— ()A’m— + ém—)}, (3.17)
Cyy = el ++ =PV —Y++—1
coo=eVPVe_y 13, (3.18)

T A I |
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3.1. Theoretical background

Cme =€V PV -1 219

T ¢ (3.19)
m- = Ym-

Cmy = VPV _yp 1}. (3.20)

To solve this system we followed a procedure based on the Picard method
of successive approximation '?. This approach is summarized in the following
diagram:

(0) ),y HNC = 1)

() A ) ()

FTl TFT'I (3.21)
0Z

e () =>4 (k)

The starting point is an initial guess of the direct correlation function, cﬁ’v)(r),

which is Fourier-transformed to 6;?3(]0. Then ﬂ?v)(k) is calculated by solving
the OZ equations (3.15), (3.16) or (3.17). Next, the inverse Fourier transform
yﬁ)a(r) is obtained and from it a new value of c’(}ﬁ(r) is calculated by means of
the closure relations (3.18), (3.19) or (3.20). The new direct correlation function
Cl% (r) is mixed with the previous one cl(loﬂ (r) to obtain a new starting value. Thus,
the procedure is repeated until convergence of the two latter steps is achieved,

so that the value

rmax
f e () = ci V() Pdr (3.22)

0

isless than a given value chosen according to the numerical features of the prob-
lem.

Is important to note that, although for pom — 0 the OZ equations are de-
coupled, a specific order of resolution must be followed. Firstly, the ion-ion
correlation functions are calculated from equations (3.15) and (3.18), which are
independent of the rest. The physical meaning of this independence is that, in
the limit of very diluted suspensions, ions interact among themselves as though
microgels were not there. The solutions from the ion-ion equations are used
to determine the microgel-ion correlations by means of equations (3.16) and
(3.19). Finally, the resulting values of these equations are introduced in equa-
tions (3.17) and (3.20) to get the microgel-microgel solution. More specific and
technical details of the numerical resolution of the OZ/HNC integral equations
can be found in references [9-11] and Papers I, IT and III of this thesis.
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3. Methodology

Once the direct and indirect pair correlation functions have been obtained,
is possible to calculate the radial distribution functions of the microgel-counterion-
coion system from equation (3.7),

guv(1) = Ny (1) + 1= Y0 (1) + €y (1) + 1. (3.23)

3.1.3 Poisson-Boltzmann formalism

When charged colloidal particles are dispersed in an electrolyte solution two
competing effects arise. On the one hand, counterions are attracted by the sur-
face to neutralize the particle charge; on the other hand, both positive and nega-
tive ions tend to spread into the bulk solution in order to maximize the entropy?.
As a result, an electric double layer is formed in the surface of the colloidal
particles, to which both coions and counterions contribute, although coun-
terion concentration is much higher than coion concentration. The Poisson-
Boltzmann formalism is a powerful tool to describe the behaviour of such sys-
tems, which strongly depends on the distribution of the electrolyte ions (pe))
and on the electrostatic potential (1) that arises around the particle. Neverthe-
less, several assumptions must be born in mind when taking this approach '*:

* The ions are considered point charges, that is, they have no volume and
consequently they can overlap.

* Jon-ion correlations are not taken into account.

* The solvent is considered a dielectric continuum with a uniform relative
dielectric permittivity ;.

The electrostatic potential at r in the solution, measured relative to the bulk
phase where ¥ (oco0) — 0, is given by the Poisson equation,

_ Pe ()
€€

Ay = (3.24)
where A is the Laplacian, pe(r) is the charge density at r, £¢ is de vacuum dielec-
tric permittivity, and &, the relative permittivity of the solvent.

The distribution of electrolyte, formed by N ionic species with valence z;
and bulk number density ¢7°, is given by Boltzmann’s law, so that

N )
Cel(T) = Z c°exp (—M), (3.25)
i=1 ksT

where e is the elementary electric charge, kg is the Boltzmann’s constant and T
is the absolute temperature. Consequently, the charge density at r in the case
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of a symmetric electrolyte with valence z and bulk concentration c;)’ takes the
form

N o ziey(r)
Pel(r) = l; zjeci®exp (— lkBT )
> _Zi ey(r) 3 ziey(r) } (3.26)
=zecy {exp T T
=—2zecg sinh Zi}:’;gr)

To particularize the problem for microgel suspensions, is important to note
that microgels are spherical permeable particles of charge density pr, (7). There-
fore, the Poisson equation (3.24) is split into two parts, inside and outside the
particle, and the symmetry of the system allows to write it in spherical coordi-
nates:

_ Pet(r) + pm(7)
d*y(r) 2dy(n) _ €0
dr? rodr ) _pel)
£gp

, 0<r<Ry

Ay(r) = (3.27)

Rn <r<+oo

Introducing (3.26) in (3.27), we obtain the Poisson-Boltzmann (PB) equation for
a microgel in presence of symmetric electrolyte,

2ecq si zey(r) 2€6m(r) 0<r<R
- - ) m
dy(r) 2dy() _ | BT | e 598)
2 T - 9
dr r dr 200 Zew(r
——sinh , Rnh<r<+oo
Er€p kBT

where ¢, () is the charge distribution of the microgel. Note that for simplicity
the relative permittivity inside the particle €] is assumed to be the same than the
one of the bulk solution, €] = ¢;.

We define the scaled electrostatic potential as y(r) = zey (r)/ kg T. In the low
potential limit we can linearize the PB equation, so that

lzey(r)| < kgT = |y(r)l <1 = sinh(y) = y. (3.29)

This yields to the Debye-Hiickel equation,

cm (7
1<2y(r)—1<2 mio), 0<r<Rny

2
y"(r) + ;y’(r) = 2cg) ) (3.30)
sz(r), Ry <r<+4oo
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where « is the the inverse of the Debye screening length, x = A]‘)l, also known as
Debye-Hiickel parameter,
( 2722 \"?

€r€0kBT

To obtain the electrostatic potential from (3.30) we need to know ¢y, (r), that
is, the distribution of charged groups inside the ionic microgel. In Paper V of
this thesis we have considered a uniform distribution inside the particle which
decreases to zero at the microgel interface, being o the microgel-water interface
width. Nevertheless, if the electrolyte bulk concentration cg}’ is small, the Debye
screening length is much greater than the interface width, Ap > 0. Hence, in
the limit of low salt concentration we can assume a vanishing o, that is, a step

charge distribution inside the microgel particle:

0

¢, 0<r<R
cm(r) =4 ™ o 3.31)
0, Ry <r<+oo

In this limit the linearized PB equation is given by

sz(r) — szo» 0<r<Rny

" 2 ! _
y (r)+;y (r)= (3.32)

sz(r), Ry <r<+oo ’

i
2zcy
On the other hand, in the limit of high salt concentration, the microgel-
water interface width is comparable to Debye length. In this case we can ap-

proximate the charge distribution as a error function, so that

r_Rm
l—erf(—)
V2o

In this case the linearized PB equation is given by

r—R
l—erf( m)
V2o

where yp = is the scaled electrostatic potential at r = 0.

0
C.
cm(r) = _;1

, 0< 1< +o0. (3.33)

,0< 1 < +oo0. (3.34)

2
y'(r) + ;y’(r) =i12y(r) -x*yp

Electrostatic potential

In the low electrolyte concentration limit is possible to analytically solve the lin-
earized Poisson-Boltzmann equation (3.32). This equation was solved by Ohshima '*
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for a spherical soft core-shell particle. The solution for our model is a particular
case of this previous work:

sinh(xr
Yo |1 — (KR + 1)e <Bm sinh(xr)
Kr

y(r) = . (3.35)
e—Kr
YoRmlcosh(k Ry) — sinh(k Ry,)] o Ry <r<+oo

, 0<r<Ry

In the high electrolyte concentration limit, however, the solution is much
more straightforward. If the thickness of the charge layer is much greater than
the Debye length (o > Ap), then the potential deep inside the particle becomes
the Donnan potential wp, which is obtained by setting electroneutrality at r = 0:

2

kg T zA\ kT, | ZE8 zZcl
= —_ arcsinh = In m m 3.36
¥D ze glo ze 220;’10 2zc§f ( )

In the limit of large electrolyte concentration, cqj(r) > cn(r), we can lin-
earize the Donnan potential,

kgT Zc°
Yp=——

(3.37)

ze 2zc>®’
el

In this regime the electrostatic local effects decay very fast with distance to mi-
crogel centre, so electroneutrality is fulfilled at any r and thus the electrostatic
potential is given by

Zem() Yo r—Rm
y(r) = - = [1 —erf( )] . (3.38)
2zcel 2 V2o

Electric field

Given that the system under study has spherical symmetry, the electric field can
simply be obtained from the electrostatic potential,

dy () . (3.39)
dr

E(r)=-Vy(r) =

We define the scaled electric field as Y (r) = zeE(r)/ kg T. Therefore, applying
(3.39) to (3.35) in the low electrolyte concentration limit, we obtain the following
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scaled electric field:

R, K1 cosh(xr) —sinh(x7)

Yo(KRm +1)e™™ , 0<r<Rnm

Kr?
Y(r)= , (3.40)
. (xr+1)e ™ "

Yolk Ry cosh(k Ry,) — sinh(x Ry)] 0z Ry <r<+oo

In the high electrolyte concentration limit, from (3.38) the electric field takes the

form of a Gaussian distribution:

(r_Rm)2

Yo~ 2
Y(r)= —— 20 . 3.41
") a\/ﬂe (.41

3.2 Simulations

Computer simulations are essential tools in scientific research, complementing
theoretical and experimental studies. Given that the analysis of the macroscopic
properties of many-particle problems is highly complicated, scientific simula-
tions play a specially relevant role in the field of statistical physics. In this the-
sis the two most spread simulation techniques have been employed, namely,
Monte Carlo (MC) simulations and Molecular Dynamics (MD).

3.2.1 Monte Carlo simulations

The Monte Carlo method, introduced in the 1940s by Metropolis and Ulam 15
is based in a non-deterministic description of the system under study. That is, it
does not attempt to follow the real evolution of the system with time, but to lead
the system to equilibrium by means of a stochastic procedure which depends on
a sequence of random numbers generated during the simulation ‘6.

In this way, in MC simulations the phase space of the system is sampled
in order to estimate the equilibrium properties of the model. The space sam-
pling may be performed in different ways. The most widely used technique is
the importance sampling method, also known as the Metropolis algorithm ",
According to this method, the different states of the system are not randomly
sampled through successive independent states, but the sampling is performed
following an stochastic process, known as Markov chain, in which every config-
uration is generated from a previous state using a transition probability which
depends on the energy difference between the initial and final states. '°.
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3.2. Simulations

Is important to bear in mind that the sequence of states produced in MC
simulations do not agree with the evolution that the real system follows through-
out the time. That is, the MC method is not suitable to describe the system dy-
namics. However, this trajectories allow the system to reach the equilibrium in a
very efficient way, which makes this technique really useful to study the macro-
scopic equilibrium properties of the system.

The MC simulations of a nanogel particle in presence of electrolyte that have
been used in Papers I and II of this thesis were first developed by Quesada-Pérez
etal.'®!9, In these simulations the particle is described by a bead-spring model,
in which each polymer chain is modelled as a sequence of spherical monomers
connected by tetrafunctional crosslinkers. In order to provide electric charge
to the particle to represent an ionic nanogel, a given number of beads of each
chain is charged with the negative elementary charge. In Figure 3.1 two snap-
shots of the modelled nanogel are shown at initial configuration (a) and at the
equilibrium state (b), reached after the system has evolved throughout a ther-
malization time. In this technique the solvent is modelled as a continuum with
a constant dielectric permittivity, e. More details about the concrete features of
the simulations will be described in the corresponding chapters.

Figure 3.1: Snapshots of a nanogel modelled in Monte Carlo simulations at initial configuration
(a) and once it has reached the equilibrium state (b).

3.2.2 Molecular Dynamics

Molecular Dynamics, developed in the late 1950s2%21 is a simulation method

which allows to study the equilibrium and transport properties of a many-body
system 22 Therefore, unlike Monte Carlo simulations, Molecular Dynamics pro-
vides information about the dynamical evolution of the system with time. With
this purpose the particle trajectories are calculated by solving the classical New-
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ton’s equations of motion until the system reaches the equilibrium. Even though
it employs classical equations, this procedure is an excellent approximation for
awide range of materials. Once the system is equilibrated, different equilibrium
properties of the system can be measured.

The particle interactions and the potential energies that rule the evolution
of the system can be calculated by means of interatomic potentials or molecu-
lar mechanics force fields. In the MD simulations performed in this thesis we
have made use of all-atom force fields, which provide parameters for every type
of atom in the system, including hydrogen. In particular, we have considered
the OPLS-AA23?* and the AMBER?® force fields with the SPC/E water model %5,
because they have proved to be appropriate for modelling thermorresponsive
polymers?”?®, The simulations have been performed by means of the GRO-
MACS package, born in 1991 in the University of Groningen®’. GROMACS is
based on the GROMOS package®’, which was developed to simulate biomole-
cules in solution.

An infinitely diluted oligomer and a membrane of PNIPAM chains have been
simulated using this method in Paper IV. Snapshots of a NIPAM monomer (a)
and a PNIPAM chain (b) immersed in water are shown in Figure 3.2. Detailed in-
formation about the simulation technique and the characteristics of the models
are provided in Paper IV and the references therein.

Figure 3.2: Models of NIPAM monomer (a) and a PNIPAM chain (b) immersed in water used in
Molecular Dynamics simulations in Paper IV. Images made with VMD3!,
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3.3 Experimental methods

3.3.1 Synthesis of microgel particles

Since the preparation of the first microgels, several techniques for the synthesis
of microgel particles have been designed with the goal of controlling the size of
the resulting particles, the colloidal stability of the suspension, and the distribu-
tion of crosslinkers or charged groups inside the polymer network. There are es-
sentially three mechanisms of particle formation®?, namely homogeneous nu-
cleation (e.g., emulsion polymerization33), emulsification (e.g., microemulsion
polymerization®*) and polymer complexation (i.e., crosslinking of neighbour-
ing polymer chains®°).

All the microgels used in this thesis were prepared by emulsion polymeriza-
tion, also named precipitation polymerization>®, which is the most widely used
technique for microgel syntesis®’. A general requisite of this strategy is that the
polymer must be insoluble under the polymerization conditions 2. For this rea-
son both PNIPAM and PVCL based microgels are synthesized at high tempera-
ture, at which polymers are hydrophobic.

Three different microgel suspensions were considered for the experimental
work of this thesis. In Paper III we worked with PNIPAM and PVCL, while in
Paper VI a more charged PVCL microgel suspension was used. In Table 3.1 all
the chemicals employed in these syntheses are listed. We can observe that, as
most of the microgels prepared nowadays, PNIPAM and PVCL were prepared
with more than one monomer. In general, the presence of comonomers com-
plicates the process because the components may react differently®?. For in-
stance, the crosslinker MBA used in PNIPAM synthesis polymerizes consider-
ably faster than NIPAM monomer®. Consequently, the resulting microgel has
a core-shell structure, in which the inner part of the particle is more crosslinked
than the outer shell. The case of PVCL was even more complicated, since three
comonomers were reacting. Imaz and Forcada®’ studied different synthesis
strategies and developed the optimal method to incorporate acrylic acid (AA)
into PVCL microgels with virtually 100% conversion of the three components.
This was the strategy employed in the two PVCL microgel suspensions synthe-
sized in this thesis.

As mentioned above, we were interested in microgels bearing electric charge.
Although both NIPAM and VCL monomers are neutral, the use of ionic initia-
tors in the syntesis, such as potassium peroxydisulfate (KPS), provides charged
microgels through the incorporation of sulfate groups to the polymer network.
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Component PNIPAM PVCL
o GCH, Q
Monomer ~ NIPAM  Ho A A VCL NS0
H ) k\CHE
Ionic o
— — AA .Ca
comonomer A \)kOH
H H
Crosslinker ~ MBA HZCWNVNWACHZ PEGDA H’{'o\/#OH
o] o} n
0 0 o [}
Initiator KPS KO-§-0-0-8-0K KPS KO-§-0-0-§-0K
o} o} o o
o)
Buffer — — NaHCO3 HO)kONa
o
; e e e e \Fa s
Emulsifier — — SDS H,C O-3-ONa

Table 3.1: Chemical structure of reactans used in PNIPAM and PVCL microgel synthesis.

Moreover, in the chase of PVCL microgels, the incorporation of AA enhances
microgel bare charge by means of carboxylic groups which are attached to the
polymeric chains.

3.3.2 Microgel size and structure

The standard technique for measuring the size of microgel particles is Dynamic
Light Scattering (DLS), which works as follows. When a laser beam collides with
a small particle, the light is scattered in all directions. Since colloidal particles
move randomly in space, describing a Brownian motion, the intensity of the
scattered light fluctuates with time. In DLS the characteristic time of these fluc-
tuations is measured and related with the translational diffusion coefficient (D)
of the particles. For spherical particles, the hydrodynamic radius Ry, can be ob-
tained from the diffusion coefficient (D) by means of the Stokes-Einstein equa-
tion 49,
ksT

- 67nRy’

(3.42)

where kg is the Boltzmann’s constant, 1 is the solvent viscosity, and T is the
absolute temperature. In the case of nonspherical particles, Ry, is often taken as
the apparent hydrodynamic radius or equivalent sphere radius.

Since measurements are performed in a sample of microgels dispersed in
the bulk, DLS is a powerful tool to measure the effect of external stimuli (e.g.,
temperature, pH, ionic strength) on the swelling behaviour of microgels. How-
ever, is important to note that microgel sizes measured by this technique are
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sensitive to dangling surface chains and consequently are larger than sizes mea-
sured by other techniques such as static light scattering, X-ray scattering or neu-
tron scattering*!.

In this thesis, particle size was measured as a function of temperature by
DLS with a Zetasizer Nano ZS system from Malvern Instuments Ltd. An exam-
ple of the resulting plot is shown in Figure 1.2. In the Nano ZS device the detec-
tor position is at 175° from the outgoing not scattered beam, which is known as
backscatter detection. This type of detection allows to measure higher concen-
trations of sample and reduces the effect of multiple scattering and dust in the
samples*?.

Figure 3.3 shows two different micrographs of the anionic PNIPAM microgel
studied in Paper III. Scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM) and atomic force microscopy (AFM) are different tech-
niques to obtain images which provide a direct estimation of size and shape of
colloidal particles in high resolution. However, to obtain accurate quantitative
values of microgel size using these techniques requires to count a large num-
ber of particles from the images, in order to get good statistical average. The
AFM technique allows measurements with and without solvent, while in elec-
tron microscopy techniques the solvent of the dispersion always has to be re-
moved. Due to their soft structure, microgel particles may be deformed either
because of being spread on a surface in AFM, or due to solvent evaporation, as
observed in the SEM micrograph of a PVCL microgel in Figure 1.1. For this rea-
son DLS is used to determine microgel size in bulk, while microscopy images are
frequently used to obtain helpful qualitative information about monodispersity
and extent of aggregation .

Figure 3.3: Micrographs of anionic PNIPAM microgels obtained with TEM (left) and AFM (right).
Images obtained by Pérez-Fuentes %3, used with permission of the author.
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3.3.3 Electrophoretic mobility

When an electric field is applied across a sample of charged colloids suspended
in an electrolyte solution, the particles move with a constant velocity, called
electrophoretic velocity (U). This velocity is the result of the balance between
the applied electric field and the viscous resistance exerted by the liquid on the
particles. If the electric field (£) is weak enough, U is proportional to E. The
constant of proportionality is known as electrophoretic mobility (ue), which is
defined as U = uoE**.

The value of . is obtained by performing an electrophoresis experiment on
a microgel suspension and measuring the velocity of the particles using a tech-
nique called Laser Doppler Velocimetry (LDV). In this way the sample is located
in a cell with electrodes in which a potential is applied. A laser beam is shot
into the sample and scattered by the particles that move towards the electrode
of opposite charge. The fluctuation of the intensity of the scattered light is pro-
portional to the speed of the particles. Therefore, the characteristic frequencies
in the scattered light are extracted by a digital signal processor, which provides
the value of pe.

The same Zetasizer Nano ZS system used for measuring particle size was
employed for the electrophoresis experiments in this thesis. The device employs
conventional LDV combined with phase analysis light scattering (PALS). This
technique processes the changes in phase of the scattered light signal, instead
of its frequency spectrum. *> The combination of these two techniques allows to
measure samples of very low mobility and was patented by Malvern Instuments
Ltd. as M3-PALS**.

Our interest for the electrophoresis measurements lies in that an estima-
tion of microgel charge can be calculated from electrophoretic mobility. How-
ever, how these quantities are related is still under discussion, given that the soft
and porous structure of microgel particles adds complexity to the problem. An
exhaustive discussion about the relationship between electrophoretic mobility
and microgel charge is provided section 3 of Paper III.

3.3.4 Langmuir monolayers

The Langmuir film balance is a helpful technique to characterize the interfa-
cial activity of microgels at the air-water interface. This technique allows the
measurement of isotherms which relate the surface pressure and the area that
microgels occupy at equilibrium*°.

Figure 3.4 shows a picture of the experimental system used in Paper VI of
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this thesis. The pressure is measured via the force exerted on a Wilhelmy plate
positioned vertically to the interface. Immersed in pure water this plate expe-
riences a force which changes as soon as the microgels are carefully spread on
the interface to form a monolayer. Then, the two-dimensional density is varied
by moving two side barriers, compressing the monolayer. The force difference
measured on the Wilhelmy plate is assumed to be the same as the pressure on
the mobile barriers exerted by the microgels®’.

Wilhelmy

Lalagce Wilhelmy

plate \

Figure 3.4: Langmuir film balance with the Wilhemy plate immersed in the air-water interface.

By analyzing the resulting isotherms is possible to determine the degree of
microgel packing and deformation as the monolayer is compressed. In addi-
tion, an effective pair potential may be inferred from the two dimensional be-
haviour of the particles, although several assumptions have to be considered.

The characterization of the interfacial activity and arrangement of colloids
at water/air and water/oil interfaces by means of the Langmuir film balance
technique is widely known #648-50  However, little research has been focus on
collapsed microgels in the air-water interface.
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Abstract

In this work we study the effect of the steric excluded-volume interac-
tions between counterions and thermo-responsive ionic heterogeneous
microgel particles. With this aim, we perform Monte Carlo simulations
to calculate the microgel effective net charge and counterion distribution
function inside and around the microgel for different degrees of swelling.
These results are compared to the ones obtained solving the Ornstein-
Zernike integral equations within the HNC approximation. For this pur-
pose, the equilibrium polymer mass and charge distribution inside the
microgel resulting from simulations are used as the input for the inte-
gral equations. Two different models are considered to quantify microgel-
ion steric interaction. The model that considers polymer fibers formed
by spheres demonstrates to be a very reliable way to predict counterion
permeation in such microgels. Finally, integral equations are solved ig-
noring the steric interaction as well, in order to determine to what extent
this effect is playing a significant role. The comparison between both pre-
dictions allows us to conclude that the microgel-ion steric repulsion has
relevant effects on the counterion permeation if the polymer volume frac-
tion of the microgel is high enough, and the integral equation theory is
a powerful tool to quantitatively predict the local density profiles of ions
inside and around the microgel, even in situations where the internal mi-
crogel charge and mass density is non-homogeneous.

Counterions
without steric
exclusion

Charged 1 X
monomer — Charged
concentration- ) monomers

[

) Counterions
with steric
exclusion

Counterion radial
distribution function gm4(7)

. L micr?gel
Distance to microgel center




1. Introduction

1 Introduction

The term microgel refers to a “colloidal suspension of gel particles”!. That is,
they are porous particles formed by crosslinked polymer chains dispersed in a
solvent. They are also called nanogels, as their diameter usually varies from 10
to 1000 nm. Their main feature is their ability to swell or shrink as a response
to a wide variety of parameters such as temperature, pH, solute concentration
or solvent nature®®. Microgels respond to external stimuli much faster than
macroscopic gels, with a velocity increased by some orders of magnitude '. This
feature is an advantage for a broad range of biotechnological applications*. In
particular, the design of new intelligent drug transport and delivery systems is
gaining attention in recent years°~’. Microgel particles are suitable for this pur-
pose, since a therapeutic molecule can be encapsulated inside the particle and
be transported to different parts of the human body, avoiding its degradation
before it reaches the place where it has to be released®. With this aim, micro-
gels and the interaction with different solutes such as drugs and DNA, are being
widely investigated %12,

Ionic microgels, formed by crosslinked polyelectrolyte chains, are essential
for most of biomedical applications, because drugs and other biomolecules are
usually charged solutes dissolved in the medium where microgels are dispersed.
For this reason, many authors have developed theoretical studies to analyze the
permeation of ions and solutes inside microgels and to estimate the swelling
equilibrium state of the particle'*~'°. Most of these works assume that ion per-
meation inside the microgel is controlled exclusively by the electrostatic inter-
actions. In principle, this is a good approximation for loose, expanded microgel
networks, where the pore size between polymer fibers is large enough to guar-
antee that ions can freely penetrate. However, this may not be the case of denser
shrunken microgels, where the large packing fraction of polymer network exerts
an additional excluded volume repulsion that might partially hinder the migra-
tion of ions or other kind of solutes to the region inside the particle. This repul-
sive force is usually referred as steric interaction, and its study is the main goal of
this work. Although there does not exist a general equation for the steric inter-
action between a crosslinked microgel and an incoming solute or ion valid for
every type of particle, there are some approximated models that assume certain
morphologies of the polymer network. These are based on the equilibrium par-
titioning effect, which states that solute concentration inside a neutral porous
medium is smaller than the one in the bulk solution '”.

In this work we focus on the effect that the microgel-ion steric repulsive in-
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teraction has on the permeation of counterions inside microgel particles that
become heterogeneous as temperature increases. For this purpose, we use a
novel hybrid method that blends Ornstein-Zernike integral equations and Monte
Carlo simulations. On the one hand, Monte Carlo simulations have been pre-
viously used to study volume exclusion effects in gel systems with neutral so-
lutes '8 so they are expected to be appropriate also for microgel particles. Even
though this method requires more computational resources than integral equa-
tions, it provides accurate predictions of the equilibrium distribution of the cross-
linked polymer network and the ionic density profiles. Microgel particles are
simulated using a coarse-grained model, the so-called bead-spring model. This
model has been widely used for both Monte Carlo and Molecular Dynamics
simulations of different polyelectrolytes =25, gels?>’3°, microgels®'4, and even
more complex mesoscopic systems (e.g., viruses '?). Moreover, it has been suc-
cessfully employed to compare simulation results with experimental swelling
data of microgel particles, not only qualitatively but quantitatively as well >°.

On the other hand, Ornstein-Zernike integral equations with HNC closure
relations have demonstrated to be a powerful tool to study the permeation of
ions inside microgel particles®°. We solve these equations for the three-component
system microgel-coion-counterion using as input parameters the equilibrium
density profiles of charged monomers and the polymer mass distribution ob-
tained from simulations. This method allows the calculation of the pair radial
distribution functions and, from them, the density profiles of ions inside and
around the microgel particle. These results constitute a novelty in the sense
that we are able to predict not only the net permeation of ions inside the mi-
crogel, but also to determine the region where they become preferentially ad-
sorbed®%3”. The integral equations formalism is also especially useful because
it takes explicitly ion-ion correlations into account. These correlations, which
arise from the finite size of the ions, can be very important at high electrolyte
concentration, in regions where they are strongly confined or close to colloidal
surfaces*®. Moreover, non-linear effects resulting from highly charged colloid-
ion systems can be studied with this method as well. The combination of simu-
lations and integral equations provide a method to clearly estimate to what ex-
tent excluded volume forces influence the ionic permeation inside fibrous mi-
crogels.

Two important properties have been obtained using both methods, namely
the microgel effective net charge and the counterion and coion radial distribu-
tion functions. On the one hand, the effective net charge is defined as the sum
of the total charge of the porous particle, considering as well inner ions, with
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their respective positive or negative charge. This magnitude strongly depends
on the number of counterions that have penetrated inside the microgel particle,
and represents an estimate of how efficiently the microgel bare charge has been
screened. Its importance may be seen in many aspects. For instance, effec-
tive net charge controls the volume phase transition of charged microgel parti-
cles under weak screening conditions®’. Moreover, stability of the suspensions
strongly depends on this quantity, because it controls the electrostatic interac-
tion between colloidal particles®>“?. On the other hand, we also determine the
ionic density profiles. They provide detailed information about where ions are
preferentially adsorbed inside the microgel particles, which is in general diffi-
cult to achieve experimentally. This is really helpful to study the local effects of
microgel-ion interaction that arise for highly charged microgels and low ionic
strengths. Up to now, most studies regarding interaction of solute with gels and
microgels have been performed considering that the polymer packing fraction
and the charge distribution inside the microgel are homogeneous*'~**. How-
ever, when solute concentration is low and microgel charge distribution is non-
homogeneous, the counterion adsorption inside the microgel becomes highly
dependent on the charge and polymer mass distribution. These local effects are
expected to have a relevant effect on many microgel applications, in particular
in drug transport and delivery.

In addition, by comparing the results given by both integral equations and
Monte Carlo simulations we show that electrostatic interactions are not enough
to describe the ionic permeation inside the microgel in thermal conditions at
which the particle is collapsed. This finding supports the inclusion of an addi-
tional steric microgel-ion repulsion in the theoretical model to correctly explain
ionic permeation close to the shrunken state. Once this steric effect is taken
into account in this work, the comparison between theory and simulations is in
general very good.

This paper is organized in the following manner. In the first section we de-
scribe the theoretical framework and explain the numerical resolution of Ornstein-
Zernike integral equations. Monte Carlo simulations are described in the next
section. Then, the results obtained by both methods are shown and discussed,
and finally, the conclusions of this work are summarized.
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2 Theory

The system under study is a mixture of spherical microgel particles dispersed
in water with 1:1 electrolyte. As the solvent is considered a background contin-
uum, the system is formed by a ternary mixture in equilibrium of Ny, microgels,
N, counterions, and N_ coions. Their bare charges are given, respectively, by
—Ze, +e, and —e, being e the elementary charge. Hence, to fulfill electroneutral-
ity we get N; = N_ 4+ ZNp,. Polymer mass distribution and charge distribution
inside the microgel network are obtained from the Monte Carlo simulation re-
sults.

2.1 Particle interactions

In order to apply the integral equation method is necessary to define the pair
interactions between any type of particle of the system (counterions, coions and
microgel particles). Ion-ion interaction is assumed to be a combination of a
short-range hard-core potential with a long-range Coulombic tail,

00 r<(o;+oj)/2
ﬁvij(r) = ZiZle
r

) (I1.1)
r> (Ui+(7]')/2

where r is the distance between the centers of the ions, o; and z; are, respec-
tively, the diameter and electric charge of particle i, and = 1/(kgT). I is the
so-called Bjerrum length, defined as I = e?/4mecokg T, where € is the vac-
uum permittivity, kg is the Boltzmann constant and T the absolute temperature.
Bjerrum length also depends on temperature T through the relative permittivity
€r. In this work we assume that the solvent is water, with a permittivity given by
the following T-dependence**

€:(T) =5321T 1 +233.76 —0.9297T +0.1417-1072T? —0.8298-10 T3, (1.2

It is important to note that this pair interaction takes the finite size of the ions
into account, which can induce relevant correlations at sufficiently large elec-
trolyte concentration.

In order to obtain realistic predictions for ion penetration inside the micro-
gel particle, a suitable model for microgel-ion interaction is required. When ions
diffuse through microgel pores, electrostatic interaction may not be the only
one that intervenes. There might be also an effective steric repulsion, whose
relevance increases as microgel shrinks, that prevents the ion permeation. This
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repulsion is present even in the limit of point-like ions, since part of the volume
available for the ion is already occupied by the polymer fibers. For ions of finite
size, the excluded volume effect becomes logically more important, as ions also
have to fit inside the internal pores of the microgel. Here, we assume that the
microgel-ion potential can be split into two additive contributions, given by the
electrostatic and steric terms, respectively

Vini (1) = VI (r) + VS (1), (1.3)

This potential only depends on the distance between the ion and the micro-
gel center, r, because microgel particles are considered spherical. The electro-
static contribution can be calculated from the equilibrium spatial distribution
of charged monomers. Note that in this work we do not assume any model for
the distribution of charged groups inside the microgels, but instead we use the
distribution actually obtained from the Monte Carlo simulations. The expres-
sion of the electrostatic interaction potential between the microgel and certain
ion located outside the microgel at a distance r from the its center can be ex-

pressed as
Zzil
BVae(r) ===212, 1> R, (1.4)

For r < Ry, the electrostatic interaction depends on the specific distribution of
charged groups and must be obtained numerically from the electric field gener-
ated by the microgel particle, E(r):

Ry,
BV (r) = BVIC(Ry) — z; f E(r)dr, r < Rp. (L5)

r

From Gauss’s law, the electric field is given by

eZin(r)

Er)=—,
(r) 4Ameegr?

(1.6)
where Zj,(r) is the number of charged monomers enclosed within a sphere of

radius r. Itis calculated by integration of number density of charged monomers,
pc(r), which is directly obtained from the simulations:

,
Zin(r) :f amr”pc(rhdr'. (L.7)

0
The next step involves the deduction of some expression for the steric re-
pulsion that appears when an uncharged solute permeates through the poly-

meric microgel network and experiences the volume exclusion exerted by the
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polymer fibers. This interaction depends on the size of the incoming solute,
the size of monomeric units, the polymer packing fraction and, in general, on
the internal morphology of the microgel polymer network. In this work we use
two different models previously employed by several authors 254>, In the first
one the internal structure of the microgel is approximated by an assembly of
randomly placed spherical monomers*®. The second model (also called the
Ogston model*”) assumes that the internal polymer distribution is given by an
assembly of infinitely long cylinders of constant radius, which are randomly dis-
tributed and mutually interpenetrable. Both of them may be expressed as the
following equation for the steric microgel-ion interaction

VT (r) = ~In[1 - ¢(r)] (Hﬁ)n 18
mi o ’ '

where ¢(r) is the local polymer volume fraction inside the microgel, oj is the
diameter of the incoming ion, and o stands for the typical size of an elementary
unit of the polymer network. The exponent n is given by n = 3 if we assume that
the microgel is formed by an assembly of spherical monomers, and n = 2 if we
use the Ogston model instead. In the first case, o¢ corresponds to the monomer
diameter, onon- In the second case, the effective diameter of the fiber is given
by ot = \/mo'mon 18,

It should be emphasized that both analytical expressions for the steric repul-
sion have been corrected to take the overlapping volume between the polymer
fibers into account“®. As a result of this, both models are consistent with the
limiting cases of high and low volume packing fraction. That is, for ¢(r) — 0
there is enough room for ions to penetrate, so V3" — 0. If the polymer vol-
ume fraction is very high, the microgel tends to behave as an impenetrable hard
sphere, so V" — oo,

In Figure I.1 both microgel-ion steric potentials are plotted as a function of
the polymer packing fraction, using the same parameter values considered in
simulations and theoretical calculations. It is observed that the steric interac-
tion is more repulsive for exponent n = 3 than for n = 2. For ¢ — 1 both interac-
tions diverge, so microgel becomes an impenetrable particle.

Finally, the bare microgel-microgel interaction should also be known in or-
der to obtain correct theoretical predictions for suspensions at finite microgel
concentration. This interaction is in principle really difficult to determine, spe-
cially when microgels are in overlapping configurations, in which elastic forces
arise in addition to the electrostatic ones. However, in this work we are only
interested in the study of the ionic density profiles around a single microgel in
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Figure I.1: Microgel-ion steric potential as a function of microgel volume packing fraction. Blue
dashed curve corresponds to n = 2 (Ogston model), while the green dotted to n = 3, in equa-
tion (I.8). To calculate ﬁVrsﬂ[ier(r) we have used the same values considered in simulations and

theoretical calculations, that is, ojon = 0.7 nm, Omoen = 0.65 nm, and o = V2/30mon-

the limit of infinite dilution of particles. Hence, there is no need to include this
interaction in the theoretical background.

2.2 Ornstein-Zernike integral equations

The equilibrium radial distribution functions of counterions and coions around
and inside the microgel particle, gmi(r), can be obtained by solving Ornstein-
Zernike (OZ) integral equations for the microgel (m), counterion (+) and coion
(—) mixture. For a three-component mixture, the OZ equations are written in
the Fourier space as a set of six algebraic equations,

3
By (k) = Gy () + ) popua (k) hay (K), (1.9)
A=1

where fz,uv (k) and ¢,y (r) are the Fourier transforms of the total and direct corre-
lation functions, respectively, and pg, stands for the number density of compo-
nent A in the bulk. In the limit of very dilute microgel suspension (pgm — 0) the
six equations are decoupled into three groups which can be solved in three dif-
ferent steps. In the first step, the ion-ion correlations are calculated. Then, they
are used in the second step to determine the microgel-counterion and microgel-
coion correlations by solving the following set of two equations. Finally, there
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is still remaining a last integral equation which provides the microgel-microgel
correlation. This last equation allows the calculation of the effective interaction
between microgels particles induced by the presence of electrolyte. However,
in this work we are not interested in this property, so we omit this part and fo-
cus on the microgel-ion correlations. As this procedure has been already used
in previous works **%37, we encourage the reader to dip into them for further
details.

In order to solve these equations, it is strictly necessary to complete them
with additional closure relations connecting fz#v(r) and ¢,y(r) with the inter-
particle interaction potentials V), (r) (defined in equations (I.1) and (1.3)). In
this work, the Hypernetted-chain approximation (HNC)* is used, due to the
fact that it has demonstrated to be a quite precise approximation for the kind
of interactions involved in mixtures of ionic microgel suspensions with elec-
trolyte 13537 Tt is given by the following equation:

By (1) = Mer (=D =PVier (D) _ (1.10)

To solve OZ-HNC equations we make use of Picard method of successive ap-
proximation50. Once calculated hy,, (r) and cyy (r), radial distribution functions
can be obtained straightforwardly,

P;w(r)

Pvo

guv(r) = = hyy(r) +1. (L.11)

Picard method starts with an approximated initial guess for the direct cor-
relation functions, cl(gv), and after an iteration, a new value cl(}ﬁ is calculated. The
procedure is repeated until convergence of the two last steps of the method is
achieved. However, for highly charged microgels, as the one object of this study,
Picard method does not converge in just one realization. It is necessary to de-
velop an adaptive method to increase gradually the microgel charge Z which
enhances the numerical convergence: the last value of cﬂﬂ calculated is used in
the next realization of Picard method, in which the microgel charge is increased

until the actual charged is achieved Z.

3 Simulations

In the simulation procedure the microgel particle is modeled as a network of
crosslinked polymer chains. Monte Carlo simulations are carried out within
a coarse-grained model for polyelectrolytes known as the bead-spring model.
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In this framework, monomer units of the polymer chain and ions are consid-
ered spheres, whereas the solvent is considered as a dielectric continuum 2439,
Each chain of the microgel consists of a sequence of 8 spherical monomer units
(beads) connected by tetrafunctional crosslinkers of the same species than mo-
nomers. This number of monomers per chain can be considered typical for
highly crosslinked networks. ** The microgel simulated here is made of 206 chains
connected by 133 crosslinkers. The charge of the microgel is conferred by adding
beads of each chain with the negative elementary charge, e, as a result of hav-
ing ionizable groups. In this work, we explore particles with 1 ionized group per
chain. The simulation cell also contains ionic species, both cations and anions,
as well as excess of cations required to assure an electroneutral system. The ions
are also modeled as spheres, whose diameters are oj,n, = 0.7 nm including the
corresponding hydration shell.

This hydrated ion size is in agreement with the values experimentally es-
timated for some monovalent cations and anions by Israelachvili,”! who com-
piled data from different techniques. However, for highly concentrated microgel
suspensions, the effect of excluded volume interactions could be overestimated
using this ion size, since the solvation shell of the ions becomes less relevant in
those cases. For that reason, we have also performed simulations considering
Oion = 0.4 nm, in order to discern whether steric repulsion still plays an impor-
tant role. In addition, the former diameter used here could be representative for
some drugs, such as theophylline or caffeine°?, and may give an approximation
of the excluded volume interactions in microgel-drug systems.

Interactions between all particles in the simulation cell are briefly summa-
rized as follows (more details may be found in a previous work®?). The short-
range repulsion between any pair of particles (monomeric units or ions) due to
excluded volume effects is modelled by means of the purely repulsive Weeks-
Chandler-Andersen (WCA) potential 27285455

0.12 0.6

4ewca (— -—
12~ 16

0 r>2Y6g

+ l) r<28g
4

Vweal(r) = (1.12)

where r is the center to center distance between a given pair of particles, ewca =
411-107%'J,and 0 = (0; + 0j)/2, where o; is the particle diameter of compo-
nent i. The interaction connecting monomer units and crosslinkers with their
neighbors is modeled by harmonic bonds,

kbond
2kgT

BVoond (1) = (r —ro)?, (L.13)
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where kpong = 0.4 N/m is the elastic constant and ry = 0.65 nm is the equilib-
rium bond length. All the charged species interact through the Coulomb poten-
tial,

z;zil
B = =12, (1.14)

where z; is the valence of species i.

The thermo-responsive character of microgels comes from hydrophobic forces.
When non-polar macromolecules are inserted into an aqueous medium, water
molecules rearrange their hydrogen bonds and form a structure like a cage, gen-
erating a high degree of local order. When temperature increases, the total num-
ber of water molecules structured around the hydrophobic solute decreases. To
minimize the loss of entropy the number of non-polar molecules exposed to
the solvent is reduced aggregating them: the microgel shrinks. In this work, the
hydrophobic force is modeled through an interaction potential that consists in
a smooth approximation of the square-well potential (previously used by other
authors®®°’) whose depth increases with temperature, given by the following
equation:
en(T)

2

Vhyd(r) = — {1 —tanh[ky (r — rp)1}, (1.15)

where e1,(T) < 0is the depth of the potential, r, is its range, and ky, is fixed so that
Vhyd (0.97) = 0.9¢p,. The potential depth obeys an increasing sigmoid function
to reproduce the behavior of thermo-shrinking gels %,

en(T) = —5‘“7“{1 +tanh(ke2(T — Te2)l). (1.16)

Emax 1S the maximum depth of the hydrophobic potential and k., is propor-
tional to the slope of the function at the point where ey,(T¢/2) = —€max/2. The
dependence of the interaction parameter ¢, with temperature is shown in the
inset of Figure 1.2. The behavior of the potential is inspired in physical grounds
from the model of hydrophobic interaction developed by Kolomeisky and Widom. *°
However, a previous work showed that this potential leads to unphysical volume
fractions at high temperatures. °® For that reason, a phenomenological potential
with a limited depth has been preferred. The values of its parameters were ob-
tained simultaneously matching several experimental data sets on six different
microgels with different fraction of charged monomers and temperatures rang-
ing from 10 to 60 °C.35Ina subsequent work, 60 it was also checked that these
parameters also justified the behavior of a poly(NIPAM)-based gel with a very
different crosslinker density. It should be also mentioned that poly(NIPAM) is
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considered a model of thermoresponsive polymer, and other polymers with po-
tential applications as drug carriers exhibit similar lower critical solution tem-
peratures°1'%2, Thus realistic simulation results are expected (at least to some
extent) if this potential is used. In any case, it should be kept in mind that
this hydrophobic potential is operative only for uncharged monomers, since
charged groups are considered hydrophilic rather than hydrophobic beads.

Nevertheless, the choice of hydrophobic potential employed in the simula-
tions and, in particular, the dependence of ¢}, with T will depend on the specific
nature of the polymer fibers of the microgel and the solvent conditions. There-
fore, the results predicted in this work may experience some variations when
applied to other kind of microgel particles. In spite of this, the predictions de-
duced in this work represent a good qualitative representation that illustrates
the thermal response of real ionic solutions of microgels.

Simulations are performed using the canonical ensemble, in which volume,
temperature and number of particles are kept constant. All the simulations are
carried out in a cubic box with a length L and periodic boundary conditions.
The simulation box is large enough to contain a single microgel particle and a
significantly developed electric double layer around it. More specifically, L is
calculated as L = 2(Ry + 4Ip), where Ry is an estimate of the radius of the mi-
crogel in the absence of additional electrolyte and Ip is the Debye screening
length. For instance, for 1 and 100 mM, the L-values employed are 100 and 34
nm, respectively, much larger than the Debye lengths (9.67 and 0.967 nm at 288
K, respectively). Thus the microgel do not feel significantly the electrostatic re-
pulsion of periodic images. The initial configuration of the microgel and their
counterions used in the runs in the presence of salt were obtained from pre-
vious simulations in the absence of salt. After this preliminary equilibration,
ions coming from the salt were added at random positions and the genuine
run in the presence of salt started. Two types of MC moves were employed: i)
usual single-particle displacements; ii) rescaling of the positions of all the par-
ticles multiplying by a factor to reduce the thermalization time (see reference
[33] for further details about this size rescaling). In this way, small changes in
the size of the microgel (maximum 1%) were explored. In the single-particle
moves, the maximum displacements of monomers and ions were individually
adjusted to achieve acceptance ratios of 30-70%. In both equilibration runs, at
least 108 MC moves were employed. To check that the equilibration had been
reached, the evolution of some properties, such as the radius of gyration, was
monitored averaging on batches of 5-10% steps. At least, 2 - 108 MC moves were
employed for averaging. The electrostatic energy was computed through a clas-
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sical implementation of Ewald sums, following some practical guidelines given
by Linse.® The cutoff distance employed in the real space was L/2. The cal-

culation of the reciprocal contribution to energy was estimated using sets of

integers (ny, ny, n;) that verified 4/ njzc + nf, + n% < 4 (reciprocal cutoff). The pa-

rameter characterizing the width of Gaussian charge distributions was a = 5/L
(see review by Linse for notation and further details). The maximum relative
error admitted in the real-space contribution to energy was 1073, Additional in-
formation about methods to compute long-range interactions can be found in
the work by Arnold and Holm %,

4 Results and discussion

Monte Carlo simulations were performed at two different concentrations of mono-
valent salt, 1 mM and 100 mM. We consider this salt to be NaCl, and assume ion
sizes given by the corresponding effective hydrated diameters in conditions of
high dilution. Their values are shown in Table 1.1, together with other proper-
ties of the microgel particle, namely the number of charged monomers in the
microgel, the size of the composing monomers, and the temperature interval in
which our study is performed.

Parameter Symbol  Value
Monomer diameter Omon 0.65 nm
Ion diameter Tion 0.70 nm
Microgel charge VA 206 e
Temperature T 20-60 °C

Table I.1: Input parameters of Monte Carlo simulations used to generate microgel particles in
presence of electrolyte.

Before comparing the simulation results with the theoretical predictions we
show some results regarding the thermal response of the simulated microgel
particles.

4.1 Thermal response

Due to the fact that attractive hydrophobic interactions between monomers
of the microgel are temperature dependent, the microgel becomes a thermo-
responsive particle. This means that its internal morphology and the degree of
swelling changes with temperature. The equilibrium conformation is a balance
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between many contributions, namely the hydrophobic, elastic and electrostatic
forces. Therefore, the final equilibrium state not only depends on temperature
but also on the electrolyte concentration. In order to determine the thermal re-
sponse of the microgels we performed a total amount of 9 simulation runs with
temperatures ranging from 20 °C to 60 °C for each salt concentration.

Figure 1.2 shows microgel effective average radius Ry, as a function of tem-
perature. It is defined as Ry, = \/%Rg, where Rg is the radius of gyration of the
microgel particle. For a spherical microgel with a homogeneous distribution of
mass, Ry, represents the external radius of the microgel. As observed, the tem-
perature range considered in this work provides different swelling ratios of the
microgel particle. For low temperature, microgel particle is swollen, but when
temperature is increased it undergoes a volume transition to shrunken states.
The transition temperature is about 34 °C, which is consistent with the expgxi
mental response of many types of microgel particles. @

T (0

Figure 1.2: Average effective radius of the simulated microgel as a function of temperature for
two salt concentrations, 1 mM and 100 mM. Error bars are not shown because they are smaller
than the size of the symbols. The top x axis shows the values of the deph of the hydrophobic
potential for each temperature considered, but note that they are not scaled. In the inset, the
depth of the potential €, used in the simulations is plotted against the temperature.

With regard to the response with the electrolyte concentration, the shrink-
ing behavior as a function of temperature does not change significantly with the
salt concentration. However, at the same temperature, for 100 mM the microgel
radius is smaller than for 1 mM. This is a well-known reasonable result, caused
by the screening of the microgel charge. In fact, for large electrolyte concen-
tration, repulsive Coulombic interactions between monomers (which enhance
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the particle swelling) are more efficiently screened by the counterions. Conse-
quently, the equilibrium swelling state shifts to more shrunken configurations'.
In addition, the penetration of counterions exerts an osmotic pressure that in-
duces the particle swelling. This pressure difference inside and outside the mi-
crogel is roughly inversely proportional to the salt concentration®, and this is
why the swelling observed for 100 mM is less important than for 1 mM. Nev-
ertheless, when microgel is collapsed at high temperature, the swelling state is
dominated by monomer-monomer hydrophobic forces, so counterion effects
become not very significant, leading to very similar values of Ry, for both salt

concentrations.

The volume change with the temperature is clearly appreciated in Figure 1.3,
where the local concentration of polymers and charged monomers are plotted,
as well as the snapshots of the microgel, at four different temperatures. As tem-
perature increases, a progressive shrinking in the microgel structure becomes
noticeable. In the swollen state, the internal morphology of the particle is con-
sistent of large pores through which ions can penetrate, but as particle shrinks,
the size of the pores decreases, even disappearing for high temperature. How-
ever, the decrease of the particle size with the temperature is not the only ef-
fect that arises. The internal structure is also affected, as shrunken microgels
tend to arrange in a non-homegeneous form in the inner region of the parti-
cle. This effect has been previously observed in small-sized microgels of few
tens of nanometers similar to the ones employed in this work, where the typ-
ical length of the interconnected chains is of the same order of magnitude of
the size of the particle. As mentioned above, charged monomers are consid-
ered hydrophilic (rather than hydrophobic) beads, thus they are not attracted
by the uncharged ones. What is more, when uncharged beads collapse due to
attractive hydrophobic forces, they would tend to segregate the hydrophilic mo-
nomers to minimize the free energy. Consequently, many of the charged beads
would be displaced towards the outer and inner surfaces of the monomer clus-
ters, as shown in the Figure for high temperature. In some cases, a few intercon-
nected voids can also be formed in this segregation process instead of a unique
hollow®.

Simulation results not only provide the mass and charge distribution of the
microgel network, but also the density profiles of counterions and coions in-
side and around the particle. In the following sections we discuss these prop-
erties. We first analyze the results in terms of a global property such as the ef-
fective microgel charge, and then we discuss in more detail the local properties
by studying the radial distribution function of counterions. Simulation data are
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Figure 1.3: Polymer (formed by neutral monomers, charged monomers, and crosslinkers) and
charged monomer concentration as a function of the distance to microgel center, for different
temperatures and hence distinct deph of hydrophobic potential and degree of swelling. For each
temperature, a slice of the central part of the simulation box is shown, where cross-sections of
the microgel particles can be visualized. Swollen microgels show a more homogeneous structure
than the shrunken ones, in which an inner hole is formed. Green spheres represent counterions,
while orange ones represent coions.

compared to the theoretical predictions applying the two models for the steric
interaction described in equation (1.8). For this purpose, we make use of the
local polymer volume fraction, ¢(r), and the local distribution of charged mo-
nomers, p¢(r) as input parameters to determine the microgel-ion electrostatic
and steric interactions (see equations (1.4), (I.5), and (1.8)). Then, these interac-
tions are employed in the Ornstein-Zernike integral equation method to finally
obtain the ionic radial distribution functions, gn+(r) and gm- (7). They can be
compared to the simulated ones to check whether the theory is able to properly
account for the effect of the steric interaction in conditions of charge and mass
heterogeneity.
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4.2 Effective charge

A very useful way to quantify the global efficiency of the ionic permeation in-
side a microgel is to study the effective charge of the microgel particle, Zog. It
is straightforwardly calculated from ionic density profiles inside the microgel
particle as

Rm
Lot = —Z+4nf [Pm+ (1) — pm— (M1r2dr, (1.17)
0

where Z is the number of charged monomers of the microgel. The ionic density
profiles pm+(r) and py-(r) have been calculated from their radial distribution
functions through equation (I.11).

For instance, a small value of Z¢ implies a high degree of counterion pen-
etration. If this happens, the microgel bare charge is strongly screened by the
the cloud of counterions, reducing the electrostatic repulsion between micro-
gels. This could lead to a colloidal destabilization of the microgel suspension.
Indeed, Z is very sensitive to swelling and shrinking of microgel particle. For
this reason, it is particularly suitable to study the effect of the steric repulsion
on the ion permeation®®. If counterions penetrate inside the microgel, Zes is
expected to decrease owing to screening of the bare charge. On the contrary, if
counterions cannot

The effective charge is very helpful to characterize the permeation as a func-
tion of the swelling ratio because it is very sensitive to swelling and shrinking
of microgel particle. For this reason, it has been previously employed to study
the steric interaction>®. If counterions penetrate inside the microgel, Z.g is ex-
pected to decrease owing to screening of the bare charge. On the contrary, if
counterions cannot permeate, they accumulate in a external shell around the
microgel, leading to a weaker charge screening, and so to a higher value of the
effective charge.

In principle, one would expect an increase of the effective charge with tem-
perature. Firstly, because an increase of the temperature leads to a weakening
of the electrostatic attraction of counterions to the microgel particle (compared
to the thermal energy, kg T), so counterions are less likely to diffuse inside, en-
hancing the effective charge. Secondly, because the reduction of the microgel
size with temperature implies that it is necessary to concentrate the internal
counterions in a much smaller volume. Hence, the electrostatic repulsion be-
tween pairs of counterions pushes some of them out of the particle, leading
to an increase of Zg too. Finally, the particle shrinking at high temperatures
causes an increase of the polymer volume fraction, which enhances the steric
repulsion between counterions and the polymer network. As a consequence of
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this, counterions are expelled from the interior of the particle in shrunken con-
figurations, which makes charge screening lower than if they did not interact
sterically.

Figure 1.4 displays the average values of Z¢ obtained in the simulations as
a function of temperature (symbols) for the two studied electrolyte concentra-
tions, assuming o = 0.7 nm for the ion diameter (numerical errors below 5% in
all cases). The monotonic increase of the effective charge with temperature may
be clearly observed for a salt concentration of 100 mM (see top graph of Figure
1.4). However, for 1 mM (bottom graph) this increase is weaker and some fluc-
tuations arise. This effect can be attributed to the existence of inhomogeneities
in the distribution of the microgel bare charge. As shown above, the charge and
mass distribution of the small-sized microgel develop an internal region with
low polymer concentration surrounded by a corona of high density. This het-
erogeneous morphology provides plenty of space in the center of the particle,
so counterions are able to better accommodate inside, avoiding counterion-
counterion repulsion. The charge heterogeneity induces a decrease of | Zggl,
and competes with the effect of the counterion obstruction explained above.
The reason why this effect becomes less important at high salt concentration
relies simply on the screening of the electrostatic forces.

Figure 1.4 also shows the theoretical results obtained under three different
approximations. In the first one we neglect the steric repulsion and assume that
microgel and ions interact exclusively through electrostatic interactions (da-
shed line). In the other two situations the steric effect is included using two
different exponents in equation (I.8): n = 2 and n = 3 (dotted and solid lines,
respectively).

One of the most remarkable results that we may extract from the compar-
ison between simulations and theory is that the microgel-ion steric repulsion
should be considered in the model to account for the counterion permeation
in shrunken microgels, at least for ionic sizes comparable to or larger than o; =
0.7 nm, the ones studied here. As can be seen, the curve obtained by solving
Ornstein-Zernike equations neglecting volume exclusion effects overestimates
the charge screening effect for both salt concentrations at high temperatures
(high polymer volume fractions). In other words, in the absence of steric re-
pulsion, the electrostatic interaction alone can sometimes lead to values of Zg
smaller than the ones observed in simulations. However, this Figure also shows
that the effect of steric repulsion is not so important for swollen microgels (low
temperatures in our case). In fact, Claudio et al.*>' succeeded in reproducing the
ionic distribution of a microgel in a good solvent using a Poisson-Boltzmann
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Figure I.4: Microgel effective charge as a function of temperature. Black dots stand for Z.¢ mea-
sured in simulations, while the curves are theoretical predictions calculated by solving Ornstein-
Zernike (OZ) equations for three different cases: taking into account n = 2 and n = 3 in equation
(1.8) for steric interaction, and ignoring the steric repulsion, Vr;tier(r) = 0. The top graph has been
obtained considering 100 mM of electrolyte concentration, while the bottom one corresponds to
1 mM. Error bars are not shown because they are smaller than the size of the symbols. The top x
axis shows the deph of the hydrophobic potential for each temperature considered, but note that
the values are not scaled.

model (that does not account for excluded volume effects).

When including the steric effect, we see that the results obtained using n =3
in equation (I.8) provides much better quantitative agreement with simulations
than those obtained with the Ogston model (n = 2). In fact, the Ogston model
underestimates the steric repulsion leading to a smaller values of |Zg| com-
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pared to simulation data. This means that an assembly of randomly placed
spheres provides a more accurate representation of the internal morphology of
the microgel than a network of long rigid fibers. This is a quite reasonable con-
clusion, given that polymer fibers are treated in our simulations as being formed
by short interconnected chains with only 8 spherical monomers. However, it
should be pointed out that these results do not imply that the use of n = 3 in
equation (1.8) is always more accurate than the Ogston model for any polymer
network in equilibrium with a permeating solute. For instance, previous sim-
ulation studies of macroscopic gels show that the permeation of large solutes
inside crosslinked polymer networks with very long polymer fibers is better de-
scribed by the Ogston model*. This is because, under such conditions, the
chain-like geometry dominates, playing the monomer shape a minor role.

As observed from Figure 1.4 the agreement between theoretical predictions
with n = 3 and simulations is excellent for 100 mM. For 1 mM the model still
yields quite good quantitative agreement in the swollen configuration, but over-
estimates the counterion permeation about a 10% in the shrunken state. This
deviation comes from the very strong density variations of the ionic density pro-
files arising inside the microgel. Indeed, as will be shown below, at high tem-
peratures and low electrolyte concentration, the internal heterogeneities cause
changes of the density of counterions by a factor larger than 100 that the OZ-
HNC integral equation theory is not able to completely reproduce.

To confirm whether steric interaction may affect the microgel effective net
charge even when there is no hydration shell around the ions, another set of
Monte Carlo simulations and Ornstein-Zernike calculations were performed at
high concentration (100 mM) using a smaller value for the ion diameter, namely
oi = 0.4 nm. These results are compared in Figure 1.5 with those obtained for
oi = 0.7 nm. It is clearly shown that both simulations and theoretical results
follow the same trend for o; = 0.4 nm and o; = 0.7 nm, although the effective
charge absolute values in shrunken states are smaller for smaller ions. This is
an expected result, since a decrease of the ion size diminishes the steric repul-
sion between the microgel and the counterions, which leads to larger counte-
rion permeation for o; = 0.4 nm, and hence to an increase of microgel charge
screening. However, in swollen states there is no significant difference due to
ion diameter, since excluded volume interactions become less relevant for ex-
panded microgels, as mentioned above. In addition, as in Figure 1.4, the curve
obtained by solving Ornstein-Zernike equations neglecting volume exclusion
effects strongly overestimates the charge screening effect for both ion sizes at
high packing fractions.
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Figure I.5: Microgel effective charge as a function of temperature for 100 mM of electrolyte con-
centration and two different sizes of ions. Black color is used for oj = 0.7 nm, while green color
represents oj = 0.4 nm. Symbols stand for Zqg measured in simulations, while solid lines are
theoretical predictions calculated by solving OZ equations, using 7 = 3 in equation (I.8) for steric
interaction. Red dashed line and blue dotted line are calculated ignoring the steric repulsion for
0 =0.7 nm and o = 0.4 nm, respectively.

4.3 Ionic density profiles

Here, we complete the data of effective charge with additional detailed infor-
mation about the local density profiles of the ions inside and around the micro-
gel particle. Figure 1.6 and Figure 1.7 show the radial distribution functions of
counterions for different temperatures and hence different swollen states. The
plots include the simulation results (dashed blue line), and the theoretical pre-
dictions with and without considering excluded volume interactions (green and
pink solid lines, respectively). Coion density profiles are not shown since they
do not contribute with significant insights in the physical interpretation. First,
we discuss the simulation results. As it could be observed in both Figures, at
low temperature (swollen state), counterions can easily diffuse through micro-
gel pores, so they are homogeneously distributed in the internal region. How-
ever, as temperature increases and microgel shrinks, two maxima begin to rise
in gm+(r). As mentioned above, the morphology of such small microgel parti-
cle becomes heterogeneous for shrunken states, in which charged monomers
become reallocated so that they tend to form an inner charged spherical shell
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Figure 1.6: Radial distribution functions of counterions as a function of the distance to microgel
center, for different temperatures and hence distinct deph of hydrophobic potential and degree
of swelling. All curves correspond to a salt concentration 100 mM. Dashed line has been obtained
directly from simulations, while solid lines represent gm+ (r) calculated by solving Ornstein-
Zernike integral equations: taking into account steric repulsion from equation (I.8) with n =3
(green) and considering that there is no steric interaction (pink).

and an external one. As a consequence of this, counterions tend to congregate
close to both shells, inside the particle (first maximum) or around the microgel
(second maximum). An schematic explanation of this phenomenon is drawn in
Figure 1.8.

Theoretical predictions are also able to reproduce the appearance of these
two maxima in the counterion concentration as microgel collapses. In fact, both
peaks are observed even in the limit of vanishing steric interactions (see pink
solid line), which indicates that this phenomenon is mainly induced by the elec-
trostatic attraction between counterions and the heterogeneous distribution of
bare charges inside the microgel. There is, however, a subtle distinction: these
maxima are situated closer to the charged shells because counterions are not
affected by volume exclusion. As soon as the steric contribution is taken into ac-
count (using equation (I.8) with n = 3), the internal maximum shifts to smaller
r, whereas the external one moves to larger values of r, due to the counterion
exclusion exerted by the polymer fibers in the spherical shell.
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Figure 1.7: Radial distribution functions of counterions as a function of the distance to microgel
center, for different temperatures and hence distinct deph of hydrophobic potential and degree
of swelling. All curves correspond to a salt concentration 1 mM. Dashed line has been obtained
directly from simulations, while solid lines represent gm+(r) calculated by solving Ornstein-
Zernike integral equations: taking into account steric repulsion from equation (I.8) with n =3
(green) and considering that there is no steric interaction (pink).

The comparison between theory and simulations clearly points out that ne-
glecting the microgel-ion steric interaction may lead to acceptable predictions
for the counterion density profiles at 1 mM if microgels are swollen enough, but
wrong predictions for shrunken states or high electrolyte concentration. How-
ever, when the steric interaction is included in the model, qualitative and even
quantitative agreement is achieved for the whole set of swelling states. This
agreement is specially good for swollen states, and worsens in the shrunken
states for 1 mM, where the model overestimates the concentration of counte-
rions in the internal layer. We attribute these discrepancies to the accuracy of
the HNC approximation. This closure works in general very well for the kind of
potentials used in this work, but it should be reminded that HNC ignores the so-
called bridge function in the potential of mean force, which takes into account
strong correlations at short distances ®°. In particular, previous calculations per-
formed in charged colloidal suspensions show that the colloid-ion bridge func-
tion contributes with an additional attraction®”%, Therefore, it is also expected
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Figure 1.8: Explanation of the two maxima observed in radial distribution function of counteri-
ons inside and around the shrunken microgel particle. Dashed blue line represents simulation
results, while green solid line stands for theoretical results ignoring steric exclusion. In the pic-
ture, green circles represent counterions and red circles are the charged monomers allocated in
both shells.

that our theory predicts an overestimation of the counterion adsorption at low
electrolyte concentration in the shrunken states, since in this case the density
charge of the microgel is larger and weakly screened by the counterion cloud.
In spite of this, HNC still provide a qualitative agreement in this situation, and
has the additional advantage of being very simple to numerically implement, in
contrast with other more sophisticated closure relations.
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Therefore, we can confirm that the steric microgel-ion interaction plays an
important role on the ionic distribution inside the microgel particle, specially
close to the collapsed state. Moreover, the model proposed in Equation (1.8) has
shown to be accurate enough to correctly described the simulated ionic density
profiles, even in the case of non-homogeneous distribution of internal mass and
charge of the microgel particle.

5 Conclusions

In this work we study the effect of the steric excluded-volume repulsion exerted
by the fibrous polymer network of the microgel on the ionic permeation, for
different swelling states and concentrations of monovalent salt. In particular,
we focus on the effective charge of the microgel and the local ionic density pro-
files around and inside the microgel. For this purpose, Monte Carlo simulations
are compared to the theoretical predictions assuming that the suspension is a
ternary mixture of microgels, counterions and coions, and solving the corre-
sponding OZ integral equations within the HNC approximation.

The results show that splitting the microgel-ion interaction into electrostatic
and steric terms is a good approximation. Moreover, the comparison with simu-
lation data also indicates that the internal structure of the microgel crosslinked
fibrous structure is better represented by a collection of randomly-placed spher-
ical monomers. An advantage of this model is that the effective steric microgel-
ion repulsive interaction can be calculated analytically. This approach for the
internal morphology of the microgel works well for the kind of system we are
dealing, namely, small highly crosslinked microgel with few monomers per chain
permeated by ions with size of the order of the monomer unit. However, it
should be emphasized that for larger microgel particles with longer polymer
chains between crosslinker nodes may be better represented by a random as-
sembly of cylinders rather than spheres®.

In conclusion, our work reveals that the steric interaction should be included
to correctly account for the ion distributions if the polymer volume fraction of
the microgel and ionic sizes are large enough. Under such circumstances, ignor-
ing this contribution could lead to an artificial enhancement of the counterion
permeation and so, to a significant decrease of the microgel effective charge.
Once this effect is included, the theoretical model is able to correctly describe
the response of the effective charge to swelling and shrinking of the microgel
particle, and provides a quantitative account for the ionic density profiles, even
in situations of heterogeneous charge and mass distributions inside the parti-
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cle. Moreover, our predictions could be also interesting to understand the ionic
permeation inside non-homogeneous hollow thermoresponsive microgels, like
the ones studied by Dubbert et al.®.

Future investigations will focus on the effect of ion specificity on the swell-
ing behavior of the microgel. As shown in previous work®’, hydrophobic ions
tend to accumulate in specific locations of the polymer network, leading to new
effects that go far beyond charge screening, such as charge inversion and over-
charging phenomena. Therefore, it would be interesting to compare simulation
and theoretical data also in this situation, given the importance of microgels as
carriers of hydrophobic solutes and Biomolecules .
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Abstract

In this work the equilibrium distribution of ions around a thermo-responsive

charged nanogel particle in an electrolyte aqueous suspension is explored
using coarse-grained Monte Carlo computer simulations and the Ornstein-
Zernike integral equation theory. We explicitly consider the ionic size in
both methods and study the interplay between electrostatic and excluded-
volume effects for swollen and shrunken nanogels, monovalent and triva-
lent counterions, and for two different nanogel charges. We find good
quantitative agreement between the ionic density profiles obtained in both
methods when the excluded repulsive force exerted by the cross-linked
polymer network is taken into account. For the shrunken conformation,
the electrostatic repulsion between the charged groups provokes a het-
erogeneous polymer density profile, leading to a nanogel structure with
an internal low density hole surrounded by a dense corona. The results
show that the excluded-volume repulsion strongly hinders the ion perme-
ation for shrunken nanogels, where volume exclusion is able to signifi-
cantly reduce the concentration of counterions in the more dense regions
of the nanogel. In general, we demonstrate that the thermosensitive be-
haviour of nanogels, as well as their internal structure, are strongly influ-
enced by the valence of the counterions and also by the charge of the par-
ticle. On the one hand, an increase of the counterion valence moves the
swelling transition to lower temperatures, and induces a major structuring
of the charged monomers into an internal and an external layers around
the crown for shrunken nanogels. On the other hand, rising the particle
charge shifts the swelling curve to larger values of the effective radius of
the nanogel.
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1. Introduction

1 Introduction

Nanogels are porous particles of nanometric size formed by cross-linked poly-
mer chains dispersed in a solvent that can reversibly swell or shrink in response
to many parameters such as pH, salt concentration, temperature, among oth-
ers. ? The swelling process occurs by the uptake of large amounts of solvent,
but these particles do not dissolve thanks to the constituting structure of the
polymeric network, physically or chemically cross-linked. This allows the na-
nogels to be permeated by ions and other cosolutes, such as small proteins,
peptides, biomolecules, drugs or chemical reactants. In addition, the fibrous in-
ternal morphology of nanogels maximizes the total exposed surface of polymer
to the solvent. All these unique properties, together with the fact that nanogels
exhibit a swelling response some orders of magnitude faster than macroscopic
gels,® make them qualified for a number of biotechnological and medical appli-
cations, such as drug nanocarriers or nanoreactors. *~

For the particular case of charged nanogels in aqueous media, the presence
of electrolyte in the suspension becomes of fundamental importance. Indeed,
mobile ions distribute inside and around the porous nanogel, giving rise to the
so-called electric double layer, may determine the degree of swelling of the par-
ticle and the efficiency in the cosolute uptake. On the one hand, increasing the
bulk salt concentration screens the electrostatic interaction and reduces the ef-
fective charge of the particles,’!! which in turn induces the shrinking of the
nanogel and diminishes the absorption of oppositely charged cosolutes inside
it.'? Moreover, the variation of the local concentration of counter and coions
can also affect the swelling response of the charged polymer network, giving rise
to internal heterogeneities in the polymer density. >~'°> On the other hand, the
transfer of a charged solute from the bulk solution into the charged nanogel in-
volves a change of free energy that arises from the difference in local electrolyte
concentration between both locations. '°

Given the important role that the non-uniform ionic density profiles play
on the swelling of the nanogel and on its sorption efficiency of charged coso-
lutes, it is of capital interest to understand the physical effects involved in the
formation of this electric double layer. Outside the nanogel the local density of
ions is controlled by the electrostatic potential generated by the charged nano-
gels. However, in the internal region of the nanogel, the resulting non-uniform
ionic density profiles become affected by non-electrostatic forces, such as the
excluded-volume (or steric) repulsion that arises due to the finite size of the
ions, and the hydrophobic binding for the case of chaotropic ions.!”"'¥ The
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steric repulsion that a single ion experiences when diffusing inside the nanogel
has two complementary contributions, namely, the volume exclusion caused by
the other ions and the exclusion exerted by the polymer network. This volume
exclusion strongly depends on the internal morphology or the polymer network,
especially at high polymer volume fractions. Therefore, it is crucial to develop
accurate models to account for the structure of the polymer network inside the
nanogel.

In this work we combine the Ornstein-Zernike (OZ) integral equation the-
ory with coarse-grain Monte Carlo (MC) simulations to obtain the ionic density
profiles and the local polymer mass and charge distributions inside thermo-
responsive charged nanogels in equilibrium conditions. We follow a similar
scheme used in our previous work, where nanogel swelling in the presence of
monovalent salt was addressed, * but now extending our calculations to con-
sider the role that the counterion valence and the nanogel charge plays on the
competition between electrostatic and excluded-volume forces. The impor-
tance of multivalent counterions goes beyond the mere theoretical interest since,
as potential therapeutic carriers, nanogels should work at large ionic strengths
of electrolyte solutions in which multivalent ions can be present.*’ In this sense,
a theory for gels accounting for ion-ion correlations has been recently applied to
multivalent electrolytes, finding a first-order transition due to multivalent ions
upon inclusion of these correlation effects.?! Among the multiple models for
the internal structure of the nanogel, we assume that the structure of the poly-
mer network is approximated by an assembly of spherical monomeric units ran-
domly distributed within the internal volume of the nanogel. In spite of its sim-
plicity, this model provides good agreement between the ionic density profiles
theoretically predicted and simulated, even when applied to ions with differ-
ent valence. The results show that excluded-volume effects are important, and
also that the geometrical properties of the polymer network must be necessarily
considered when the polymer packing fraction increases.

This paper is organized as follows. Computer simulations are briefly ex-
plained in Section 2. Section 3 describes the ion-ion and ion-nanogel bare inter-
actions and explains the integral equation method. In Section 4 the theoretical
predictions for the ionic density profiles are compared to the simulation data.
Finally, we highlight the most relevant conclusions in Section 5.
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2. Simulations

2 Simulations

In order to determine the swelling of a charged nanogel, the charge and mass
distribution of the cross-linked polymer network, and the local concentration of
counterions and coions, we make use of coarse-grained Monte Carlo (MC) sim-
ulations. We simulate a single negatively charged nanogel particle immersed in
an electrolyte suspension at a fixed salt concentration. The solvent is not explic-
itly considered, and instead treated as a continuum of dielectric permittivity, €.
On the one hand, counterions and coions are modelled as charged hard spheres
with a valence z, and z_, respectively. In both cases the ionic size is assumed
to be the same, given by R = R_ = 0.35 nm. On the other hand, the nanogel
is constructed by an assembly of interconnected spherical monomers of radius
Rmon = 0.325 nm. In particular, the so-called bead-spring model is used to con-
sider the connectivity of the monomeric units that form the polymer chains.
This simple framework has been extensively employed in the study of the col-
lapse and adsorption of polyelectrolytes.?>=28 To correctly account for the real
morphology of the cross-linked network, the polymer chains are connected by
tetrafunctional cross-linkers. A total amount of 8 monomers are linked to form
a single chain, which in turn is connected with the rest of the structure through
tetrafunctional cross-linking monomers of the same size. In particular, the na-
nogel studied in this work has 133 cross-linkers and 206 chains with f =1 or
f =2 ionized groups (with one negative elementary charge e) per chain. Ac-
cordingly, this system bears a noticeable resemblance to experimental charged
nanogels. >’

The short-range repulsion between any pair of particles (monomers and
ions separated a distance r) due to excluded volume effects is modelled by means
of a purely repulsive Weeks-Chandler-Andersen (WCA) potential: "3

12 6 1 e
4ewca m——%—— r<2"o

0 r>2Y6g

Vawea(r) = , (IL.1)

where eyyca =4.11-1072' Jand 0 = R; + Rj (i and j run over the three species
of particles, namely counterions, coions and monomers). Additionally, all the
charged species interact electrostatically through the Coulomb potential e z; z jl(4mer).
Since we are interested in thermo-responsive nanogels, it is convenient to con-
sider the temperature dependence of the dielectric permittivity. In this work, we
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adopt the following one, which provides a very good estimate of ¢ for water:>°

e(T)/eg=5321T"! +233.76 —0.9297 T+

(11.2)
+0.1417-107%T%-0.8298-107°73.

The interaction connecting monomer units and cross-linkers with their neigh-
bours along the polymeric chains is approximated by harmonic bonds Vyonq(r) =
kbond (r — 19)/2, where kponq is the elastic constant (kpong = 0.4 N/m) and ry is
the equilibrium bond length, given by the monomer diameter (0.65 nm). %3637

Finally, it is well known that the thermoresponsive character of nanogels
is caused by the shift from enthalpy-ruled to entropy-ruled forces, where hy-
drogen bonds and water degrees of freedom play key roles. For the particular
case of Poly(N-isopropylacrylamide) (PNIPAM), this effect yields an increase of
the attractive hydrophobic interaction between the monomeric units when in-
creasing temperature. This interaction, Vj(r), is modelled through a smooth
approximation of the square-well potential, which has been extensively used in
previous studies, ! 3293842

3 Theory

3.1 Modeling the ion-ion and nanogel ion bare interactions

In the theoretical treatment we make use of the Ornstein-Zernike (OZ) integral
equations to determine the ionic density profiles around a single nanogel. We
treat our system as a ternary mixture of spherical charged nanogels, counterions
and coions. As considered for the simulations, the solvent (water) is assumed to
be a mere continuum background with a constant dielectric permittivity, €. In
our model, the nanogel can be regarded as aporous macroion with a total charge
given by Zye. This particle can be permeated by the solvent, and by the coun-
terions and coions of the suspension (with charges z,e and z_e, respectively).
The bulk concentrations for the three species are denoted by pom, po+ and po-.
In our theoretical model we do not assume that the charge and mass distribu-
tion inside the polymer network is uniform or follows a core-shell structure, as
it is customary in most theoretical works. Instead, we take the polymer volume
fraction ¢(r) and the polymer charge density p.(r) inside the nanogel obtained
by means of the MC computer simulations, as they provide a more realistic in-
put of the equilibrium properties of the nanogel.

In order to solve the integral equations, the ion-ion and nanogel-ion bare
interactions must be specified. For the ion-ion interaction we use the primi-
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tive model (in consistency with the simulations) and consider that ions are hard
charged spheres of radius R;. Accordingly, the ion-ion pair potential is the com-
bination of a Coulomb interaction and a short-range hard sphere repulsion that
prevents ion overlapping, i.e.

TSR,'+R]'

BVij(r) = {oo (I1.3)

zl-zle/r I‘>Ri+Rj '

where r is the distance between the particle centres, § = 1/(kg T) (kg is the Boltz-
mann constant, and T the absolute temperature) and /g is the Bjerrum length,
defined as Ig = e/ (4me).

The bare interaction between the nanogel and a single ion has two contri-
butions, the electrostatic and the excluded-volume terms:

Vini (1) = V(1) 4 VE(r). (I1.4)

The electrostatic term is given by the Coulomb interaction between the incom-
ing ion and the charge distribution inside the nanogel. Hence, it is obtained
from the integration of the electric field generated by the nanogel charge distri-
bution

[e 0]

velee(r) = zze f E(rydr. (IL.5)
r

The electric field is given by Gauss’s law, feE(r) = Iz Z(r)/r?, where Z(r) is the

polymer charge enclosed within an sphere of radius r,

am [T 2 / /
— | r rydr r<R
Z(r) = o L Pel(r) m

Zm r>Ry

) (IL.6)

where Ry, represents the external radius of the nanogel.

The next step is to figure out an analytical expression for the excluded-volume
term, Vrfl’;c(r), as a function of the distance r between the nanogel centre and the
ion. In accordance with the simulation framework, the polymer network can be
thought of as being composed of spherical monomers, represented by spheres
of radius Rmon. By definition, V°*¢(r) is the effective repulsive interaction that
the nanogel exerts onto a single spherical ion of radius R; due exclusively to the
volume restriction caused by the monomeric units that form the polymer net-
work. Due to the finite size of the ions, they cannot approach to any monomer
a distance smaller than Ryop + R;, s0 the exclusion volume is always larger than
the volume occupied by the monomers. In fact, the total excluded volume is
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given by the volume filled by the monomers plus the volume of the depletion
region around them.

Defining the partition coefficient as the ratio between the local ion density
inside the nanogel and in the bulk suspension in the limit of infinite dilution,
K; = limy, ¢ piin(r)/ poi, it can be shown that the excluded-volume repulsion
can be written as '’

ﬁ Vexc

—Ink; <R
{ nki(r) r<Bm . _ . (IL7)

)
r>Rm

The relation between K;(r) and the local polymer volume fraction ¢(r) is
not obvious since the volume excluded in the depletion regions around the mo-
nomers depends on the geometric details of the internal morphology of the na-
nogel. In this work we assume one of the simplest non-trivial description for
the polymer network structure, and comsider that the spherical monomers are
randomly distributed (uncorrelated) inside the polymer network, which means
that monomers can freely overlap each other without any energy cost. In this
particular case, the partition coefficient can be analytically calculated, and the
resulting effective excluded-volume pair potential is *>

BV (r) —/1— In(1 - ¢(r)) (IL.8)

1

where 1; = Rmon/ (Rmon + Ri).

More details about the derivation of expression I1.8 may be found in the Ap-
pendix. In the limit of very low polymer volume fraction the excluded-volume
repulsion tends to

BVEC(r) = ~In(1-p(r)/A3). (IL9)

Although the last equation represents an acceptable estimate of the steric in-
teraction for loosely bounded nanogels in the swollen state, it rapidly leads to
nonphysical predictions when the polymer network approaches the more con-
centrated deswollen state.

3.2 Ornstein-Zernike integral equations

Once the ion-ion and ion-nanogel pair interaction potentials are specified, the
mass and charge distribution of the polymer network inside the nanogel can
be used to determine the ionic density profiles inside and outside the particle
by solving the Ornstein-Zernike integral equations. This methodology has been
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successfully employed to describe the ionic permeation and the particle swell-
ing state in nanogel suspension. ' '19214 In the limit of infinite dilution of nano-
gel particles (pom — 0) these equations split into two separated set of equations,
three for the ion-ion correlations

hij@) =@+ Y pokCic(@hej(q), i=+— (I.10)

k=+,—-

and two for the nanogel-ion correlations

i (@) = emi(@ + Y. poklmk(@hii(@), i=+—; (IL11)

k=+,—

where 7; j(q) and ¢;j(q) are the Fourier transforms of the total and direct cor-
relation functions, respectively. Five additional closure relations are required to
solve the previous set of equations. Here, we use the well-known Hypernetted-
Chain-Closure (HNC), which has proved to be reasonably good for the kind in-
teractions while still maintaining the simplicity '

hij(r)=exp[=pVi;j(r) + hij(r) = cij(r] - 1. (IL.12)

The integral equations are solved following a simple Picard iterative procedure
of successive approximation with the help of Fast Fourier Transforms until con-
vergence of the total correlation functions is attained. More details about the
numerical implementation of the numerical method may be found elsewhere. ' '
As afinal output, the ionic concentration at a distance r from the nanogel centre

is calculated from the total correlation functions as

pi(r) =poilAmi(r)+11, i=+,-. (I1.13)

The comparison between these theoretical predicted p. (r) and p_(r) and the
simulated ones will show if electrostatic and excluded-volume effects are prop-
erly accounted for in the model.

4 Results and discussion

Monte Carlo simulations were performed for two types of electrolytes with dif-
ferent counterion valences, namely 3:1 and 1:1. Analogously, we also studied
the effect of the nanogel charge considering tho different values, Z,, = —206e
and —412e (corresponding to f = 1 and f = 2, respectively). The salt concen-
tration for 1:1 salt was 100 mM, whereas the concentration for 3:1 electrolyte
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was 16.7 mM. This choice allows to compare the result between monovalent

and trivalent counterions at a common ionic strength of I = pg;z2 + po_z2 =

100 mM. In order to reach the equilibrium distribution of the nanogel and the
surrounding ions, at least 1028 MC moves were employed for equilibration and
2 x 108 MC for statistics. The radius of gyration was monitored averaging on

batches of 10° MC steps.

Figure II.1: Nanogel radius resulting from Monte Carlo simulations as a function of temperature
for two different values of charge (Zi, = —206e and —412¢) and counterion valence (z4 = 1 and
z4+ = 3). Two snapshots of the nanogel at low and high temperature are included to illustrate
the changes in the internal structure of the particle. Blue and red spheres represent neutral and
charged monomers, respectively.

Before analysing the ionic distribution, we first start with the description of
the swelling response of the particle with temperature for the studied conditions
of counterion valences and nanogel charge. Fig. II.1 shows the effective radius
of the nanogel, defined as R, = \/ﬁRg, where Ry is the radius of gyration of the
nanogel, obtained as an average throughout many configurations after having
reached the thermal equilibrium.

All simulated curves show the typical swelling behaviour, going from the
expanded hydrophilic state for T < Tg, to the collapsed hydrophobic state for
T > Te. The phase transition between these two morphologies occurs at Ty, the
so-called lower critical solution temperature (LCST). The value of Tg changes
in response to the features of the solvent medium and the nanogel particle. In
our case, Tp is close to 305 K, the typical value for Poly(N-isopropylacrylamide)
(PNIPAM) nanogels.
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Figure I1.2: Blue solid line: simulated density profile of charged monomers as a function of the
distance to the nanogel centre. Red dashed line: simulated density profile of counterions. Green
dotted line: density profile of counterions predicted from integral equations within the HNC ap-
proximation. The different plots show the results for monovalent and trivalent counterions at
three different swelling states, for Z;; = —206e (f = 1). The dashed vertical line represents the
external radius of the nanogel.

Although all curves exhibit a common functional dependence with T, there
are significant differences between them. On the one hand, the nanogel swell-
ing s clearly affected by the counterion valence. Indeed, an increase from z, = 1
to z4 = 3 (at a fixed ionic strength) yields a decrease of the nanogel size and a
shift of the transition temperature, Tg, to lower values. This means that increas-
ing z, leads to a more efficient screening of the electrostatic repulsion. The
explanation of this effect relies on the interplay between electrostatic and steric
forces. Indeed, the number of trivalent counterions that permeate inside the na-
nogel to compensate the nanogel charge is about three times smaller (compared
to monovalent counterions), and so the volume exclusion that they experience
is smaller. In addition, trivalent ions tend lo strongly bind to more than one
charged groups, so polymer chains deform to wrap the trivalent counterions,
thus enhancing the nanogel shrinking. On the other hand, rising the particle
charge shifts the swelling curve to larger values of Ry,. This effect is due to the
electrostatic repulsion between the charged beads within the nanogel, which
causes an enhanced stretching or the polymer chains. This charged-induced
stretching is less pronounced for the case of trivalent counterions, which is con-
sistent with the reinforced screening effect induced by multivalent ions.

Along with the changes of the average size, the particle shrinking also carries
the appearance of inhomogeneities in the polymer mass and charge distribu-
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tion inside the particle. Two snapshots of the simulated nanogel in the swollen
and shrunken states are depicted in Fig. II.1 to illustrate this effect. In the ex-
panded state, the distribution of charge and mass is rather uniform in the major
part of the nanogel, and gradually goes to zero in the external shell. However, in
the collapsed state, the internal structure is clearly not homogeneous, as it de-
velops a hollow core where the crosslinker chains are stretched. The size of the
central low-density region is of the order of the distance betwee two neighbour-
ing cross-linkers (about 2 nm). Surrounding this low density region, there is a
peripheric spherical shell where the polymer concentration is very high. More-
over, the charged monomeric units tend to accumulate preferentially at the in-
ternal and external sides of the dense crown. We obtain this kind of structure in
the collapsed state in all cases, regardless the values of the nanogel charge and
counterion valence. This result agrees with previous simulation and theoret-
ical predictions that prove that this particular morphology minimizes the free
energy of the system formed by the nanogels and the surrounding ions. *~1°.
Indeed, the total free energy of the system may be split in a sum of ideal, elastic,
solvation and electrostatic contributions F;o; = F;jg + Fejas + Fsoip + Fejec. Fi
is the ideal free energy of the ions. The elastic term, F,j,s, is usually approxi-
mated by the rubber elasticity model.? The solvation free energy is controlled
the temperature-dependent monomer-monomer hydrophobic attraction, and
can be written in first approximation as Fy;, = kg T [ B2(T) pmon (r)?dr3, where
B,(T) is the second virial coefficient of the monomer-monomer pair poten-
tial and pmen(7) is the local number density of monomers inside the nanogel.
Finally, F,;.. accounts for the electrostatic interactions between charged mo-
nomers and ions, and can be calculated in consistency with the HNC intergral
equation framework. '”. For neutral or weakly charged nanogels, the elastic and
solvent contribution dominate, leading to homogeneous swelling. However, for
strongly charged nanogeles (as the ones considered in our work) the electro-
static free energy is able to dominated over the elastic contribution and provoke
the appearance of such kind of heterogeneous morphology when approacing
the collapsed state.

At this point, it should be noticed that nanogels can adopt very different
conformations as a function of the number of beads per chain changes. This as-
pect has been previously observed by explicit coarse-grained Monte Carlo sim-
ulations of thermo-responsive nanogels in salt-free solutions. !*% In this sense,
Claudio et al. have demonstrated that gel immersed in salt-free solutions in the
micrometer range, it is permissible to assume full charge compensation inside
the gel. However, for gels smaller than 250 nm, counterions can leak out of the
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gel.*” On the other hand, Mozuelos have recently shown that interaction be-
tween charged microgels immersed in a simple electrolyte can be influenced by
their size.**

In order to analyse the internal structure of the different nanogels studied in
this work, in Fig. I1.2 we plot the distribution of charged monomers and coun-
terions as a function to the distance to the nanogel centre, for nanogels with 1
monomer charged per chain (f = 1). To this end, three temperatures (293 K,
308 K and 323 K), which resemble representative states of our thermosensitive
nanogels (expanded, transition and collapse states, respectively), are explored.
Also, the effect of the counterion valence is discussed (z, = 1 and z, = 3 for
up and down panels of Fig. I1.2, respectively). First, we will focus on the distri-
bution of charged monomers obtained from simulations (blue lines), that will
be used as inputs in the theory. As can be seen, similar qualitative behaviour
is observed for z; = 1 and z, = 3. As the temperature increases (left to right),
charged monomers tend to change from approximate homogeneous distribu-
tions, to form clear structures with two peaks in the case of collapsed confor-
mations. Uncharged beads collapse due to attractive hydrophobic forces and
they would tend to segregate the hydrophilic charged monomers to minimize
the free energy. Consequently, many of the charged beads would be displaced
toward the outer and inner surfaces of the monomer clusters, which would give
rise to the appearance of the peaks. These peaks are more noticeable for the
case of z, = 3. Hence one can infer that, for collapsed nanogels, an increase of
the counterion valence induces a major structuting of charged monomers into
internal and external layers, which is intimately related to the strong binding
between multivalent ions and the charged beads. This is in agreement with the
swelling curves shown in Fig. II.1 and with previous computer simulation results
obtained for thermo-responsive nanogels in salt-free suspensions.*! Therein it
was shown that the thermo-shrinking response of these systems shifts to lower
temperatures when monovalent counterions are replaced by multivalent ones.
As mentioned, this effect was justified in terms of the reduction of the number
of counterions required to neutralize the particle bare charge.

We shall now centre on the counterion distributions obtained from the-
ory and simulations (green and red dashed lines, respectively) also included in
Fig. I1.2. In most of the cases, the agreement between theory and simulations is
excellent. In the swollen state, the internal morphology of the particle consists
of large pores through which ions can penetrate, but as particle shrinks, the size
of the pores decreases. Collapsed states, however, exhibit a non-homogeneous
morphology in the inner region of the particle characterized by two peaks. Log-
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Figure I1.3: Blue solid line: simulated density profile of charged monomers as a function of the
distance to the nanogel centre. Red dashed line: simulated density profile of counterions. Green
dotted line: density profile of counterions predicted from integral equations within the HNC ap-
proximation. The different plots show the results for monovalent and trivalent counterions at
three different swelling states, for Z,; = —402e (f = 2). The dashed vertical line represents the
external radius of the nanogel.

ically, counterions tend to be placed in the vicinity of charged beads. Indeed, it
is well known that when the polymer is strongly charged, the electrostatic po-
tential on the chain is large and some of the counterions remain bound to the
chain. This counterion condensation is referred as Manning condensation. *®
Therefore, a parallelism between charged monomer and counterion distribu-
tions is expected. Nonetheless, the coincidence of the position of the peaks of
both, charged beads and counterions, is more patent in the case of z; = 3. This
feature can be due to the fact that a larger amount of monovalent counterions
are required to neutralize the monomer charges than in the case of trivalent
cations. Accordingly, many non-punctual monovalent counterions are neces-
sary structured in different layers around the charged beads. Concerning the
height of the peaks of counterion distribution, this is quite similar to that found
for the charged monomer for z; = 1, in which the valence of counterions co-
incides with the valence of charged monomers in absolute value. For z, = 3,
the height of the counterions distributions is logically less than the one for the
charged monomers. However, a disagreement is observed in this particular
case, as the theoretical predictions overestimate the heigth of main peak of the
counterion density profile. This finding can be explained if one considers that
integral equation theories within the HNC approximation tend to overestimate
the ionic short-range correlation effects.”? Such overestimation is expected to
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be more strengthened when ionic short-correlations are promoted: collapsed
nanogels in the presence of multivalent counterions.

Having arrived at this point, we can ask ourselves a question: how can the
charge of the polyelectrolyte affect the distribution curves previously shown? In
order to answer this query, charges per chains have been doubled (f = 2) and
the corresponding results have been plotted in Fig. II.3. As can be seen, sig-
nificant differences with respect to the case of f =1 (Fig. I1.2) are observable.
Now, for the case of z; = 1, the appearance of two comparable peaks in the
charged monomer distribution is discernible for the three temperatures stud-
ied. As the nanogel collapses, the height of the peaks increases. Moreover, it
seems that in this case, a larger amount of charged beads are displaced towards
the outer surface of the monomer clusters, previously commented. Notwith-
standing, this tendency in collapsed nanogels disappears when z; = 3. Under
this scenario, two dissimilar peaks are observed again, although their shape is
less well-defined that in the case of f = 1. This feature is consistent with the
fact that trivalent counterions are able to neutralize several charged beads and
diverse structures can be adopted by collapsed nanogels. Regarding the coun-
terion distributions, a similar behaviour than in the case of f =1 is in general
observed. In this case, the position of the counterions peaks in collapsed na-
nogels and z, = 3 does not fit with the distance at which the charged beads
exhibit the peaks. These results can be related to the fact that, now, there is a
larger uncertainty in the position of the charged monomers when f = 2. What-
ever the case, the inner structure of the nanogels significantly change when the
charge per chain increases. This agrees with previous simulations in which the
charge of the polyelectrolytes decisive influence on thermo-sensitive behaviour
of nanogels.** Therein it was proved that the increase of the number of ionized
monomers per chain results in a reduction of thermosensitivity.

It is important to remark that the ionic strength fixed in our calculations is
relatively high (100 mM) for the two studied electrolytes. This means that the
screening of the monomeric charges within the nanogel attained at such elec-
trolyte concentration is quite significant due to the small value of the Debye
screening length Ap = x~!. Under these conditions, the neutralization of the
nanogel charge is expected to occur locally almost at every point of the particle.
With the aim to corroborate this, we plotted in Fig. I1.4 the net charge density
pe(r) as a function of the distance to the nanogel centre for both salts and for
f = 1. As mentioned in Section 2, the charged monomers of the nanogel and
the monovalent coions are negatively charged, while the counterions have pos-
itive electric charge. Hence, in those regions of space where nanogel charge is
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Figure II.4: Net charge density as a function of the distance to the nanogel centre for three swell-
ing states and for 1:1 (top pannel) and 3:1 (bottom pannel) electrolytes. In all cases f = 1. Vertical
dashed lines represent the external radius of the microgel for each swelling state.

not neutralized pe(r) is locally negative, while if there is a large concentration
of counterions the total net charge density becomes positive. As observed in
Fig. I1.4, for nanogels in the swollen state and around the transition tempera-
ture electroneutrality is practically fulfilled, with only few fluctuations appear-
ing mostly close to the nanogel centre. This is especially true for the trivalent
salt, where the screening effect is emphasized by the valence of the counterions.
However, in the collapsed state, the large fluctuations that arise due to the bi-
modal charge distribution and the steric exclusion exerted by the denser corona

88



4. Results and discussion

lead to the appearance of regions where local electroneutrality is disrupted.

Finally, it is interesting to include some general comments on the reliability
of the model employed for the excluded-volume interaction between the poly-
mer network and the in-diffusing finite-size ions (see equation II.8). As ob-
served from the comparison between theory and simulations, this model works
surprisingly well in spite of the crude approximation that it involves. Indeed,
this excluded-volume interaction is deduced from the assumption that the in-
ternal structure of the nanogel can be modelled by an array of randomly located
overlapping spherical monomers, which is a very rough approximation of the
real structure. A possible way to correct this effect is to consider the penetrable-
concentric shell model (PCS), which was originally introduced by Torquato. 50
Within this improved model, the monomers are again randomly distributed, but
monomer overlap is forbidden. An analytical formula that provides a very good
estimate of the steric repulsion for this case is (see the Appendix for further de-
tails) >1 %

- 1-A3 ¢(r)
BV (r) =—In(1 - p(r) + A—?’ —o0) +

(I1.14)
3¢(r)?

B0 g 23 23— (B —6A2+329)p(r)],

where, again, A; = Rmon/ (Rmon + Ri)-

In principle, the PCS approximation should provide a more realistic rep-
resentation of the internal structure of the nanogel, as it corrects for the mo-
nomer impenetrability at the time that allows the overlap of the depletion re-
gions. However, when this model is applied to calculate the ionic density pro-
files, it systematically overestimates the steric exclusion (not shown). The dis-
agreement provided by the PCS model is especially important when considering
collapsed nanogels, at it emphasizes the depletion of ions in the region inside
the dense crown. Clearly, this result indicates that the real morphology of the
polymer network is not well captured by a naive model based on an assembly
of randomly placed hard monomers. Indeed, the monomeric units are in fact
inter-connected to form cross-linked chains. This chain-like structure leads to
larger pores that, in turn, provides extra free volume inside the nanogel, and so
reduces the steric exclusion. In addition, the pores inside the nanogel are not
permanent, but they are the result of the temporary spacings between the flex-
ible and mobile polymer chains, which may deform when ions passes through
them. This polymer flexibility facilitates the ionic in-diffusion in comparison to
the permeation though a rigid network. Therefore, the reason why the model
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based on random overlapping monomers (eqn I1.8) works so well seems to be
a compensation of allowing monomer overlaps, which decreases excluded vol-
ume, with assuming randomly placed beads, which increases it. Nevertheless, a
more detailed theoretical description of the internal conformation of the poly-
mer network should be addressed in future studies.

5 Conclusions

The good agreement between the simulated density profiles and the theoretical
predictions provide us the following feedback. First, integral equation theory
within the HNC closure represents a reliable method for predicting the distri-
bution of ions inside porous thermo-responsive nanogels, even for large na-
nogel charges, multivalent ionic species, and in conditions of strong confine-
ment. Second, splitting the nanogel-ion effective interaction into electrostatic
and excluded-volume additive terms is in general a good approximation. Third,
modeling the internal structure of the nanogel by an assembly of random over-
lapping spherical monomers works surprisingly well even though it represents
a strong approximation of the real morphology of the nanogel.

The results show that the valence of counterions affects the internal struc-
ture of the nanogel. Moreover, trivalent counterions neutralize the nanogel charge
more efficiently than monovalent ones, inducing a shift of volume transition at
lower temperatures. Moreover, as the nanogel charge increases, the effect of the
valence of counterions is more noticeable. In fact, an enhanced nanogel shrink-
ing is achieved for the case of highly charged nanogels in the presence of triva-
lent counterions. Nevertheless, it must be taken into account that the primitive
model used here is too rudimentary to rationalize the real behaviour of such soft
nanoparticles. Therefore, more complex interactions between the charged mo-
nomers and the ions (for instance, those depending on their chemical nature)
are required for a complete description of this kind of systems.
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Appendix: Partition coefficient of arrays of random spheres

In this Section we derive the equilibrium partition coefficient of a spherical so-
lute that permeates inside a polymeric matrix. For this purpose, we consider a
bulk suspension of a certain solute molecule in equilibrium with a porous poly-
mer network. If the polymer-solute interactions are negligible, the concentra-
tion of solute inside and outside are identical. However, the existence of attrac-
tive or repulsive solute-polymer interactions establishes a concentration differ-
ence between the porous and bulk media. The partition coefficient is defined
as

Pin
Pbulk
If the solute permeation is hindered exclusively by excluded-volume interac-
tions, then in the limit of very low solute concentration the partition coefficient
is given by

K= (I1.15)

K= = g, (IL.16)
where v is the volume of the polymer network, vg.ee is the free volume left by
the polymer chains, and ¢se. is the free volume fraction (or porosity) inside the
polymer network. We consider that our porous medium is homogeneous, de-
fined by a constant polymer volume fraction, ¢ (the generalization to the non-
homogeneous case will be done at the end of the section). We also assume that
the solute is spherical and neutral, with a radius Rs. The polymer network can
be thought of as being composed by a collection of spherical monomers, each
one represented by a sphere of radius Ryon-

In the limit of point-like solute (Rs = 0), the free volume is simply given by
¢dree = 1 — . However, for finite-size solutes the relation between ¢ and ¢ is
not so obvious. The main difficulty arises from the fact that, in dense polymer
networks, the volume-exclusion effect not only depends on ¢, but also on the
geometric details of the internal morphology of the porous medium, that is, on
the location of the spherical monomers. Indeed, as we increase the monomer
packing fraction the overlap between the depletion regions of two or more mo-
nomers increases in a non-linear fashion and becomes very difficult to calculate
(see Fig. I1.5).

Therefore, the problem to tackle is the calculation of free volume fraction,
¢sree, left by a collection of N spheres that can mutually overlap. In order to
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. free volume

.\ excluded-volurhré}égions

Figure I1.5: Schematic view of the internal volume of a nanogel. Black spheres represent the
spherical monomeric units, of radius Rmoen. The excluded-volume regions around the monomers
are depicted in white. The total volume occupied by the monomers is the union of spheres of
radius Rmon + Rs. The free volume left by the monomers is shown in grey.

simplify more the notation, we define a as the radius of the spheres and p its
number density. The position of the N spheres are specified by their coordinates
{F1,72,--+, 7y} = {7;}. In order to identify the positions of the particles we make
use of the indicator function, firstly introduced by Torquato and Stell**

1 |X-Til<a

e o 11.17
0 |X—-Fil=a ( )

m(X, ;) = {
where 7; is the position of the centre of the ith sphere. Analogously, we define
the statistical variable I(X,{F;}), so that I(X,{7;}) = 0 if X lies inside any of the
spheres and I(%, {F;}) = 1 if X does not belong to any sphere

. 1 if|X-7il<a VYi=1,---,N
I ii) = II.1
(%, {731 { 0 otherwise (IL.18)
We can write I(X, {F;}) in terms of the indicator functions
N
IGFH =[]0 -m&, 7)) (I1.19)
i=1

The free volume ¢yee is nothing but the the statistical canonical average of I(%, {7;})
performed over all possible positions of the N spheres>*

Piree = (I(X, {F;})) =f1(?c,{?i})PN({?i})d?1 TN (I1.20)
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where Py({7;}) = Zg,l exp (—BUp). Uy is the total interaction energy of the N

spheres, and Zy is the configuration integral, defined as Zy = [‘exp (- fUN)dT; -

From P we can calculate the n—point correlation functions, defined as

N!
PPy, Fp) = n—fPNd7n+1“'7N (IL.21)
p"" (N -n)!

Expanding the products in equation II.19 and gathering the multiple iden-
tical terms we find that

(pbfree:fPNd?l'--d?N—N[ m(X, 7)) PndFy - dPn+

N(N-1
+¥fm(x, fi)m(X, /) Pndry - din—--- = (I1.22)

N (-1)"N! o i} )
- Z; n'(N - n)'fi:l—[lm(x’ri)PNdrl"‘drN

Using the correlation functions given by equation II.21 and taking the thermo-
dynamic limit N — oo

[ee] (_l)n
|

n
Prree =1+ ) p" f [1m&E 7)g™ F"dr -+ dfy (IL.23)
n=1 i=

Equation I1.23 provides the free volume as an expansion in the correlation func-
tions. Retaining the first n terms of the sum provides an approximation that
improves as the number density of spheres becomes smaller. For instance, for
very low number density the terms with 7z > 3 in the sum could be neglected.
Unfortunately, the knowledge of g (7") is in general difficult for an arbitrary
interaction energy Up. At this point, it is necessary to make some approxima-
tions. Here, we present the two approximations used in this paper

5.1 Model 1: Random overlapping monomers

This model supposes that the location of the monomer centres inside the poly-
mer matrix is completely random. It involves a very tough approximation: the
correlation functions of the spheres are g(”) (7™) = 1, which means that they be-
have as an ideal gas. In spite of its simplicity, this model has two important ad-
vantages: first, it takes the overlap between depletion regions into account and
so, the model can be applied even for dense media. Second, the free volume can
be analytically determined.
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In this case, the n integrals in expression I1.23 are decoupled and can be in-
dependently solved, each integral being the volume of the sphere, v; = (4/ 3)ma’:

n
[ m(?c,mda]

0o (_ n
=) % = exp (—4npa’/3).

n=0

0o (_1)"
Ptree =1+ Z D
n=1

p"

n!
(I1.24)

Now, we consider again our original problem, i.e. the calculation of the free
volume for a solute of radius Rs that diffuses inside a polymer network with a
volume fraction ¢, formed by a collection of monomers of size Ryon €ach one
surrounded by a depletion layer of radius Rpon + Rs. If equation 11.24 is applied
with a = Ryon We get

1-¢ = exp(—4mpR> . /3) (I1.25)

In a similar way, if we consider the excluded volume for the solute (spheres with
radius a = Rmon + Rs), the total free volume available for the solute is

Giree = €xp (—47p (Rmon + Rs)3/3) (I1.26)

Both expressions can be combined to express ¢gee in terms of ¢:

_Rs 3
Pree = (1 - ¢)(1+ Rmon (I1.27)

If the polymer network is not homogeneous but exhibits dependence with the
distance (as occurs in a nanogel), we can apply a local field approximation and
assume that the free volume calculated for an homogeneous network can also
be used in the case of an r-dependent polymer volume fraction, ¢(r). This ap-
proximation is expected to work well as long as the length scale of the hetero-
geneities is larger than R;.

5.2 Model 2: Random non-overlapping spheres

In the previous section we wrote down the equation for the fraction of free vol-
ume inside a system formed by a random collection of spheres of radius a with
a number density p. It was given by ¢pee = exp (—4mpa’/3). As it was already
mentioned, this equation is exact for totally penetrable (uncorrelated) spheres.
In the opposite limit, when the assembly is made of impenetrable hard spheres,
the fraction of free volume left by the spheres is ¢gee = 1 —4mpa®/3. Both mod-
els can be considered as limiting cases of a more general situation, the so-called
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penetrable-concentric-shell model (PCS).°" Within this more general approx-
imation, each sphere of radius a is composed of an impenetrable hard core of
radius Aa surrounded by a fully permeable concentric shell of thickness (1-1) a.
A represents an scaling factor between the core and the particle radius. The ex-
treme limits A = 0 and 1 correspond, respectively, to the cases of perfectly pen-
etrable (i.e., randomly centred) and totally impenetrable monomers.

Within the PCS model, the depletion regions around the hard monomers
may intersect, but the monomers are still impenetrable. Although the exact cal-
culation of ¢gee for any A-value has not been performed yet, we still can make
use of an approximated analytical expression for the PCS model obtained by
Rikvold and Stell using the scaled-particle framework°>°3. Their model com-
pares really well with computer simulation results of random media composed
of spheres distributed with an arbitrary degree of permeability®!. According to
their theoretical prediction, the free volume in the PCS as a function of the pack-
ing fraction of the impenetrable cores, ¢ = 4mp(Aa)3/3, is given by

1-23 ¢
hrree = (1 —Pp) exp —Tm] E,¢) (11.28)
where
F3(A,¢) = exp{—i[2—3A+As — (31 -6A% +3/13)¢>]} (I1.29)
S 2A3(1— )3 .

On the one hand, for A = 1 the previous equation reduces to ¢gee = 1 —¢ =
1- 4npa3/ 3. On the other hand, for A — 0 we must take the limit carefully, as
¢ — 0 but keeping constant ¢/ A% = 4w pa3/3. In this limit, we recover the exact
result ¢pgee = exp(—4npa3/ 3), consistent with equation I1.24.

In order to apply this expression to calculate the free volume inside the na-
nogel, we take Ry as the radius of the core, whereas the radius of the pene-
trable sphere is Rpyopn + Rs (excluded region). Therefore, in our particular case
the scaling factor is A = Rpmon/(Rmon + Rs). Again, eqn I1.28 may be extended to
study the solute permeation inside a non-homogeneous nanogel by including
the local dependence of the volume fraction ¢ (r).
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Abstract

In this work the influence of counterion valence and salt concentration
on the effective charge of two types of thermoresponsive ionic microgel
particles has been studied. The effective charge of the microgel at different
swelling states has been experimentally determined from electrophoretic
mobility measurements by solving the electrokinetic equations of the sol-
vent for a single polyelectrolyte brush in the presence of an electric field,
taking into account the friction of the solvent inside the polymer network.
The experimental results have been compared to those obtained by means
of the Ornstein-Zernike integral formalism within the HNC relation. Re-
sults show that microgel bare charge is screened by the combined effect of
counterion condensation and permeation inside the microgel particle. In
addition to the electrostatic interaction, the steric exclusion exerted by the
polymer plays an important role on the local ionic concentrations, espe-
cially for shrunken configurations. This steric term is responsible for the
strong increase of the microgel effective charge experimentally observed
when particles shrink for temperatures above the lower critical solution
temperature. We also observe that, in the internal region of the microgel,
charge electroneutrality is fulfilled, so the effective charge mainly arises
from the region close to the microgel surface.
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¢  salt solution
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1. Introduction

1 Introduction

Microgels are soft materials formed by a cross-linked polymer matrix that is
subject to be permeated by the solvent, ions or other kinds of small macro-
molecules such as proteins or peptides'. In addition, microgels can reversibly
swell or shrink in response to many external parameters as pH, ionic strength,
temperature, light, or through external fields 2~7_ The combined capabilities of
responsive swelling and solvent uptake have motivated their use in biomedi-
cal applications such as transport and delivery of drugs or other substances in
a controlled fashion®'3. Even though the microgel softness allows the parti-
cles to be deformed and compressed, which has important implications on the
fluid-solid phase coexistence in concentrated suspensions, '* they still keep the
entity of particle. That is, two microgel particles can not totally overlap due to

the excluded-volume repulsion exerted by the cross-linked polymer chains '°.

Particles carrying charged monomeric units inserted into the internal poly-
mer chains are usually refereed as ionic microgels. When an ionic microgel is
immersed into an aqueous electrolyte solution, counterions and coions are able
to diffuse through the inter-chain pores. The equilibrium swelling state of these
microgels is the result of the balance among electrostatic, elastic and solvent-
induced interactions,* which depend on many parameters. For instance, a de-
crease in the solvent affinity of the polymer chains provokes the microgel shrink-
ing. This volume change is usually induced by raising the temperature above the
so-called lower critical solution temperature (LCST), due to the fact that poly-
mer chains become more hydrophobic in such case. Analogously, an increase
of the cross-linker concentration contributes to enhance the particle stiffness,
which narrows the degree of swelling. In addition, if microgel bare charge is in-
creased, particle swelling is prompted by the enhanced electrostatic repulsion.
Finally, the equilibrium swelling may be also strongly affected by the electrolyte
concentration and the valence of the ions present in the solution 618,

An ionic microgel has a structural (or bare) charge, £, due exclusively
to the polyelectrolytes that compound the microgel network. However, the de-
gree of ionic permeation and the overall screening induced by the presence of
electrolyte is usually characterized by the so-called effective charge, Zg'". In
this work, it is defined as the net charge of the microgel particles, taking into
account the contribution of the charged monomeric units and all the ions that
have diffused inside the microgel, which partially screen Z 4.

This effective charge provides a global estimate of the real charge that any
other microgel or incoming ion experiences when approaching the particle from
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outside?”?!. Consequently, Z is one of the most important parameters con-

trolling the stability of the suspension.

The effective charge is also responsible for the electrostatic repulsive in-
teraction between the inner charged polymer chains, so it also plays a crucial
role on the swelling state of the particle. Indeed, large values of the effective
charge promote the appearance of more expanded conformations of the mi-
crogel polymer network. Z.& may be affected by many parameters, as the elec-
trolyte concentration, the ion valence and the microgel swelling. In this respect,
Zetf is expected to decrease with the electrolyte concentration and the valence
of the counterion due to the screening of the particle structural charge. In ad-
dition, if ion specificity is involved in the ionic adsorption, charge inversion
and overcharging effects may arise, which cannot be explained only in terms
of electrostatics**>*. Inversely, by shrinking the microgel, larger values of Zeg
are observed, since the microgel-ion excluded-volume repulsion together with
the electrostatic repulsion between counterions inside the particle enhance the
counterion exclusion from the volume inside the microgel?*>°.

In this work, the influence of the salt concentration and the counterion va-
lence on the effective charge of thermoresponsive microgels have been ana-
lyzed. In order to confirm that the conclusions drawn from our study do not
depend on the specific nature of the microgels, we have made use of two dif-
ferent microgels, PNIPAM and PVCL, based on N-isopropylacrylamide and N-
vinylcaprolactam polymers, respectively.

On the one hand, PNIPAM-based cross-linked particles have been exten-
sively investigated, and nowadays represent a model system in the field of poly-
mer science ! 826 However, their biotechnological applications have been lim-
ited because NIPAM monomers have been found to be toxic for living organ-
isms?”?8. On the other hand, PVCL-based microgels have shown higher bio-
compatibility,® so recent work have been done to develop biotechnological
systems using these microgels, especially for drug delivery?->2,

These microgels have been studied in presence of three different electrolytes
with increasing counterion valence, namely NaCl, MgCl, and LaCls. The ef-
fective charge has been obtained in both experimental and theoretical ways.
Firstly, experimental effective charge has been determined by measuring the
electrophoretic mobility (ue) of very diluted microgel suspensions at different
temperatures (i.e. swelling states), given that electrophoresis is the most com-
mon technique of microgel characterization '3, For this purpose, the hydro-
dynamic equations of the solvent flowing through and around a single poly-
electrolyte brush in the presence of an electric field have been solved, with ex-
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plicit consideration of the internal friction exerted by the solvent inside the mi-
crogel polymer network®!. Then, the experimental effective charge has been
compared with the theoretical predictions obtained by solving the Ornstein-
Zernike (OZ) integral equations for a three- component microgel-counterion-
coion mixture.

In our model, not only the electrostatic interaction, but also the excluded-
volume (steric) repulsion between the porous microgel and the permeating ions
has been considered?%?>3°, This procedure allows to determine the equilib-
rium density profiles of the ions inside and outside the microgel particle, and
from direct integration, to calculate the effective charge of the particle. OZ
equations are solved with the help of the well-known Hypernetted-Chain Clo-
sure relation (HNC) for all (microgel-ion and ion-ion) pair interactions. This ap-
proximation has been shown to perform very well for the kind of soft potentials
employed in this study, regardless if they are attractive or repulsive, °° leading to
very good agreement with predictions obtained for swollen microgels by means
of linear response theory %3738,

We find good qualitative agreement between experiments and theory, and
observe that the effective microgel charge increases as the particles de-swell to-
ward more shrunken states. Theoretical predictions are able to fit the values of
Zetr at different swelling states, and interpret the changes in terms of the elec-
trostatic and steric interactions between the incoming ions and the microgel. In
addition, ionic condensation has been detected from the comparison between
experiments and theory. This phenomenon has been previously observed in
electrophoresis measurements>” and widely studied by several authors, %404
given the significant consequences that is has on the electrostatic properties
of colloidal suspensions. In this work, the condensation of counterions has
been observed for PNIPAM microgels in presence of multivalent electrolytes.
In such cases, the microgel bare charge is screened by means of two different
mechanisms, namely counterion diffusion through microgel pores and counte-
rion condensation inside the microgel. Consequently, an intermediate micro-
gel charge has been defined, the apparent charge Zapp, which stands for the the
net charge of the microgels screened by counterion condensation exclusively,
so that | Zpare| > | Zappl > | Zetl.

This paper is organized as follows. First, the synthesis of the two microgels
and the experimental techniques employed in their characterization are briefly
described in Section 2. Then, Section 3 explains the method used to convert the
measured electrophoretic mobility into effective charge. Section 4 shows the
model for particle interactions and the theoretical framework employed to de-
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termine the ionic density profiles and the microgel effective charge. The experi-
mental results are presented and compared with our theoretical data in Section
5. Finally, in Section 6 the most relevant conclusions of this work are summa-
rized.

2 Experimental

2.1 Chemicals

All the products employed in this work were of analytical grade and used as re-
ceived. For each synthesis and salt solution, double deionized (DDI) water was
used (Milli-Q). For PNIPAM microgels, the polymer N-isopropylacrylamide (NI-
PAM) and the cross-linking agent N,N’-methylenebis(acrylamide) (MBA) were
obtained from Acros, while the iniciator potassium peroxydisulfate (KPS) was
purchased from Sigma-Aldrich and Scharlau. Por PVCL microgels, the poly-
mer N-vinylcaprolactam (VCL), the buffer sodium bicarbonate (NaHCOs3), the
emulsifier sodium dodecyl sulfate (SDS), the iniciator potassium peroxydisul-
fate (KPS) and the acrylic acid (AA) used to provide the electric charge were pur-
chased from Sigma-Aldrich, while the cross-linker poly(ethylene glycol) diacry-
late (PEGDA) was obtained from Polysciences, Inc.

Salt solutions were prepared with sodium chloride (NaCl), magnesium chlo-
ride (MgCl,) hexahydrate, and lanthanum chloride (LaCls) heptahydrate from
Sigma-Aldrich.

2.2 Preparation of microgels

Both PNIPAM and PVCL microgels were synthesized by emulsion polymeriza-
tion in a batch reactor. A detailed description of the synthesis procedure and
cleaning process of the PNIPAM is given by Pérez-Fuentes et al.*’. The PVCL
microgel suspension was synthesized following the protocol developed by Imaz
and Forcada“® (the PVCL microgel corresponds to AA4st2 in their nomencla-
ture). In Table III.1 the amounts of every chemical employed in its synthesis are
shown. After the synthesis, the PVCL microgel was cleaned by dialysis, until the
conductivity of the dialysate was similar to that of the DDI water.

VCL NaHCO; SDS PEGDA H,ODDI KPS AA

WYECEN(9MN 2.04  0.0203  0.0804 0.0804 200.12 0.0201 0.08

Table III.1: Quantities of reactants used in PVCL microgel synthesis
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Even though both NIPAM and VCL are neutral monomers, charged groups
have been incorporated to the microgels during the syntheses in order to obtain
ionic particles. In both cases, sulfate groups come from the initiator KPS. In
addition, PVCL-based microgels have carboxylic groups provided by the acrylic
acid.

2.3 Diameter and electrophoretic mobility measurements

Measurements were performed with a Zetasizer Nano ZS system from Malvern
Instruments. Particle size was determined by means of Dynamic Light Scatter-
ing (DLS) technique, while electrophoretic mobility was measured by using the
laser Doppler micro-electrophoresis technique.

Temperature ranged from 20 °C to 52 °C, taking measurements every 2 °C,
in order to study the whole range of volume states of the microgel. The sam-
ple was equilibrated during two minutes at the desired temperature to ensure a
stable temperature. Three measurements at each temperature were taken, with
a maximum standard deviation of 3.71% for size measurements. For the elec-
trophoretic mobility, the standard deviation of the measurements is shown in
Figure III.3.

3 Converting the electrophoretic mobility into effective
charge

The question about how the measured electrophoretic mobility is related to the
charge of the microgel is not trivial. Since the pioneering works of Helmholtz
and Smoluchowski*’ to more recent analytical or semi-analytical models, *® the
developed theories have provided successful results in a broad range of particle
sizes of different shapes (mostly spherical), arbitrary ionic compositions of the
medium, high or low particle charges, etc. Nevertheless, the consideration of
particles coated with a polymeric layer, or “soft particles” is more recent,*’ and
the model elaboration becomes complicated by the fact that typical electroki-
netic quantities, specifically zeta potential,®” lose their meaning. Indeed, for a
microgel particle the bare charge is spatially distributed in the volume occupied
by the microgel rather than on the surface.

Electrophoresis is a complex problem because it involves several phenom-
ena coupled to each other. A complete treatment like the one elaborated by
O’Brien and White, °! offers a good opportunity to understand the different mech-
anisms taking place. Under the action of an external electric field, both the
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charged particle and the ions surrounding it move while being subjected to gra-
dients of electric potential, pressure and concentration, and to viscous drag. A
steady state is reached in which the particle moves with the electrophoretic ve-
locity U with respect to the laboratory frame. Then, the problem can be divided
into two parts. One is purely hydrodynamic, and regards the motion of a spheri-
cal particle in a viscous fluid subjected to an applied external force. The second
part involves the electro-osmotic fluid motion around the particle due to the
action of the applied electric field on the ions in the electrical double layer.

It is possible to numerically solve the problem if the microgel particle is con-
sidered not as a set of monomers interacting between them, but as a particle
with a net charge homogeneously distributed in its volume and permeable to
both the fluid and the ions, that is, a soft particle. For simplicity, and as a rea-
sonable hypothesis for the system described, we consider that the microgel has
spherical symmetry, with a radius given by Ry,. Since these microgels are ther-
moresponsive particles, Ry, depends on temperature. The polymer mass distri-
bution inside the particle is assumed to be uniform, so it can be characterized
by a constant polymer packing fraction, ¢. Analogously, the charge density in-
side the microgel, pn, is also considered uniform (see Figure III.1). We use a
reference system anchored in the centre of particle in such a way that the fluid
velocity at very large distance from the core is —U.

The set of equations to be solved**°? includes first of all the Navier-Stokes
equation for the fluid velocity together with the continuity equation, assuming
that the fluid is Newtonian and incompressible, with viscosity n:

N
~VP+nV?u-) ezjnjV¥-yu=0 ifr<Rp

e : (IIL1)
—VP+nV2u—ZezjnjV‘I’:0 ifr>Rpy

=1

where P is the pressure, ¥ is the Stokes coefficient, 7 is the solvent viscosity and
u is the local fluid velocity, which fulfills the continuity equation for steady-state
conditions, V-u=0.

The third addend occurring in equation (III.1) refers to the external force
arising from the local gradient of the electrostatic potential (¥) in a medium
consisting of an electrolyte solution composed of N(j = 1, ..., N) ionic mo-
bile species of valence z;, distributed in the fluid with a concentration (number
density) n;. In the region occupied by the polymer, r < Ry, the fluid suffers
an extra hydrodynamic drag force proportional to the fluid velocity due to the
presence of the polymeric chains, defined as Fgrag = —yu. The mathematical
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Figure III.1: Scheme of a microgel particle of radius Rpy,. The polymer volume fraction and the
density of charged groups are assumed to be uniform.

form of this force (Darcy force), assuming that the chains behave as a homoge-
neous group of spherical resistance centres acting on the interstitial fluid, > is
Fdrag = NmonFmon- According to the Bueche model, % it is expressed as the prod-
uct of nmen, the number of resistance centres (monomers) per unit volume, and
Fmon, the drag force on a single monomer that, except for the presence of the
factor f, is the Stokes force. Hence, if oop is the diameter of the resistance
centre,

Fdrag = —Nmon37TNTmon fU (I11.2)

Consequently, the coefficient y depends on the properties of the polymer chains
(size and density of monomers), in the following way:

Y= nmonsnnamonf- (II1.3)
The volume packing fraction of the microgel can be calculated as

_ Nmon Vimon _ _
= ————— = NmonYmon = nmongn

3
M) , (I11.4)
Vin

2
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which can be related to equation (I11.3), so that:

18
Y_18F e (IIL5)
2
T’ Umon
A is a parameter that characterizes the friction exerted by the solvent on the
polymer network inside the microgel, and so it depends on the swelling state
of the microgel. From equation (IIL.5) it can be understood that it is possible to
use as fitting parameter Ao, that is, the value of A corresponding to the shrunken
microgel of radius Ry and volume packing fraction ¢y. Hence, A can be calcu-

lated for any expanded configuration as
A2 =23 (p/ o) - (I11.6)
This equation can be written in terms of microgel radius as well, given that:
¢/o = (Rmo/ Rm)°. (I11.7)

The electrophoresis is not entirely an hydrodynamic problem because, as
the equation (III.1) shows, the ionic distribution and hence the fluid motion is
affected by the electric field. The equation governing the electric potential is
the Poisson’s equation, where the charge density is given by the ionic charge
density, nj, and, only for the region occupied by the polymer charged chains,
also the uniform polymeric charge density has to be considered, pp,

N 1
CEny _ Pm

- ifr<R
2 j=1 €r€o Eréo "
VY = N ezin: , (I11.8)
] .
-y — if r > Ry
j=1 €r€o

Hence, the electric potential is the one resulting from the charge density of the
microgel itself (o), the ionic distribution and the external electric field. g is
the vacuum permittivity and ¢; is the relative permittivity of the medium, as-
sumed to be water, calculated as a function of the absolute temperature, T °°

e(T) = 532177 ' +233.76-0.9297T
+0.1417-1072T7?% -0.8298-1076 73, (I11.9)

The ionic velocities fulfill the continuity equation in any place of the space,
V-[n;v;] =0, where v; is the velocity of the j™® ionic species. This velocity may
be split in two additive parts

iy (I11.10)
vi=u+-—Vyu;, .
j o1 VH
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where u is the convective contribution and the second term is the diffusive and
electric field contributions, represented by the electrochemical potential u; =
—zjed; = ,u‘]’." +ezj¥V+kgTInn;.

The solution of these system of equations under spherical symmetry allows
the determination of ¢ (r), nj(r) and u(r), where r is the distance to the mi-
crogel center. For this purpose, ¥, ®;, P and u are expressed in terms of their
equilibrium value plus a first-order perturbation linear with the applied electric
field. Different kinds of boundary conditions are required, namely, the continu-
ity of the potentials, pressure and velocity field at the particle interface (r = Ry,),
the charge electroneutrality in the entire system, the absence of perturbation
far from the particle (r — o0), and the condition of zero net force balance on
the microgel particle and the surrounding electrical double layer. Finally, the
electrophoresis velocity is given by U = —u(r — oco). Further details about the
resolution of the problem may be found elsewhere. **>?

4 Ornstein-Zernike integral equations

With the help of the Ornstein-Zernike equations, the equilibrium density pro-
files of all ionic species around and inside the microgel particle can be calcu-
lated. For this purpose, we consider our system as a ternary mixture formed
by microgels, counterions and coions (indexes m, + and —, respectively) im-
mersed in a homogeneous solvent. The solvent degrees of freedom are inte-
grated out and only contribute through the electric permittivity, which in this
case is the one for water (see eq. I11.9). Counterions (coions) are assumed to
be modeled by charged hard spheres of diameter o, (0-) and valence z; (z_).
This allows their mutual interpenetrability to be accounted for. As it was already
mentioned, microgels are represented by permeable spheres of radius Ry, with
a uniform mass and charge distribution. At this point, it should be noted that
multivalent counterions are very likely to be condensated inside the microgel
due to the strong electrostatic coupling or due to specific sortion. As already
pointed out by previous experimental studies, specific condensation is a very
important phenomenon for ions such as Mg?* or La3*, as it may induce charge
inversion and overcharging effects®®. These condensed ions do not diffuse. In-
stead, they are attached to the polymer chains, so that the electrophoretic mo-
bility of the microgel is the one corresponding to the apparent charge defined in
the introduction, where the condensed charge is subtracted to the bare charge,
Zapp = Zbare — Zcond- In order to compare the effective charge obtained with
this OZ integral equations to the experimental one, we must take into account
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this correction, and consider that the microgel holds an apparent charge, Z,pp,
homogeneously distributed within a sphere of radius Ry,.

To determine the equilibrium ionic density profiles inside and around the
microgel particle we need to know the explicit form of the particle interactions.
The dimensionless pair interaction potentials between ions are given by

r<(oi+oj)/2

BVij(r) = {oo , (II1.11)

zizjlglr r>(0;+0;)/2

where r is the distance between the centres of both ions; i, j = +,—, and I3 is
the Bjerrum length, defined as I = e’/ (4meye kg T), where kg is the Boltzmann
constant, and B = 1/(kgT). The pair interaction between ions and a microgel

particle is split into two additive contributions?’
Vimi(r) = VIS + VS (r), Q=+, (II1.12)

The first term of equation (III.12) corresponds to the electrostatic potential en-
ergy between an ion and a microgel, represented by an uniformly charged sphere
of radius Ry,. Using the Gauss’s law for a homogeneous charge distribution and
integrating the electric field leads to the following expression

ZappZilp ( r? ) F<R
e ey = Nm
pvelec(y =] 2Rm R%, , (II1.13)
mi Zappzi Ig
s g r> Ry
"

where r is here the distance between the microgel and ion centers. The second
term accounts for the excluded-volume repulsion that an incoming ion experi-
ences when diffuses through the internal polymer network of the microgel. For
point-like ions this interaction is only dependent on the free volume left by the
polymer chains:

-In(1-¢) r<Rm

BV (r) = {0 (II1.14)

r>Rm

However, for ions with finite size, this steric repulsion becomes more compli-
cated as it also depends on the size of the monomeric units (0 yepn), the ionic
size and on the internal morphology of the cross-linker polymer network. Here,
we assume that the polymer network may be modeled by an assembly of ran-
domly placed spherical monomers. This approximation has been successfully
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employed to predict the ionic density profiles inside and outside a single micro-
gel and the permeation of neutral and charged solutes with Monte Carlo com-
puter simulations®>°”. In this case, the ion-microgel steric repulsion may be
analytically calculated>>°®

-In(1-¢)(1+0;/Omon)® r<Rm

BV (1) = { 0 (II1.15)

r>Rnm

The number density of counterions and coions at a distance r from the mi-
crogel centre (pm+(r) and pm- (1), respectively) are calculated by integration of
the Ornstein-Zernike equations, >%%°

hij(r) =cij(r+ ) fp,‘icik(lF—F’l)hk,-(r’)d?’, (I11.16)
k=+,—-

where p? and p® are the number density of counterions and coions in the bulk,
far away from the perturbation of the microgel particle. Please note that these
equations consider the particular case of a single microgel particle, and so they
correspond to infinite diluted suspensions (p2, — 0). The study of the ionic
density profiles for concentrated colloidal suspensions necessarily requires the
knowledge of the microgel-microgel interaction potential. h;;(r) and ¢;;(g) are
the so-called total and direct correlation functions. In order to solve these equa-
tions, six additional closure relations are required to couple both functions. In
this work, the Hypernetted-Chain Closure (HNC) is used for all particle corre-
lations, as it has demonstrate to represent a quite accurate approximation for
ionic microgel suspensions?**°

hij(r) = ehiD=aO=pvi _q, (I11.17)

Using the bulk ionic concentration and the pair interaction potentials (see equa-
tions III.11, I11.12, I11.13, I1I.15) as input parameters, both set of equations are
successively iterated starting from an initial guess until convergence is finally
achieved. More details about the numerical integration of the OZ equations
may be found elsewhere.>* The sought ionic density profiles are finally given by

Pmi(r) = PP [hmi (N +1],  i=+,-. (IIL.18)

Integrating these ionic density profiles over the volume of the microgel yields
the effective charge of the particle:

Rin
Zett = Zapp + 47 f (24 pm+ (1) + 2—pm— ()] r2dr. (I11.19)
0
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As explained above, we have solved the OZ-HNC equations for different sys-
tems, all of them involving a type of microgel (PNIPAM or PVCL), counterion
(Na*, Mg?", or La3*) and coion (C17). In Table II.2 the ionic and monomer di-
ameters used as input parameters are shown.®! In order to obtain the effective
charge that best fits the experimental data, there are only two fitting parame-
ters for every microgel: the reference volume fraction of the shrunken state (¢bo)
and the microgel apparent charge (Zapp). ¢ is fixed for a given microgel, so
that the volume fraction in every different swelling state can be calculated from
equation (III.7), using the experimental microgel radius (Figure III.2). In this
work, ¢¢ = 0.864 for PNIPAM-based microgels and ¢y = 0.923 for PVCL-based
microgels. On the other hand, Z,p, may change with counterion valence due to
counterion condensation, as will be shown further on.

Ion size (nm) Hydrated Dehydrated

Cl- 0.664 0.40
Na*t 0.716 0.40
Mg?* 0.856 0.43
La3* 0.904 0.44
NIPAM 0.9
VCL 0.7

Table II1.2: Diameter of ions and monomers used to solve the OZ equations.

5 Results and discussion

As mentioned above, we intend to investigate how the presence of multivalent
ions and the salt concentration affect the effective charge of the microgel par-
ticles at different swelling states, from swollen to shrunken conformations. On
one hand, the effect of the counterion valence has been studied using PNIPAM
microgel suspension at three different salt solutions, namely NaCl, MgCl, and
LaCls, at the same ionic strength, I, defined as

1 n
I1==Y ¢z, (I11.20)
2 i=1

where c; is the molar concentration of the ion i and z; its valence. In this work,
I = 1 mM, which implies an electrolyte concentration of NaCl 1 mM, MgCl,
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0.3 mM, and LaCls 0.17 mM. On the other hand, the effect of salt concentra-
tion has been studied by means of PVCL microgel particles in NaCl solution at
two different concentrations, 1 mM and 0.1 mM.

5.1 Hydrodynamic diameter
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Figure III.2: Microgel experimental hydrodynamic diameter as a function of temperature, mea-
sured by dynamic light scattering (DLS). The top graph corresponds to PNIPAM microgel in three
different salt solutions at 1 mM of ionic strength: NaCl (v), MgCl, (o) and LaCl3 (e) solutions. The
bottom graph corresponds to PVCL microgel in NaCl solution at two different concentration: 1
mM (@) and 0.1 mM (o). Error bars are not shown because they are smaller than the size of the
symbols.

To begin with, we have measured the microgel hydrodynamic diameter in
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the mentioned conditions, as shown in Figure II1.2. It can be observed that both
PNIPAM and PVCL are thermoresponsive microgels that remain swollen at low
temperatures and shrinks as temperature increases, though they cover different
size range: PNIPAM are bigger particles than PVCL. It is also clear that the PNI-
PAM diameter does not depend on the valence of the counterions present in the
solutions, and that PVCL does not depend on salt concentration, at least for the
range of salt concentrations studied here. There is only a deviation of these re-
sults for PNIPAM in LaCls solution, where an increase of the swollen diameter is
observed at low temperature. This effect could be attributed to an experimental
error, but it also may be due to the existence of an specific attraction between
polymer chains and lanthanum counterion. Indeed, given its large diameter,
La3* may deform the network structure to get in through the pores, hence in-
creasing microgel size.

The fact that using multivalent ions does not affect the transition tempera-
ture (top graph of Figure I11.2) seems to be in contradiction with previous sim-
ulation studies, which indicate that the LCST shifts to lower temperatures when
monovalent counterions are substituted by multivalent ones at a fixed salt con-
centration. % This occurs because a less number of counterions are found inside
the microgel, which reduces the entropic and electrostatic contributions to the
osmotic pressulre.‘l'63 However, it should be noticed that those simulation data
were obtained using mono- and multivalent counterions at a fixed salt concen-
tration, whereas our experiments are performed at a lower salt concentration in
order to fix the ionic strength. Therefore, the decrease of the salt concentration
induces a smaller charge screening effect, which yields an increase of both the
electrostatic contribution and the osmotic pressure. Therefore, entropic and
electrostatic terms become compensated in our experiments so that the loca-
tion of the LCST remain roughly insensitive to the counterion valence.

The LCST also remains unaffected with the change in concentration of mono-
valent salt (bottom graph of Figure II1.2). This result is not surprising given
the low values of salt concentrations explored in this work, which scarcely con-
tribute to the free energy of the system. However, for large amounts of salt, the
LCST transition is expected to shift to lower temperatures °*°. This is due again
to two combined effects that favors the particle shrinking: the screening of the
microgel bare charge and the increase of the osmotic pressure over the microgel
surface exerted by the ions from outside.
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Figure III.3: Experimental electrophoretic mobility of the microgels as a function of temper-
ature, measured by using laser the Doppler micro-electrophoresis technique. The top graph
corresponds to PNIPAM microgel suspensions at three different salt solutions at 1 mM of ionic
strength: NaCl (v), MgCly (¢) and LaCl3 (e) solutions. The bottom graph corresponds to PVCL
microgels in NaCl solution at two different concentrations: 1 mM (z) and 0.1 mM (o).

5.2 Electrophoretic mobility and effective charge

The electrophoretic mobility of both kinds of microgels particles has also been
experimentally determined for the set of salt concentrations and counterion va-
lences mentioned above. The experimental results are shown in Figure II1.3,
where the negative value of p. indicates that both PNIPAM and PVCL are nega-
tively charged, so Na™, Mg?" and La* act as counterions, while Cl~ is the only
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coion present in the systems under study. One of the more relevant feature of
these plots is the fact that . always increases with temperature. Moreover, the
curves show a transition at a temperature close to the the LCST. Although the
values of the PNIPAM mobility are different from the ones for PVCL (as well as
the size of the gap from the minimum to the maximum values), the general be-
havior is common to all studied salt concentrations, counterion valences and
for both microgel particles. The increase of y, is in some cases very important,
leading to electrophoretic mobilities at high temperatures up to 10 times larger
than the ones obtained at low temperature. Regarding the effect of the counte-
rion valence and salt concentration, it is worth to point out that, although the
swelling curve does not depend on both properties, this is not the case of the
electrophoretic mobility. As observed, increasing the counterion valence and
the electrolyte concentration leads to a reduction of ye. This effect becomes
especially significant for shrunken states.

In order to understand these general trends, we must perform a very careful
interpretation of the results, since ye do not depend on just one quantity, but
on a complex combination of parameters. Indeed, raising the temperature also
provokes a decrease in the microgel size (Dy), and an increase of both the net
charge density inside the microgel (pe) and the resistance of the particle in the
fluid environment (which is quantified by the drag coefficient, A). All these pa-
rameters are involved in the value of ¢, so we need to deduce which one is play-
ing the dominant role. With this aim, a theoretical analysis has been undertaken
to determine the dependence of y with these four parameters: Dy, T, pe, and A.
In Figure II1.4 the electrophoretic mobility has been theoretically calculated as
described in Section 3, varying one of the mentioned parameters and keeping
constant the other three. It is clear that, although p, increases with temperature
and microgel diameter, charge density and drag coefficient are the ones that feel
astronger influence. For the input parameters used in this work, electrophoretic
mobility shows a linear growth with the charge density (although it is known
that this behavior is valid only for weakly charged particles). In contrast, the
electrophoretic mobility decreases with the drag coefficient, as it represents a
measure of the resistance of the particle inside the fluid.***" The resulting mo-
bility is the result of the competition between these two opposing effects. Since
Ue increases when the microgel shrinks, this means that the increase of the mi-
crogel charge density dominates over the effect of the friction. Moreover, this
result suggests that the decrease of i with the counterion valence and salt con-
centration for shrunken states must be necessarily linked to a decrease in pe
(since the other three parameters do not depend on the ionic properties).
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Figure II1.4: Variation of the microgel electrophoretic mobility as a function of microgel diam-
eter (a), temperature (b), charge density (c) and drag coefficient (d). ue has been theoretically
calculated following the method described in Section 3.

Although the experimental results clearly indicate that the increase of pe is
the most important factor controlling the increase of the electrophoretic mo-
bility above the LCST, we still lack a deep understanding of the physical effects
involved behind this effect. In order to tackle this question we calculated the ef-
fective charge of the microgel particles from the electrophoretic mobility mea-
surements (see Section 3), and compared to the theoretical predictions deduced
by solving the OZ-HNC equations. In Figure III.5 and Figure I11.6 the effective
charge obtained from the experiments is plotted as a function of temperature
for PNIPAM and PVCL, respectively (open symbols). Given the definition of
the effective charge, if counterions penetrate inside the microgel, the effective
charge is expected to decrease, because the positive charge of the counterions
partially screens the negative bare charge of the microgel. The trend observed
for Z.r is the same as for e, namely, it increases as the microgel shrinks. Now let
us focus on Figure II1.5, where the effect of the counterion valence on the PNI-
PAM effective charge can be appreciated. These results show that the charge
screening is enhanced by increasing the counterion valence: the screening in-
duced by La3* is stronger than the one caused by Mg?*, and so Na*, especially
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for shrunken states. This is reflected in smaller values of Z for higher counte-
rion valences. But to be sure that charge screening is due to counterion perme-
ation, the reader should bear in mind that the ionic strength is the same for the
three different counterions, and hence, the Debye length. Consequently, if mi-
crogel was a solid sphere, charge screening caused by all the counterions would
be the same, no matter their valence. However, as microgel is a porous particle,
if a La3" counterion permeates inside, we observe that it screens the microgel
bare charge three times more than a Na* counterion does.
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Figure II1.5: PNIPAM microgel effective charge as a function of temperature, for three different
salt solutions at 1 mM of ionic strength. Red symbols stand for NaCl solution, green symbols
for MgCly solution and blue symbols for LaCl3 solution. Open symbols correspond to the ef-
fective charge obtained from experimental data, while filled symbols correspond to theoretical
predictions of effective charge obtained from OZ-HNC integral equations. The microgel appar-
ent charge fitted for each salt solution is shown in the top label. Error bars are not shown in the
graph because they are smaller than the size of the symbols.

The experimental Zg values are compared with the theoretical predictions
calculated by solving the OZ-HNC equations using the microgel-ion electros-
teric potential given by eqs I11.12, I11.13 and III.15. The results are represented
by filled symbols in Figure IIL.5. For this purpose, Z,pp has been used as fitting
parameter. It must be reminded that Z,;,, represents the charge of the microgels
when the conunterions condensed inside the microgel are taken into account.
These counterions are stuck to polymer chains so that they do not move with the
fluid when applying an electric field. This phenomenon is known as counterion
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condensation and neutralizes the microgel bare charge so that we obtain a lower
effective charge than the expected from mobility results '**>=*4, In other words,
Zpare is the charge due exclusively to the polyelectrolytes that compound the
microgel network, Z,p,, represents the charge neutralized only by counterion
condensation and Zg is the charge that takes into account all the counterions
that have passed through microgel pores, both in repose or in movement. Since
few monovalent counterions as Na* are expected to condensate inside the mi-
crogel, for PNIPAM microgel we may approximate Zpare = Zg)apa in Figure IIL.5.
However, our results reveal that the strong electrostatic and ion-specific attrac-
tion between multivalent counterions and the charged groups emphasizes the
counterion condensation leading to lower values of Z,pp, as already pointed out
by other authors *>°%. In particular, ionic condensation reduces the bare charge
by a factor of the order of 3 for Mg?* and 5 for La®*. For the PVCL microgel, La3*
sorption is so important that causes the particle aggregation by increasing the
temperature (not shown in the paper). The specific condensation effect is sen-
sitive to many paremeters, such as the nature of the particle, the salt concentra-
tion, and the type of ion. Therefore, very different results for the electrophoretic
mobility (different inversion points, effective charges,...) are obtained depend-
ing on the particular conditions. For instance, specific adsorption of Mg?* and
La3* ions is able to induce the charge inversion of hard colloids°®. For the case
of microgel particles, this condensation effect is expected to be even stronger,
since the total surface of polymer exposed to the solvent is much greater than
for hard colloids. In this regard, the results obtained for Z,p, in our paper are
reasonable, and lie inside the values observed in the literature for this kind of
systems. As observed, when the ionic condensation effect is accounted for, the
theoretical fitting leads to effective charges that are in good qualitative and even
quantitative agreement with the experimental data.

The increase of Zg as the microgel shrinks may be attributed to two coop-
erative effects. First, the microgel de-swelling induces an increase of the poly-
mer packing fraction, which enhances the steric repulsion between the coun-
terions and the microgel. As a consequence, counterions are expelled from the
interior of the particle, which makes charge screening less efficient. Second,
a decrease of the microgel size forces the counterions to accumulate within a
smaller volume inside the particle. The counterion-counterion repulsion also
contributes to the counterion exclusion, and so to the increase of the effective
charge. In order to separate both effects we performed calculations of the ef-
fective charge for the PNIPAM microgel in NaCl 1 mM solution making use of
the same parameters, but turning off the steric repulsive barrier (see red dashed
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line on Figure I11.5). As observed, the enhanced electrostatic repulsion between
counterions arising in shrunken states is able to induce an increase of Z¢ even
in the absence of the steric exclusion effect. However, this increase is much less
important than the one observed if the steric exclusion of the ions is also taken
into account. This result is totally consistent with the experimental observation,
and explains why p, is always larger above the LCST.
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Figure III.6: PVCL microgel effective charge as a function of temperature, in NaCl solution at
two different concentrations. Red squares stand for 1 mM solution, green circles for 0.1 mM.
Open symbols correspond to the effective charge obtained from experimental data, while filled
symbols correspond to theoretical predictions of effective charge obtained from OZ-HNC integral
equations. The microgel apparent charge fitted for both cases is shown in the top right label.
Error bars are not shown because they are smaller than the size of the symbols.

Now let us regard the effect of the salt concentration, which has been in-
vestigated using the PVCL microgels. Looking back on the bottom graph of Fig-
ure II1.3 we can observe that electrophoretic mobility measurements for NaCl
electrolyte follow the same trend for 1 mM and 0.1 mM concentration, though
higher concentration leads to slightly lower values of u. in the whole range of
temperatures. This result was expected, since the the difference in p, depends
exclusively on ionic strength: the more concentration, the more charge screen-
ing. The same conclusion may be extracted from Figure II1.6, where both the
experimental and theoretical microgel effective charge are plotted, for the two
studied salt concentrations. In this case only one common value of Z,p, has
been used to fit the experimental Zqg, because even if there were condensed
counterions inside the microgel, it is known that this phenomenon does not de-
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pend on salt concentration®®. But analogously to PNIPAM, for PVCL microgel
is also a good approximation to assume Zare = Zf&fﬂ. Hence, the Z.¢ observed
in the figure accounts for approximately the whole charge screening caused by
counterion permeation. The screening of the microgel bare charge increases
for low temperature, that is, for swollen states of the microgel, since counteri-
ons permeate through the polymer network. In those expanded states we also
observe higher differences with electrolyte concentration. However, as micro-
gel shrinks and counterion permeation is hindered by the steric exclusion, elec-
trolyte concentration becomes less relevant and Z.s increases to similar values
than the fitted Zypp.

Finally, it is interesting to wonder whether the microgel effective charge is
homogeneously distributed inside the microgel or, on the contrary, the charge
is localized in some specific regions of the particle. This study can be done an-
alyzing the net charge density density predicted by the OZ-HNC equations as a
function of the distance to microgel center,

Pe(r) = [ZmonPmon (1) + 24+ p4+ (1) + z_p_(r)]e, (II1.21)

where pmon(7), p+(r) and p_(r) are the number densities of monomers, coun-
terions and coions, respectively. We can consider the PNIPAM in presence of
NaCl 1 mM electrolyte as an example, represented in Figure II1.7. As observed,
the density profiles become flat inside the microgel particle, what means that
electroneutrality is fulfilled in this region. However, as we get close to the parti-
cleinterface, a sharp increase of the charge is observed. This feature implies that
the microgel effective charge is mainly located at the surface of the particle, not
homogeneously distributed, as has been reported in previous work.®” We can
also appreciate the effect of the swelling state of the particle, since two different
temperatures have been considered in Figure I11.7. As can be also deduced from
our previous results, the net charge density in swollen microgels is lower than in
shrunken states, since they have a lower effective charge distributed in a higher
volume. In addition, at low temperature, the perturbation provoked by the leap
in the bare charge density and the steric barrier at the microgel interface are
less pronounced, so the electroneutrality is fulfilled in almost the whole space
inside the particle. However, as the microgel shrinks with temperature, charge
density increases and the interfacial effects tend to disrupt electroneutrality.
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Figure II1.7: PNIPAM microgel density charge, in presence of NaCl 1 mM electrolyte, as a func-
tion of the distance to microgel centre, in normalized units. Two different temperatures, and
hence, two different swelling states, are considered. Solid blue line stands for T'= 20 °C (swollen
state), while dashed orange line represents T = 54 °C (shrunken state).

6 Conclusions

In this work the swelling behavior and the electrophoretic mobility of two dif-
ferent thermoresponsive charged microgel suspensions have been studied. We
have specially focused on the effect that the counterion valence and salt con-
centration of the suspension have on the effective charge of the particles. The
experimental results have been interpreted in terms of the theoretical predic-
tions obtained by solving the Ornstein-Zernike integral equation within the HNC
approximaxion. For this purpose we have made use of electrosteric interac-
tions between the ions and the charged polymer network of the microgel. The
comparison between theory and experiments shows that the ionic condensa-
tion inside the microgel plays an important role when multivalent counterions
are present in the suspension. Indeed, the immobile condensed counterions
strongly contribute to neutralize the microgel charge, leading to smaller values
of the electrophoretic mobility. Moreover, the important increase of the experi-
mental effective charge observed when microgel shrinks can not be exclusively
attributed to electrostatic forces: excluded-volume repulsive interactions need
to be considered too. This steric contribution, although very weak in swollen
conformations, becomes very relevant for highly dense shrunken states, and it
is able to push out counterions from the internal volume of the microgel, giving
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raise to an enhanced augment of the effective charge.

Theoretical predictions also show that, deep inside the microgel particle (far
from the interface) the ionic density profiles are homogeneous and charge elec-
troneutrality is satisfied. This means that a number density of counter- and
coions are located in this region to exactly compensate the bare charge density
regardless the swelling state of the particle. However, as soon as we get close to
the microgel interface charge electroneutrality is violated. This implies that the
effective charge of the microgel particles meanly comes from the region close to
the surface.

As future research, it would be worth to include the elastic and solvent-
induced free energy contributions in the model in order to theoretically pre-
dict not only the ionic density profiles and the microgel effective charge, but
also the swelling state of the particle. Those contributions could be adjusted
to reproduce the complete swelling curve, from the swollen to the shrunken
conformation. In addition, the model could be extended to consider the inho-
mogeneous swelling of the microgel, caused by the electrostatic repulsion be-
tween the charged groups. This could be done by means of a local free energy
for the microgel that includes a position-dependent mass and charge distribu-
tion of the polymer network, in a similar way as the work by Rumyantsev et al. %
More challenges arise if we aim to investigate the swelling behavior and effec-
tive charge of microgel particles in solution of chaotropic counter- or coions,
or to study the sorption of more complex solutes such as charged surfactants
or proteins*>%Y. In all these cases, ion or solute specificity would also play and
important role on determining the equilibrium value of Z.g, leading to charge
inversion and overcharging phenomena. The comparison between theory and
experiments could provide quantitative information about the strength of the
polymer-ion and polymer-solute specific effective interaction in terms of the
swelling state.
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Abstract

In this work a thermoresponsive polymer, poly(N-isopropylacrylami-
de) (PNIPAM), in neat water and in electrolyte solutions is studied by means
of molecular dynamics simulations. This is done for an infinitely diluted
oligomer and for an assembly of several PNIPAM chains arranged into a
planar membrane configuration with a core-shell morphology. We em-
ployed two different force fields, AMBER and OPLS-AA in combination
with SPC/E water. Our estimations for the coil to globule transition tem-
perature are Tg = (308 £5) Kand Tg = (303 £5) K, respectively. The mem-
brane configuration allows to include chain-chain interactions, to follow
density profiles of water, polymer, and solutes, and accessing the water-
polymer surface tension. Results show the shrinking and swelling of the
membrane by switching temperature above and below Tg, as well as the
increase and decrease of the surface tension. Finally, concentration pro-
files for 1 M NaCl and 1 M Nal electrolytes are shown, depicting a strong
salting-out effect for NaCl and a much lighter effect for Nal, in good qual-
itative agreement with experiments.



1. Introduction

1 Introduction

Poly(N-isopropylacrylamide) (PNIPAM) is a polymer that, when suspended in
water, yields a coil to globule transition at the temperature Tg = 303 K', where
coil refers to the state where the gyration radii scales with chain length follow-
ing a 0.6-power law, and the globule state is characterized by a (1/3)-power re-
lationship with chain length?. When the expanded coil chains are cross-linked
forming a three-dimensional network, the resulting structure is a swollen mi-
crogel (or hydrogel). On the other hand, the globule chains lead to a shrunken
dehydrated state of the hydrogel, where most water content is expelled out from
the particles. The underlying mechanism for this transition relies on a shift from
an enthalpy ruled coil-state, mostly by polymer-water hydrogen bonding, to an
entropy ruled globule state, where water molecules gain degrees of freedom,
as temperature is raised above Tg. The coil to globule transition is common
in other polymeric systems such as proteins and DNA molecules, and so un-
derstanding its behavior is important for biological sciences. Indeed, PNIPAM
shares the amide group with proteins, although this group is part of the side
chains of PNIPAM and forms the backbone of proteins. For this reason, in cer-
tain cases PNIPAM can be regarded as a protein simile, for instance, when deal-
ing with protein stability in the presence of different electrolyte solutions. Also,
as PNIPAM releases its water content at a temperature close to that of the hu-
man body, it has been proposed for biotechnological applications such as con-
trolled drug delivery®~ and tissue engineering®~®.

Driven by the possible impact of these biotechnological applications, there
has been recent considerable effort in developing theoretical models and stud-
ies to disentangle the interaction of different electrolytes with hydrogel parti-
cles?~'*. As a first approximation, most works assume ions to interact with the
hydrogel network solely by means of a Coulombic interaction in both states,
swollen and shrunken. This could be a good approximation in the first case,
but clearly poor in the second, where repulsive polymer-ion excluded volume
interactions turn important. Although this excluded-volume effect has been, at
least partially, accounted for 1717, many other important contributions, which
depend on the nature of the ion and not only on its valence and size'®, are in
general not completely taken into account. For instance, a recent work dealing
with charge-inversion on hydrogels includes a direct hydrophobic ion-chain at-
traction but neglects the possibility of ions interacting with several chains at a
time, which again, can be expected in the shrunken state'®. In addition, this
direct hydrophobic ion-chain attraction can be seen as an effective (properly
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weighted average) potential, including loosing (gaining) water molecules when
attaching (detaching) to the polymer surface, but cannot adjust to each par-
ticular configuration. These nature-dependent effects of ions are so important
up to the point of producing large or tiny shifts of Tg when changing the ion
nature while keeping constant its valence and concentration. For example, Tg
decreases from 303 K to 298 K when replacing pure water by 1 M NacCl solu-
tion, whereas there is a barely noticeable decrease for 1 M Nal!3, In the list
of effects that should be taken into account lies the ion-water interaction, the
ion-polymer interaction, and the difference of the entropy of solvation of ions
in water and in the hydrated-polymer phase. A natural way of accounting for
all these entangled effects together is by means of all-atom molecular simula-
tions, with the price of strongly decreasing timescale and system size. This has
been done mostly by considering an infinitely diluted oligomer chain in water
for several force-fields'*'9-?4, and for different electrolyte solutions®’. In par-
ticular, Tucker et al. have studied the Tg dependence with oligomer length for
an isotactic chain, concluding that the large chain limit of Tg is achieved with
30-mers. On the other hand, Walter et al. end Du et al. report '*?° that the AM-
BER and OPLSS-AA forcefields, both in combination with SPC/E water, are good
combinations for capturing Tg. Unfortunately, they do not specify the tacticity
of their oligomer, making their study ambiguous. Indeed, it has been shown
that this property affect the oligomer behavior?>%°.

In this work, we further study the swelling behavior of PNIPAM immersed
in water and electrolyte solutions in the region close to the transition temper-
ature, Tg by means of all-atom molecular simulations. As Walter et al. and Du
etal.1920 we employ both, AMBER and OPLSS-AA, in combination with SPC/E
water, but considering well-defined isotactic chains. We first focus on an in-
finitely diluted 30-mer in pure water, and confirm Tg is reasonably captured
in both cases, in qualitative agreement with previous works'??’. Our results
suggest that Du et al. have set an isotactic chain while Walter et. al a syn-
diotactic one. Following, we assemble several PNIPAM chains to form a pla-
nar membrane-like arrangement in order to investigate the chain-chain inter-
actions and the thermal response of the whole structure. For the assembled
structure we show a less pronounced change with temperature of the individ-
ual properties of the chains, as found in arrangements of polymer brushes for
coarse-grained models with implicit solvent®®. Nonetheless, the obtained Tg
for both forcefields do not significantly shift from those obtained for the single
chain cases. Finally, we immerse the membrane in 1 M NaCl and Nal solutions,
to get the ionic profiles below and above Tg. We observe the so-called salting-
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out effect’’, namely a decrease of polymer solubility accompanied by a poor
electrolyte adsorption, for both electrolytes, although the effect is much more
pronounced for NaCl, in agreement with experiments'. In addition, and de-
spite the fact of having very different Lennard Jones parameters defining cations
and anions, we find that the electroneutrality condition holds for all considered
cases, meaning that cationic and anionic normalized profiles are practically the
same. In this last case, the obtained polymer profiles could be used as inputs for
integral-equation theories for scaleup results from nano to mesoscopic scales,
whereas the ionic profiles can be used to test the theoretical output "6,

The paper is structured as follows. After this brief introduction, we present
the methods and models employed to carry out the study. More details on the
building of the model and on the employed parameters are given as support-
ing information. A following section shows the results. This section is split in
three; infinitely diluted single chain, the hydrated-membrane, and electrolyte
profiles in the hydrated-membrane system. Finally, some remarks are drawn at
the conclusions section.

2 Methods and models

We are employing the GROMACS package?®=" and a leap frog algorithm for

integrating the classical equations of motion. Version 5.12 is used for single
chain NPT simulations and version 2016 for semi-isobaric NP,, T simulations
of membranes. For all cases we are setting a time step of 0.001 ps, periodic
boundary conditions for all directions, treating electrostatic contributions through
the particle mesh Ewald scheme with a minimum cutoff for the real contribu-
tion of 1.2 nm and a grid Fourier-spacing around 0.12 nm, a van der Waals cut-
off of 1.2 nm, and considering long-range dispersion corrections for energy and
pressure. The v-rescale algorithm is employed for coupling the system with a
reservoir at temperature 7 with a coupling time constant of 7, = 0.1 ps. In case
of single chain simulations, we fix an isotropic pressure letting the cell vary its
size for all orthogonal directions in the same amount. We perform 50 ns runs
for these simulations and discard the first 10 ns. For membranes, red the x and
y sides of the simulation box are fixed to 5.0 nm, whereas the z side can vary
its length. This is done by employing a semi-isobaric coupling, fixing the zz
component of the pressure tensor as 1.0 bar, and setting a compressibility of
4.5 x 1075 bar™! for the z direction, and 0.0 bar~! for the x and y directions. For
these simulations we cover 100 ns, and the first 50 ns are discarded for sampling.
The model is setup by employing the tool pdb2gmx of the GROMACS pack-
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Figure IV.1: Snapshots of non-relaxed initial configurations for: a) a single 30-mere in a do-
decahedron water box and b) a membrane-like configuration composed of 18 single chains in a
prism-shaped simulation cell. Panel c) shows a front view of the same membrane-like configura-
tion.

age, and by considering the OPLS-AA3"3? and the AMBER®® force fields. In both
cases we are employing the SPC/E water, since it was observed that combin-
ing OPLS-AA 'Y and AMBER?" with SPC/E yields a good approach to the coil-
globule transition temperature, Tg (for an OPLS-AA with TIP3P study - TIP3P
is the recommended water model for OPLS-AA - see reference [34]). pdb2gmx
needs atom positions, residue definitions, and a hydrogen database containing
information on how to connect hydrogen atoms to existing atoms. We build the
atom positions by producing a NIPAM monomer with the Avogadro program°.
Then, we align the growing direction with the z axis of our cell, and connect
30 monomers to produce an isotactic oligomer. The isotactic conformer is em-
ployed since, for small oligomers, it seems to not strongly change the coil to
globule transition temperature, while it may aid to fasten the collapse from an
extended conformation®*. Nonetheless, other properties, such as the gyration
radius, are clearly affected by tacticity>>?°. On the other hand, according to
Walter et. al, a 30-mer is long enough to properly capture the coil to globule
transition, while being reasonably small to allow a short computation time'°.
For shorter chains the transition temperature strongly depends on the oligomer
size'%?!. The building of the oligomer is performed with a simple home made
code, which produces a pdb-formated file of the oligomer without most hydro-
gen atoms (oligomer.pdb). In case of a membrane, the code also replicates the
oligomer in a square xy and 3x3 lattice to form one side of the membrane, which
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is then replicated, mirrored, and shifted to partially fit in the interstices of the
first layer, as shown in panels b) and c) of Figure IV.1. In this way, we get an initial
configuration of a membrane having a dense central region and half the central
density at their sides. This is done to somehow mimic the structure of a spher-
ical hydrogel colloidal particle, which has a dense hard core and a light crown
for T < Te. In addition to the oligomer.pdb file, the code generates an addi-
tional file with the membrane-like structure. See the Supplemental Material for
further details.

The output of pdb2gmx is the topology and a gro-formated file containing
the oligomer (or membrane) coordinates. Both systems, the oligomer and the
membrane, are then solvated in SPC/E water. In case of the single oligomer
chain, this is done by considering a sufficiently large dodecahedric-shaped cell
to completely fit the stretched oligomer and avoid self-interactions, i. e., in-
teractions with its own image, (see panel a) of Figure IV.1). The dodecahedric-
shaped cell is simply employed to decrease around 30% the number of water
molecules to be used. This cell is initially set with an image distance of 7.68 nm
and contains 10175 SPC/E molecules. On the other hand, the membrane is em-
bedded in a prismatic cell with dimensions Ly = L, =5.0 nm and L, = 18.0 nm,
containing 11424 SPC/E molecules. Note that the ratio between the number
of polymer and water molecules increases substantially when considering the
membrane. This should give rise to better averaging of the polymer properties.
These non-relaxed initial configurations are shown in panels a) and b) of Fig-
ure IV.1 for the oligomer and membrane, respectively. We performed a 20ns low
temperature (280 K) simulation to relax the oligomer previous to formal simu-
lations, and a longer 50 ns run with the same temperature for the membrane.
This is done since the membrane needs longer runs to reach a steady state. The
starting configuration for all membrane runs is shown in Figure IV.2.

3 Results and Discussion

3.1 Infinitely diluted 30-mer

We start this section by comparing results from OPLS-AA and AMBER force fields
as obtained with a single 30-mer chain in SPC/E water. For this purpose we pro-
duce 50 ns runs, from which the first 10 ns are discarded. During these runs
several properties are followed. These are: the end-to-end distance, given from
one of the ending carbones of the first isopropyl towards one of the ending hy-
drogens of the last backbone methyl (GROMACS polystat tool), the radius of
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Figure IV.2: Snapshot of the membrane initial configuration for all runs. a) Front view. b) Side
view. Water molecules are not shown and the simulation cell is replicated three times in the x
and y directions.

gyration (GROMACS gyrate tool), Rg = (¥; m;|7;|*/ ¥; m;)'/? running i over all
massive sites and being m; and 7; their mass and position respect to the poly-
mer center of mass, the solvent accessible surface area (SASA)*® (GROMACS
sasa tool), making use of the Van der Waals radii given by Bondi®’, and the
number of hydrogen bonds among the oligomer and the SPC/E water molecules.
For this last quantity we are employing a cutoff angle for the hydrogen-donor-
acceptor of 30 degrees and a cutoff donor-acceptor distance of 0.35 nm (default
values of the GROMACS hbond tool). These properties are expected to show
certain degree of correlation. That is, as the oligomer transits from a coil to a
globule structure all these properties should decrease. Results for the AMBER
force field evaluated at temperatures 290 K, 300 K, 310 K, and 325 K are given in
Figure IV.3. These temperatures are around the experimental Tg thus we expect
to observe some signature of it.

In general, the oligomer reaches a steady state in less than 10 ns when start-
ing from the relaxed configuration. Note that this steady state does not mean the
system is at equilibrium. In fact, 30-mers starting from a tight globule configura-
tion do not re-hydrate under any temperature for the OPLS-AA with TIP4P/2005
water molecules and for very long runs®*. We have observed a similar behavior
for our system, although using a much smaller time window. This means that, in
general, all properties here reported correspond to metastable states. Moreover,
previously reported properties should also correspond to metastable states %2,
Kang et. al. results also suggest that metastable states associated to loose glob-
ule configurations and coil configurations have shallower local free-energy min-
ima than those corresponding to tight globule configurations. Hence, by start-
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A
o o o
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Figure IV.3: End to end distance, radius of gyration, solvent accessible surface area (SASA), and
number of H bonds among polymer and SPC/E water, as a function of time, from top to bottom.
The dark (black) solid, light (green) solid, dark (black) dashed, and light (green) dashed curves
correspond to 290 K, 300 K, 310 K, and 325 K, respectively.

ing from an hydrated state one captures a hydrated-dehydrated configuration
change, which seems to be reproducible. After this non-steady state stage, prop-
erties fluctuate around their corresponding average values. Fluctuations in-
crease for a temperature close to Tg. For T =290 K, the largest average values for
the end-to-end distance and Ry are attained, which in turn translates into large
solvent accessible surface area and number of oligomer-water hydrogen bonds.
Conversely, for T =325 K, we observe a smaller average end-to-end distance, Ry,
SASA, and number of oligomer-water hydrogen bonds. However, mixed results
for T=300 K, and 310 K are found. For T =300 K in the range of 35-40 ns and for
T =310 K and times above 35 ns, we get large end-to-end distances, SASA and
number of oligomer-water H bonds, but a not so large Rg average value. Indeed,
Rg seems to strongly fluctuate between the values corresponding to T =290 K
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and T =325 K. In order to obtain better averages of the properties one should
capture several of these crossings from high to low values and vice-versa. Note
that the time spent in each state is large compared to the time window we are
employing. In addition, these long time-scale and strong fluctuations may also
be present for temperatures away from Tg >*. A low Rg and a large SASA suggest
the formation of a relatively compact coil hydrated structure. A true globule
structure should exhibit not only low R, values, but also low SASA and number
of oligomer-water hydrogen bonds, such as the ones obtained for T'=325 K.
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Figure IV.4: Equilibrium properties of a single chain oligomer in SPC/E water. Left, AMBER
force field. Right, OPLS-AA force field. End to end distance, radius of gyration, solvent accessible
surface area, and number of H bonds among polymer and SPC/E water, from top to bottom.
Dashed and dotted lines are guides to the eye.

The averages and fluctuations of the time dependent curves shown in Fig-
ure IV.3 are displayed in Figure IV.4. Left panels show AMBER results, and right
panels OPLS-AA results, both by considering SPC/E water. Left panels define, in
general, step functions, which are depicted as dashed lines to guide the eye. This
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seems to be clear for all studied properties except for the number of polymer-
water hydrogen bonds, where a general decreasing trend is overlapped to a more
steep decrease close to Tg. This general decreasing trend is expected since the
number of hydrogen bonds monotonously decreases with temperature even for
pure water in the same temperature interval. This sharp drop occurs at tem-
peratures comprised between 310 and 315 K for all curves except for Rg, which
arises in-between 305 K and 310 K. As remarked in the previous paragraph, there
are some configurations with low Rg while keeping large SASA, end-to-end dis-
tances, and number of oligomer-water hydrogen bonds. From our Rg data we
estimate the transition at T = (308 £ 5) K. This value can be compared with the
295 - 310 K temperature interval given for a similar system by Du. et. al?’. This
agreement suggests that the 30-mer set by Du et al. is isotactic.

A similar picture arises when considering the OPLS-AA force field instead of
AMBER (see right panels of Figure IV.4). There are, however, some slight differ-
ences. On the one hand, the height of the steps of the curves seems to be smaller
than that obtained with AMBER. That is, in general, the low temperature values
are alittle smaller and the high temperature values are slightly higher than those
for AMBER. This produces a less clear definition of the transition temperature.
In fact, alinear trend cannot be discarded for SASA and the number of oligomer-
water hydrogen bonds with temperature. This finding is in line with results for
OPLS-AA and TIP3P water®?. On the other hand, for all properties except the
number of hydrogen bonds, the transition temperature appears in the interval
300 - 305 K. Our estimate is T = (303 + 5) K, in good agreement with the experi-
mental value. We should also mention that our Ty estimate is smaller than the
one obtained in reference [19] for a similar system (T =~ 320 K). This shift of Tg
suggests that Walter et al. 30-mer is syndiotactic, since sysdiotactic oligomers
are more water soluble?>.

3.2 Membrane in pure water

In this Section we go beyond the isolated single-chain and study the collec-
tive and single chain properties of an oligomer formed by an assembly of 18
chains, as described in Section II. For this purpose, we start the simulation with
a membrane-like initial configuration, such as the one depicted in Figure IV.2.
This starting configuration is obtained letting the system relax at a fixed temper-
ature of T =280 K. After a 100 ns run at T =325 K, the membrane looks like the
one shown in Figure IV.5. As can be seen, the side view exhibits a more compact
structure, although somehow heterogeneous. The front view, in turn, shows the
existence of pores along the membrane. This is a consequence of the folding of
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a) : b)

Figure IV.5: Snapshot of the membrane final configuration for T=325 K. a) Frontal view. b) Side
view. Water molecules are not shown and the simulation cell is replicated three times in the x
and y directions.

the oligomers into denser structures, as expected. To confirm the existence of a
single-chain transition from an extended coil to a shrunken dense structure, we
have traced the time averages of the same properties analyzed in the previous
Section.

Figure IV.6 shows time averages of the end-to-end distance, Rg, SASA, and
total number of H bonds among oligomers and water, for the 18 single-chains
that define the polymeric membrane. In general, the results obtained for the
membrane confirm the same trends than the ones already obtained for an in-
finitely diluted single chain, at least for the end-to-end distance and Rg. That
is, we observe a sudden drop of these quantities for a temperature close to Tg,
for both force fields. The drop is, notwithstanding, smaller than for the single-
oligomer case. We get an 8-9 % drop for the end-to-end distance which can be
compared with the corresponding 50 - 60 % drop for the single-chain case. For
the particular case of Rg, the membrane drop is close to 11-13 %, to be com-
pared with a 26 - 33 % of the single oligomer. This is not an unexpected re-
sult since chains are confined into a parallel arrangement for the membrane,
restricting their motion to some extent. As a consequence, their average end-
to-end and R, distance are always larger than for the infinitely diluted case,
being the difference between these cases larger at high temperatures. This fea-
ture is consistent with results of polymer brushes, where increasing brush graft-
ing density and/or decreasing temperature leads to an increase of the end-to-
end distance 2°. Thus, in the membrane configuration we should avoid refer-
ring to the more compact structure as globule, although much longer chains
should lead to such structure. On the other hand, the fact of averaging on several
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Figure IV.6: Time and number average properties of a PNIPAM membrane in SPC/E water. Left,
AMBER force field. Right, OPLS-AA force field. We are showing, from top to bottom, the end to
end distance, radius of gyration, solvent accessible surface area, and number of H bonds among
polymer and SPC/E water. Dashed and dotted lines are guides to the eye.

molecules reduces the uncertainty, making possible the detection of smaller
drops. Note that for T > Tp, and as for the single-chain case, we are getting
larger values of the end-to-end distance and Rg for the OPLS-AA force field than
for the AMBER, suggesting a somewhat softer nature of the chains in the last
case.

We should note that the coil to globule transition for the AMBER force field
seems to occur at smaller temperatures from the membrane results than for
the diluted case. Results from OPLS-AA force field are more consistent with
those shown in the previous section. We have also noted that the collective mo-
tion is much slower for the membrane configuration than for the single chain.
Thus, particular membrane configurations live, on average, longer times than
single-chain ones, which also impacts on results for relatively short runs (tens
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to hundreds of nanoseconds). In this regard, we feel that 100 ns is not enough
to capture several membrane disjoint configurations in configuration space, as
it would be desirable to guaranty a proper sampling. This, in turn, may explain
the displacement of the transition temperature for the AMBER force field when
comparing both, membrane and infinite diluted results.

For membranes, in contrast to the single chain case, SASA and the num-
ber of hydrogen bonds between water and oligomers are linked to the self and
collective chain-chain interaction among polymer molecules. This is simply be-
cause a small chain-chain distance reduces the exposed polymer surface area to
the solvent molecules, as it also decreases the probability of producing water-
polymer hydrogen bonds. We find a drop percentage of the SASA at the transi-
tion temperature for the AMBER force field close to 16 %, which is very similar
to the one found for the single molecule case. For the membrane, the drop is
less sharp, though. We did not find a SASA drop for OPLS-AA. Also, as in the pre-
vious section, the number of hydrogen bonds among water and polymer chains
does not show a clear jump close to the coil to globule transition, but a grad-
ual decreasing trend. This is in line with a gradual reduction in the number of
water molecules in the first solvation shell*® and dehydration starting at Ty, as
experimentally found elsewhere .

1000

750
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p (ke/m’)
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5 10

z (nm)

Figure IV.7: Density profiles for polymer (solid lines) and water (dashed lines) at T = 290 K (dark
lines) and T = 325K (light lines). They correspond to the AMBER force field.
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The membrane configuration allows to study the polymer density profiles
as a function of the distance from the vertical z axis. In Figure IV.7 we show the
average profile for T = 290 K (dark lines) and T = 325 K (light lines). We are also
including the corresponding water profiles as dashed lines. The sum of both,
water and polymer profiles, gives rise to an almost constant density profile,
though the membrane region is a little bit denser. Thus, the water profile can
be seen as complementary of the membrane to yield a constant value, which is
close to 1000 kg/m3 for T = 290 K and 980 kg/m?3 for T = 325 K. We can see from
both profiles a denser central region (with density p.), which is a consequence
of the initial arrangement into a core-shell morphology (see Figure IV.1). We
observe that the density of the central region increases as compared to the less
dense initial configuration for all T. This is unexpected for the T = 280 K case.
Note that there is nothing impeding the disassembling of the membrane, which
one should expect for a sufficiently large run at low temperature. This does not
happen even for a slab of trimmers in water (not shown), for both considered
force fields, which is in agreement with simulations from several forcefields?*.
The polymer regions at both sides of the central core (having half of the cen-
tral density at the initial configuration) shrink along the run to produce larger
densities (p;), and thiner profiles (with width w). This shrinking process leads
to the secondary maxima placed at the borders of the membrane, which are a
consequence of the bending of the oligomer tips towards the central plane. As
expected, shrinking is more pronounced at higher temperatures, as well as the
increase of the central, p., and side, p;, densities.

We have measured the membrane width, w, as the z-distance at which the
profiles cut the p = 300 kg/m? horizontal line, and both densities p. and pg as
a function of temperature, with the purpose of observing jumps close to the
coil to globule transition temperature. Results are shown in Figure IV.8, where
the increasing density and decreasing width trends with temperature are clearly
captured with both force fields. However, sudden changes close to the transi-
tion temperature are not so clear. Something similar occurs with the surface
tension (not shown). This property fluctuates around 300+100 and 500+100
bar nm for temperatures below and above the transition, respectively. Letting
aside the possible existence of hysteresis cycles which would brake the ergodic
hypothesis and which are certainly present for large and crosslinked polymer
molecules*’, we think that these collective properties cannot be precisely deter-
mined with 100 ns runs, where sampling is not performed from disjoint phase-
space configurations. An obvious way to improve this issue would be enlarging
the sampling time (probably by a factor above ten). Another possibility would
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Figure IV.8: Membrane width (w), central region density (p.), and side density (ps), as taken
from profiles.

be to consider a replica exchange molecular dynamics (REMD) sampling, with
a temperature expansion of the NPT ensemble. In the first case one should
count with a much larger computational power than we actually do. In the sec-
ond case, one may use similar computational resources but concentrated in a
single cluster. This is not our case either. It is worth mentioning that GROMACS
allows easily implementing REMD simulations (see for instance?!).

3.3 Membrane in water and electrolyte

Once the behavior of the membrane structure with temperature is well charac-
terized in the presence of pure water, one can study how a certain solute inter-
acts with it. In this section, we are focusing on the distribution profiles of NaCl
and Nal electrolytes for temperatures below (T = 290 K) and above (T = 320 K)
the transition temperature. We are comparing NaCl with Nal results since I~ ex-
hibits a less hydrophilic (more hydrophobic) behavior than Cl™. In other words,
I” is at the right of C1~ in the Hofmeister series “>*®. This is frequently explained
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Figure IV.9: Density profiles at T = 320 K. Top panels) Density profiles for water (dark solid lines),
polymer (light solid lines), cation (dark dashed lines) and anion (light dashed lines). Bottom pan-
els) The corresponding normalized density profiles (taking bulk as reference). Polymer normal-
ized density is not shown, instead, light solid lines correspond to the ratio between cation and
water normalized profiles. Left and right panels correspond to 1 molar NaCl and Nal electrolytes,
respectively. Results are obtained with the AMBER force field.

in terms of the more chaotropic (less kosmotropic) nature of I” in comparison
with Cl7, which is a smaller anion. In this view the iodide ion would produce
more structural chaos (less ordering) than chloride, and so it would induce a
stronger disruption of the water structure in its surroundings, lowering further
the average number of hydrogen bonds, and leading to a less favorable solva-
tion energy***°. Nonetheless, recent experimental studies point out that ions
are only able to perturb the first hydration shells*®*’, making this argument
weak. In addition to this chaotropic-kosmotropic effect, a smaller ion yields a
larger Coulombic interaction favoring solvation. We should also mention that,
due to its finite size, any solute produces a larger decrease of possible solvent
configurations in bulk than when located over an interface. This last mecha-
nism lowers entropy, and the effect is more pronounced for larger solutes. Due
to all these reasons, and others which rely on the ion-polymer interactions '**3,
I” is expected to be more adsorbed by the polymeric membrane than CI™. The
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larger affinity of electrolyte by water than for the polymer rich phase gives rise
to the so-called salting-out effect, whereby the polymer chains tend to collapse
to minimize the area exposed to the solvent, showing an impact on Te?’. As
expected, this effect is much more pronounced for NaCl (12 K for 1 M concen-
tration) than for Nal (solely 2 K for 1 M concentration) L13 Indeed, Nal shows a
nonlinear shift of Tg with salt concentration, leading to a maximum close to
[Nal]=0.3 M. That is, Nal shows salting-in at low concentrations followed by
salting-out as concentration increases above 0.3 M !. The salting-in is explained
in terms of the large affinity of I~ for the PNIPAM chains, promoting, in turn, the
entering of water molecules '*. The maxima would appear as a consequence of
a saturation of the PNIPAM sites where I™ can be linked to, and so, larger elec-
trolyte concentrations would promote a positive concentration difference from
the outside to the inside (salting-out) 13 This positive concentration difference
causes a decrease of the water activity at the bulk solution, and so the hydrogel
particle reacts shrinking to deliver water.

The profiles for T = 320 K are shown in Figure IV.9. In the top panels, in
addition to the polymer and water densities, we are showing the cationic and
anionic profiles. As for the case without electrolyte, the total density is close
to a constant, but now somewhat above 1000 kg/ m?3, due to the salt addition.
In both top panels we observe a bulk concentration (close to 1 M), which cor-
responds to the flat ionic profiles far from the membrane. The mass concen-
tration of anions is larger than that of cations due to their larger molar mass.
This is more evident in the top right panel, since iodide has more than five
times the sodium mass. When profiles are presented normalized with their bulk
concentration, the differences between cationic and anionic profiles vanish, as
shown in the bottom panels of Figure IV.9. Hence, the membrane remains un-
charged for the cases here reported. This total absence of charge is somewhat
unexpected given the large asymmetry of the anion and cation potentials. This
situation may change for not so large electrolyte concentrations or when con-
sidering more asymmetric salts (for instance, including different valences). We
also observe that the ratio between ions and water molecules decreases as en-
tering the membrane. This is shown as light solid lines for the bottom panels
of Figure IV.9. In fact, this ratio decreases as entering the membrane becom-
ing almost zero at the membrane midplane. In other words, for large electrolyte
concentrations (1M), ions are more comfortable surrounded by pure water than
by hydrated-polymer chains. We also observe some differences between NaCl
and Nal for the dehydrated membrane. On the one hand, Nal leads to a larger
amount of water inside the membrane, which in turn makes the membrane a
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little bit wider. Also, the amount of ions (both, cations and anions) entering
inside the membrane and the cation-water ratio are larger in the case of Nal
than for NaCl (see bottom panels of Figure IV.9). As mentioned in the previous
paragraph, this behavior is expected for a less hydrophilic anion such as I™ as
compared to CI”. Nonetheless, one may also expect a larger adsorption of I to
be compensated with the outcome of a similar amount of water, in such a way
to keep the membrane volume invariant. As mentioned this is not the case, the
larger I~ adsorption enhances both, water and Na* income. We think cation
income increases driven by the need of fulfilling the local electroneutrality con-
dition (although this condition is not strong and could be broken) which in turn,
carries binded water in the process.
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Figure IV.10: Normalized number of molecules of species i inside a slab of width z (k;(z)), as a
function of z. Solid lines, dashed lines, circles and triangles correspond to polymer, water, cation,
and anion, respectively. Dark lines and symbols are employed for NaCl, whereas light lines and
symbols for Nal. Left and right panels correspond to T =290 K and 320 K, respectively.

From the simulated density profiles we can obtain the function h;(z) = % Jy pi(2)dz,

where A is the transversal area of the prismatic simulation cell, N, is the Avo-
gadro constant, and N;, M;, and p;(z) are the total number of molecules in the
cell, the molar mass, and the mass profile of species i, respectively. h;(z) repre-
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sents the number of molecules of species i inside a slab of width 2z, centered in
the membrane, normalized by the total number of molecules of species i. It is
shown in Figure IV.10 for T =290 K (left panel) and for T = 320 K (right panel).
For the low temperature chart we can observe that 77% of the polymer mass is
inside a 6 nm width slab (z = 3nm) for both electrolytes, 23% of water molecules,
11% of electrolyte in case of Nal, and 8% in case of NaCl. That is, water and poly-
mer do not show large differences of profiles, but ions are more adsorbed by the
membrane in the case of Nal. The situation changes for T' = 320 K, where we can
observe some differences on the water and polymer profiles when considering
Nal instead of NaCl. In this case we observe a drop from 88% of the polymer
mass inside the 6 nm slab to 81%, a slight increase of water from 19% to 20%,
and an important increase of electrolyte from 6% to 11%. Hence, the membrane
is slightly more expanded for Nal than NaCl at T = 320 K. When comparing the
electrolyte adsorption at T = 290 K with that at T = 320 K we observe a similar
adsorption of Nal (11%) and a reduction of NaCl from 8% to 6%. This reduc-
tion is consistent with the enhanced hydrophobic nature of the polymer at high
temperatures, and with the decrease of Tg with NaCl'®. The similar adsorption
of Nal for 1 M on the coil and on the globule phases is also consistent with the
practically null shift of Tg from pure water to 1 M Nal electrolyte solution. Fi-
nally, one should note that the cation/anion ratio is always close to one for all z
and all cases, implying an always neutral slab.

Electrolyte T =290K T =320K

None 300+ 80 520+ 60
1 M Nal 340+ 60 590+ 80
1 M NaCl 400+ 80 580+ 50

Table IV.1: Surface tension (given in bar nm) for some cases of the membrane configuration
here studied. Surface tension should increase from left to right, and from top to bottom. Errors
are taken from time fluctuations of the obtained trajectories.

Finally, we present Table IV.1 where the surface tension is shown for six
cases, namely with no added electrolyte, 1 M Nal, and 1 M Nacl, for both tem-
peratures, T = 290 K and T = 300 K. The calculation follows the virial route,
as implemented by the GROMACS tool gmx energy. We should note that virial
fluctuations are very large so wide errors ranges are expected to be found in
these calculations. Much longer runs would be necessary to obtain meaningful
results. Nonetheless, the surface tension seems to increase with temperature,
which is the expected behavior. That is, by trespassing the coil to globule transi-
tion one should get a more defined interface, leading to a larger surface tension.
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On the other hand, adding NaCl also promotes a sharper water-polymer inter-
face, whereas the polymer turns more hydrophobic (the so-called salting-out
process for protein precipitation). In case of Nal, salting-out is less pronounced,
since, as mentioned, I” ions tend to promote a larger ionic membrane adsorp-
tion which is not very sensitive to the polymer structure. These results are in line
with those given elsewhere when considering a single oligomer chain®’, where
radial distribution functions are shown. There it is reported a large increase of
the height of the O(C=0)-Na* main peak when considering Nal instead of NaCl
for T =288 K. Something similar occurs for the C(C=0)-Na®™ and N(N-H)-Na*
peaks, pointing to an enhanced Na*-membrane binding when replacing chlo-
ride by iodide. It also shows an enhanced anion-membrane interaction for sev-
eral membrane atoms, although they weakly interact in all cases. For the mem-
brane we observe the same trends (not shown). However, both Nat-membrane
and anion-membrane radial distribution function main peaks strongly dimin-
ish their heights due to the presence of the other polymeric chains as compared
with the infinitely diluted chain case. In brief, it seems that small changes in
this weak, unlocalized anion-membrane interaction with all membrane groups
is sufficient to produce remarkable changes in the interaction between cations
and the amide groups of the membrane, driven by the fact that the electroneu-
trality condition is not locally broken in the cases here studied.

4 Conclusions

This work presents molecular dynamics simulations of a thermoresponsive poly-
mer in water and in electrolyte solutions. We have split the results into three
sections. The first deals with an infinitely diluted 30-mer in water. The second
focused on the structure and collective properties of a membrane-like slab of
18 30-mers in water. Finally, we have replaced pure water with a 1 M NaCl and
1 M Nal water solutions to study the membrane adsorption. Most of the first
subsection confirms the findings reported in references [19, 20], where both,
AMBER/OPLS-AA force fields in combination with SPC/E water are shown to
capture the coil to globule transition temperature in qualitative good agreement
with experiments. We have determined a coil to globule transition temperature
of (Tg =308 +5) Kand (Tg = 303 +£5) K for the AMBER and OPLS-AA force fields,
respectively. These values suggest that Du et al. have set an isotactic 30-mer
while Walter et. al a syndiotactic one.

In the second section we have shown that the transition can be also cap-
tured with a membrane-like setup, with some advantages and disadvantages.
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Disadvantages are that a larger number of molecules per simulation cell are nec-
essary, and that larger simulation runs are needed to allow for a proper equilib-
rium sampling. This lastissue is related with larger relaxation times of the whole
membrane structure. An advantage is that a larger polymer/water ratio is im-
plemented, improving statistics on the polymeric part of the system, which is
the subject of study. A second one is that the slab configuration allows to follow
properties related with interfaces such as profiles and surface tension. In addi-
tion, there is the possibility of including the interaction among different poly-
mer chains and not only the self-interaction. Despite this fact, results from this
section show no significant difference of Ty with those obtained for 30-mers,
suggesting that polymer-polymer interactions are not a key ingredient for the
Te determination. Finally, it could provide valuable information on the interac-
tion between the membrane and solutes as electrolytes, leading to density pro-
files which can then be considered in theoretical approaches, such as integral
equation theories, to scaleup results to study microgel-microgel interactions in
mesoscopic scales. As an example of membrane-electrolyte interaction, the fi-
nal section present results on the salting-out effect that occurs in the presence
of electrolyte by considering 1 M NaCl and 1 M Nal. We find no breaking of the
electroneutrality condition for all considered cases, i. e., both normalized ionic
profiles are indistinguishable. Finally, the salting out effect is much less pro-
nounced for Nal than for NaCl, in good agreement with experiments.
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Abstract

We have theoretically studied the uptake of a non-uniformly charged
biomolecule, suitable to represent a globular protein or a drug, by a charged
hydrogel carrier in the presence of a 1:1 electrolyte. Based on the analy-
sis of a physical interaction Hamiltonian including leading order electro-
static contributions, we have identified five different sorption states of the
system, from complete repulsion of the molecule to its full sorption deep
inside the hydrogel, going through meta- and stable surface adsorption
states. The results are summarized in state diagrams that also explore the
effects of varying the electrolyte concentration, excluded-volume contri-
butions as well as the hydrophobic interaction between protein and hy-
drogel. We show that the dipole moment of the biomolecule is a key pa-
rameter controlling the spatial distribution of the globules. In particu-
lar, biomolecules with a large dipole moment tend to be adsorbed at the
external surface of the hydrogel, even if like-charged, whereas uniformly
charged biomolecules tend to partition towards the internal core of an op-
positely charged hydrogel. Our results establish a guidance for the spatial
partitioning of proteins and drugs in hydrogel carriers, tuneable by hydro-
gel charge, pH and salt concentration.
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1. Introduction

1 Introduction

Hydrogels are soft colloidal particles of nanometric size formed by cross-linked
polymer chains dispersed in water. They have received considerable attention
during the last decades due to their exceptional physicochemical properties .
Firstly, hydrogels can be considered as multi-responsive nanomaterials because
they are able to reversible swell and shrink in a useful and reproducible man-
ner in response to various stimuli from their surroundings, such as variations
of the the solvent quality, temperature, salt concentration, pH, or external elec-
tric/magnetic fields>™*. In addition, since the swelling kinetics roughly scales
with the square of the particle size, the swelling response is several orders of
magnitude faster than the one observed in macroscopic gels>°.

In the swollen state, hydrogels are hydrophilic and incorporate a large amount
of water, leading to very open porous structures that allow the permeation of
ions and other kind of cosolutes, such as proteins, peptides, lipids, enzymes, ge-
netic material, drugs and chemical reactants. Oppositely, in the shrunken state,
the particles partially expel their content due to the collapse of the cross-linked
network induced by the enhanced hydrophobic attractions between the poly-
mers. Moreover, hydrogels can be designed to be biocompatible, biodegrad-
able and, due to the large water content allow the incorporation of biomacro-
molecules with relatively small changes in the native structure. This preserves
the drug’s biological activity and conformation state, reducing the toxicity and
enhancing its protection from chemical and enzymatic degradation’~'!.

Due to the combination of all these features, hydrogels have been proposed
as excellent candidates for transport and delivery systems of biomacromolecules
and drugs'?, e.g., in anti-cancer and gene therapy, permitting a high payload
capacity. The release of the entrapped molecule can be triggered externally in a
controlled fashion '*~'¢, Furthermore, they can be selectively surface-functiona-
lized to enable tumour-specific targeting '’

The uptake of biomolecules is mediated by the underlying physical inter-
actions between the biomolecule and the polymer network'®!°. These inter-
actions not only determine the net degree of uptake but also the preferential
location of the biomolecule in the hydrogel volume. In this respect, it must be
emphasized that the properties of the hydrogel-biomolecule complex strongly
depend on whether the molecule is superficially adsorbed at the external shell
of the hydrogel or internally absorbed deep inside the polymer network. Protein
surface adsorption leads to a protein ‘corona’ that largely defines the biologi-
cal identity of the particle?’. In some practical situations, surface adsorption is
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unwanted. An example would be the surface deposition of lysozyme proteins
on contact lenses, which can cause adverse responses and shortens the time
that lenses can be worn?!. Analogously, the use of hydrogels as nanocarriers re-
quires in some cases the complete encapsulation of the therapeutic agent in the
internal matrix of the particle. In this way the biomolecule is not able to inter-
act with the biological environment, thus avoiding the enzymatic breakdown
before reaching the site of action in the body??. In some other circumstances
surface adsorption is desirable. For instance, the exposure of certain protein
domains located at the hydrogel surface (corona) can be used to activate spe-
cific recognition pathways for cellular uptake®>=>°. Clearly, the details of local
interactions and spatial partitioning of the drugs in hydrogels will also affect
their time-dependent uptake*® and release kinetics '%.

Therefore, itis of fundamental importance to know the hydrogel-biomolecule
interactions implied in the uptake process in order to understand how drugs
partition in the hydrogel carrier. In general, this interaction depends on many
parameters that involve solvent properties (such as temperature, electrolyte con-
centration, pH), hydrogel features (e.g., charge distribution, network morphol-
ogy, hydrophobicity) and properties of the biomacromolecule (e.g., size, shape
and charge distribution). In particular, the electrostatic interaction is shown to
be one of the most relevant contributions in biomolecule uptake, as, e.g., shown
in experiments performed with different types of peptides in the presence of
oppositely charged poly(acrylic acid) or poly(acrylamidopropyltriethylammo-
niumchloride) hydrogels*’~*°. Here, the incorporation is enhanced simply by
increasing the peptide charge. Similarly, the encapsulation of Cytochrome C
proteins inside oppositely charged hydrogels is also electrostatically driven, lead-
ing to a uniform distribution of proteins within the structure®’. Naturally, salt
concentration and pH become then additional factors affecting the uptake pro-
cess. On the one hand, lowering the electrolyte concentration enhances both
the electrostatic interactions and the osmotic repulsion induced by the free coun-
terions confined within the hydrogel '®!. On the other hand, pH controls the
sign (and actually also the distribution) of the charge of the biomacromolecule.
Close to the isoelectric point of the latter, for instance, charge regulation can
even lead to charge inversion of the protein®>3.

Additional experimental studies evidence that charged proteins can signif-
icantly partition into planar and spherical polyelectrolyte brushes even when
they hold the same net charge, at pH conditions far away from the isoelectric
point®#36, This adsorption ‘on the wrong side’ is surprising in the sense that,
intuitively, proteins are expected to be repelled by electrostatic and excluded-
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volume forces. Recent theoretical studies and simulations have shown that this
phenomenon can be attributed to the superposition of several interactions. First,
proteins and other biomacromolecules usually carry patches of opposite charge
sign. The non-uniform, ‘multipolar’ charge distribution generates an effective
dipole moment that interacts asymmetrically with the polyelectrolyte, leading
to an attraction that can overcome the electrostatic repulsion®*’. Second, due
to the larger electrolyte concentration found inside the brush compared to the
bulk concentration, there is an attractive Born (self-)electrostatic energy that
arises upon insertion into the charged brush'®3!. Finally, there can be addi-
tional attraction related to the release of the condensed counterions in the case
of highly charged polyelectrolyte chains: when the protein patches of opposite
charge come into contact with the chains, the release of the counterions leads to
a large increase of the translational entropy in the system 9313538 ' All these ef-
fects are also expected to be present at some extent in the sorption of biomacro-
molecules to charged hydrogels.

In addition to electrostatic forces, the spatial partitioning of the biomole-
cule inside the hydrogel will be influenced by other sorts of interactions, such
as steric repulsion effects or hydrophobic attractions. Excluded-volume effects,
for instance, have been observed in the encapsulation of proteins and pep-
tides when the mean network mesh size is smaller than the size of the biomo-
lecule®!*%, Hence, the biomolecules are precluded to enter the hydrogel and
may tend to adsorb at the surface as the molecular weight of the biomolecule is
raised, the cross-linker concentration within the hydrogel increases, or the hy-
drogel de-swells. Otherwise, the hydrophobic attraction between the incoming
biomolecule and the hydrogel can be a very important driving force for some
specific macromolecules or drugs. Indeed, increasing both the biomolecule and
hydrogel hydrophobicity significantly enhances the sorption to the hydrogel,
where the preferential location of the binding depends on the swelling state of
the nanoparticle '%40-%4,

The aim of this work is to explore theoretically the conditions that guarantee
stable and metastable uptake of biomolecules and, in particular, how the latter
spatially partition within the hydrogel (e.g., surface adsorption versus sorption
deep inside).

Our analysis is based on a well-defined interaction Hamiltonian ' extended

to include dipolar contributions®! between a non-uniformly charged biomole-
cule and the charged hydrogel particle. This allows to consider many differ-
ent types of biomolecules attending to their net charge and dipole moment
(charge asymmetry), both controllable by pH. The potential of mean force ex-
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erted by the hydrogel as a function to the distance (i.e., the effective interaction
Hamiltonian) is determined for different combinations of net charge, dipole
moment, bulk salt concentration, and hydrophobic/steric effects. The calcu-
lations include the effect of the local variation of the electrolyte concentration
from the bulk reservoir to the internal volume of the hydrogel, which has impor-
tant implications especially for low salt concentrations. We finally summarize
in state diagrams where the biomacromolecule uptake is more likely to occur,
i.e., classify the results in five different states, namely repulsion (no adsorption),
metastable surface adsorption, stable surface adsorption, and partial and full
inside sorption.

2 Models and Methods

2.1 Model of the hydrogel and globular biomolecule

The system under study consists of a charged hydrogel particle and a single
charged dipolar biomolecule in an aqueous suspension in presence of 1:1 elec-
trolyte at a given bulk concentration c?"¥, The hydrogel particle is modelled in
the swollen configuration as a porous sphere of radius Ry,. While several config-
urations of hydrogel and charge structure may be considered *>~*", as a start, we
have kept the problem as simple as possible and we have considered that both
neutral monomers and charged groups follow a uniform distribution inside the
hydrogel particle, which decreases to zero at the hydrogel interface.

Figure V.1 shows the hydrogel charge distribution for the two salt concentra-
tions studied in this work. Two limiting cases of electrolyte concentration have
been considered, namely ‘low’ and ‘high’ salt concentration. These regimes are
distinguished by the Debye screening length, Ap, and the intrinsic hydrogel-
water interface width, o. In the low salt limit o < Ap, so the hydrogel-water
interface can be modelled by a sharp edge. On the other hand, in the high salt
limit the interface width is large and smoothly decaying. For this we approxi-
mate the charge distribution as a error function, so that

P -R
ch(r)=?h[1—erf(r h) , 0< 1 < +o0. (V.1)

V2o

The high salt limit will be the relevant one for physiological applications where
we will study sorption for the c?"k = 100 mM case.

The biomolecule is also modelled as a spherical particle of radius Ry, repre-
senting for instance a protein globule.
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Figure V.1: Model of hydrogel charge distribution in the low and high electrolyte concentration
limit for cg =100 mM and Ry, = 100 nm.

It is important to notice that charged groups in proteins, peptides and other
biomolecules are not usually located in the particle centre and they are not ho-
mogeneously distributed either. On the contrary, these discrete charges are of-
ten asymmetrically distributed on and inside the molecules, leading to multipo-
lar contributions to the electrostatic potential. To include the multipolar effect,
in this work we have modelled the biomolecule as a particle with net charge g,
and an electric dipole moment py, that accounts for the heterogeneous charge
distribution in leading order. We also assume that the biomolecules are at infi-
nite dilution, that is, we neglect the collective effects that arise from the inter-
action between biomolecules. Therefore, this study focuses on the sorption and
distribution of a single globule.

2.2 Effective interaction Hamiltonian

To calculate the potential of mean force (PMF), i.e., the effective interaction
Hamiltonian, between the hydrogel and the dipolar biomolecule, we split the
pair interaction in three different phenomenological contributions #2648,

Viotal () = Velec (7)) + Vosm (7)) + Vipec (7). (V.2)

The electrostatic interaction is in turn split into three additive terms, Vejec (1) =
Vinono (1) + Viip (1) + VBorn(r). The first one, Vimeno(r), represents the classical
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electrostatic monopole attraction or repulsion due to the net charge of both the
hydrogel and the biomolecule. The second term, Viip (1), accounts for the non-
uniformly charge distribution of the biomolecule. We considered the next lead-
ing term of the multipolar expansion to get the dipolar contribution. Explicitly,
the classical electrostatic interaction up to the dipolar term is given by’

(V.3)

Vinono (1) + Vaip (r) = 25y (r) = kBTln{W}

Y (1)

where kg is Boltzmann constant, T is the absolute temperature of the system,
zn, = gp/ e is the biomolecule valency, y(r) = zey (r) is the reduced electrostatic
potential calculated by means of the linear Poisson-Boltzmann approximation,
b = Up/e is the electric dipole moment of the solute and Y (r) = zeE(r)/ kg T
is the reduced electric field generated by the charged hydrogel. The electro-
static dipolar term is always attractive because the heterogeneously-charged
biomolecule tends to align its dipole with the electrostatic field generated by the
charged hydrogel. The third contribution, Vo (r), is the Born (self-) interac-
tion that characterizes the difference in charging (or solvation) energy when the
biomolecule is charged in the bulk or inside the polyelectrolyte network, which
contains an effectively larger salt concentration. It is defined as the difference
between the solvation energy at r and the solvation energy at bulk, AVgon (1) =
VBorn (1) = VBorn (r — 00), being31’50

ABZIZ)

VBorn (1) =kBT{ —ZRb[RbK(I‘) 1 +

(V.4)

3ABHE [Ryx(r) + 1[(Rpk (1))2 + 2Ry (r) +2]
2R} [(Rpk ()% + 3Ryk (1) +3]2 ’

where z, and Ry are the valence and radius of the biomolecule, respectively,
Ap = e?/4megeckg T is the Bjerrum length and «(r) = \/47r7l,Bz2[c+(r) +c_(r)] is
the local inverse screening lengthls. The first term of equation (V.4) is the clas-
sical monopolar result of a sphere in an electrolyte suspension in the Debye-
Hiickel approximation®’. The second term is the dipolar expansion for a dipole
moment [i, centered in a sphere of radius R,,. Charging the particle inside the
hydrogel is always an energy-favorable process due to the larger ionic concen-
tration there, so the difference in Born solvation energy contributes to an attrac-
tive hydrogel-biomolecule interaction. Counterion-release effects are neglected
in our study.

The second term of the right-hand side of equation (V.2) stands for the ef-
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fects of the osmotic pressure due to the confined ions inside the hydrogel,
Vosm (r) = kg T[e4 (1) + c- (1) = 2¢"™ |V, (V5)

which depends on the biomolecule volume V4, and on the difference between
local number density of free ions (¢4 +c-) inside the polymer network and within
the bulk (20?““‘). The osmotic pressure always exerts a repulsion on the incom-
ing solute and decreases with electrolyte bulk concentration, given that the bio-
molecule sorption is hindered by the excess of counterions.

Lastly, with the third term of equation (V.2) we have defined a phenomeno-
logical specific potential that accounts for the steric effects and the hydropho-
bic character of the biomolecule. On the one hand, the partitioning of particles
within the hydrogel is always obstructed due to the volume-exclusion exerted
by the polyelectrolyte chains of the network. This effect is naturally small for
swollen hydrogels and small globules (i.e., nanometer size) but becomes very
important when shrinking the hydrogel or increasing the size of the biomole-
cule. However, this repulsion may be overcome by the attractive interaction
that results from the hydrophobic character of the molecule. Indeed, many of
the molecules employed in biotechnological applications are significantly hy-
drophobic and show preferential binding for the polyelectrolyte network rather
than the aqueous environment. Both steric and hydrophobic effects are consid-
ered in the following mean-field potential

Vspec(r) = —kp T1n[1 —2¢,(r)%2], (V.6)

where ¢, (r) is the monomer density of the network and 93, is the second virial

coefficient (or ‘interaction’ parameter) of the local two-body interaction between
a biomolecule and a monomer. This potential can be derived by expanding the

corresponding partitioning coefficient K = exp(—=BV,, spec) = 1 + ¢pI" in pow-

ers of the polymer density. The parameter I' = —29, represents the protein-

polymer adsorption in the limit of infinite dilution of protein®'. If the hydropho-

bicity of the particle is more relevant than the excluded-volume effects, then

Vspec(r) < 0 and the specific potential will be attractive. Otherwise, if the system

exhibits strong excluded-volume effects, the overall specific interaction will be

repulsive.

To make an exhaustive discussion of the results we should recall the main
features of every potential that contributes to the total PMF and their depen-
dence on gy and py,. First, the electrostatic monopolar contribution is attrac-
tive if the hydrogel and the biomolecule are oppositely-charged, repulsive oth-
erwise, and does not depend on the electric dipole moment. Since this con-
tribution is proportional to the electrostatic potential, it reaches its maximum
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(absolute) value inside the hydrogel and quickly decreases in the bulk. The elec-
trostatic dipolar term is always attractive and it is coupled to the local electric
field. Hence, it becomes especially relevant at the hydrogel surface, where the
electrostatic field reaches its maximum value. Since Vg, (r) is the result of the
inhomogeneous charge distribution of the biomolecule, it is independent of g,
and increases with uy,. Considering the monopolar and dipolar part of Born sol-
vation energy together, their contribution is always attractive and increases with
gy and . On the other hand, the osmotic pressure always exerts a repulsive
force and does not depend on ¢y, and iy, but increases as the salt concentration
drops.

Lastly, as mentioned above, the specific contribution may be attractive, null
or repulsive.

3 Results and discussion

3.1 PMF features and the definition of sorption states

From the shape of the PMF curves is possible to determine the sorption de-
gree and predict where the biomolecule will be preferentially partition. In this
work we have distinguished five different sorption states: (1) no adsorption, (2)
metastable surface adsorption, (3) stable surface adsorption, and (4) partial and
(5) full inside sorption. As an example, in Figure V.2 one PMF is plotted for each
state of the system.

* State 1 corresponds to those cases in which the total PMF is completely
repulsive, avoiding any permeation of the molecule within the polyelec-
trolyte network.

* Instate 2 a local minimum in the repulsive potential located at the hydro-
gel interface arises. This potential well allows an accumulation of biomo-
lecules, leading to a metastable adsorption onto the hydrogel surface.

* Instate 3 the PMF is repulsive inside the hydrogel, but the local minimum
is deep enough to become attractive, the adsorption of the biomolecule in
the hydrogel surface is stable.

* In state 4 the hydrogel-biomolecule interaction potential is also attrac-
tive inside the microgel, partitioning of the globules will also significantly
happen inside the hydrogel network.
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* Finally, in state 5 no surface adsorption takes place but full inside sorp-

tion.
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Figure V.2: Potential of mean force in the low salt regime (c?"X = 10 mM). Top graph corre-
sponds to a likely-charged biomolecule (g, = 10e) and different values of electric dipole moment
Up (in Debye units), while bottom graph represents the case of a biomolecule with electric dipole
moment py, = 500 D and different values of electric charge g}, opposite to that of the hydrogel.
These five states are observed in the bottom diagrams of Figure V.3.
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3.2 Parameter range

We have studied the sorption states of the system for a large interval of (positive
and negative) net charge and electric dipole moment.

From the early experimental works®?, to more recent computational tools
working on data of the Protein Data Bank®>°*, we have determined the range of
possible values of (up, gp). In fact, the biomolecule net charge can reach values
up to 20e (elementary charge units), whereas the dipole moment up to 2000 D
(Debye units).

Every sorption state resulting from each combination of (uy, q,) has been
plotted in state diagrams.

As mentioned above, the electrolyte concentration has also a determinant
effect on the hydrogel-molecule interaction. Therefore, two limiting cases of
low and high 1:1 electrolyte concentration have been considered.

In the low salt regime we studied the system at ¢c?" = 1 mM and 2" = 10
mM, but we observed that in the lowest case the osmotic pressure was so high
that no sorption state was achieved in any case. Therefore, in this work we have
focused at c?" = 10 mM for the low salt regime, while in the high salt limit we
have considered c?"* = 100 mM. In this way, the study of the PMF of oppositely-
and likely-charged biomolecules at two salt concentrations leads to four state
diagrams. Note that the high salt limit is the relevant one for physiological ap-
plications.

In addition, the hydrophobicity of the biomolecules and the volume ex-
clusion exerted by the hydrogel (entering through Vspec(r)) can also determine
the uptake into the polyelectrolyte network. In order to investigate both ef-
fects, three different hypothetical frameworks have been analyzed: a system
where both the hydrogel exclusion-volume and the biomolecule hydrophobic-
ity are negligible (Vypec(r) = 0), a system in which the biomolecule hydropho-
bicity dominates the specific interaction (Vspec(r) < 0), and a system with high
excluded-volume effects (Vgpec(r) > 0). As a result, four state diagrams have
been plotted for each one of the three systems in Figures V.3, V.4 and V.5, re-
spectively. A summary of all the other system features is listed in Table V.1.

3.3 Discussion of state diagrams

To begin with, we discuss the general trends of the state diagrams for Vypec(r) =
0, that is, a system where the hydrogel exclusion-volume is negligible and the
biomolecule does not show hydrophobic character (Figure V.3). In these cases,
the stable sorption states 4 and 5 are resulting from almost any combination of
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Variable Symbol  Value
Absolute temperature T 298K
Hydrogel radius Ry 100 nm
Hydrogel charge concentration at r =0 cﬁ 100 mM
Width of the hydrogel charge distribution (100 mM) o 2nm
Valence of hydrogel charged groups Z 1
Valence of ions z 1
Radius of the biomolecule Ry 1.5nm

Table V.1: Summary of the values of the variables in the hydrogel-electrolyte-biomolecule sys-
tem.

(4b, gb), with the exception of very small values of charge and dipole moment.
This is a predictable result, since if the biomolecule electric charge is opposite
to that of the hydrogel, all contributions to the total PMF but the osmotic inter-
action are attractive. Therefore, the repulsion exerted by the osmotic pressure is
only relevant when py, and gy are small enough to make the other interactions
less dominant. For the lower salt concentration the osmotic pressure is higher
because of the larger difference between the neutralizing counterions inside the
hydrogel and the counterions in the bulk.

On the other hand, in the case of likely-charged particles, the biomolecule
sorption states are more dependent on electrolyte concentration. The osmotic
pressure decreases as the ionic bulk concentration increases, so it has a neg-
ligible effect on the total PMF at cg’u‘k = 100 mM. In addition, at this salt con-
centration the difference in the Born energy is also irrelevant for small values of
(Up, gb), although it increases with both variables. Consequently, the sorption
state of the biomolecule at high electrolyte concentration is mainly the result of
the competition between the electrostatic monopolar repulsion (directly pro-
portional to gp) and the dipolar attraction (which increases with pp). Hence,
if the biomolecule net charge is high enough, monopolar repulsion will hinder
its permeation deeply into the carrier independently of the electric dipole mo-
ment. However, as g decreases and py, increases, dipolar attraction becomes
more relevant, raising the chance of (meta- and stable) interfacial adsorption
of the biomolecule, leading to sorption states 2 and 3. In this way, the sorption
of the molecule inside the hydrogel (state 4) will be possible when py, is high
enough to enhance the attraction produced by the difference in Born solvation
energy.

Regarding the low electrolyte concentration regime for likely-charged par-
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ticles, the sorption state diagram shows less dependence on the electrostatic
monopolar repulsion than in the high salt regime. The main reason of this
change is that the relevance of both the osmotic pressure and the Born solva-
tion energy in the total PMF increases for low electrolyte concentrations. For
instance, at up = 1000 D and gy = 10e, the osmotic contribution in the origin is
Vi ~ 0.25V, and the Born contribution is AV}~ —0.82V,), for a salt
concentration cg"ﬂk =10 mM, while in the high salt regime, both contributions
are only V3, ~0.04V2,, and AV2  ~-0.27V9, . at c®uk = 100 mM. There-
fore, although the increase in osmotic pressure enhances the repulsion already
dominated by the electrostatic monopolar interaction, the sorption state of the
system becomes strongly dependent on the electric dipole moment of the bio-
molecule by means of both the dipolar and Born attractive interactions. Hence,
for small values of y;, the total PMF is repulsive and no molecule adsorption
takes place in the system, with the exception of extreme values of ¢, In the case
of very low molecule net charge, the monopolar and osmotic repulsion are not
strong enough to prevent stable surface adsorption due to the dipolar attraction
and, to a lesser extent, the Born solvation energy contribution. On the other
hand, for the highest values of g, the system exhibits metastable adsorption as
a result of the competition between the repulsive monopolar interaction and
the attractive Born contribution, given that the electrostatic dipolar interaction
does not depend on the biomolecule net charge. Indeed, at high values of gy,
the difference in charging energy dramatically increases and can overcome the
effect of monopolar repulsion at the hydrogel surface. As the biomolecule elec-
tric dipole moment increases, the repulsion due to the electrostatic monopolar
interaction and the osmotic pressure remains constant for a given q,. There-
fore, the increase of the dipolar interaction with py, at the hydrogel surface and
the Born contribution inside the hydrogel network lessen the total PME leading
first to metastable surface adsorption of the biomolecule, then to stable adsorp-
tion, and finally to the partial sorption of the particle inside the hydrogel for the
highest values of dipole moment.

Let us now focus on the influence of specific hydrophobic-steric effects. In
Figure V.4 we show the state diagrams for likely- and oppositely-charged biomo-
lecules at high and low salt concentrations for a system in which the hydropho-
bic attraction dominates the specific interaction. In this case, Vs%ec =-5kgT,in
addition to the other contributions discussed above. Therefore, it is expected
that the biomolecule sorption is enhanced with respect to the system described
in Figure V.3. In fact, we can see that there is always some kind of sorption
in the four state diagrams of the hydrophobic system, while the state 1 of no-
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Figure V.3: Phase diagrams in the high and low salt concentration limits and for like-charged
(left panels) and oppositely-charged (right panels) hydrogel and biomolecule in a system where
steric repulsion is compensated with hydrophobic attraction (Vspec (r) = 0).

adsorption never takes place. In particular, for oppositely charged particles, the
biomolecule is always sorbed, given that it is highly attracted to the hydrogel.
Only for very small values of net charge and dipole moment at low salt concen-
trations the osmotic pressure is relevant enough to avoid the permeation inside
the polyelectrolyte network, leading to a stable adsorption of the biomolecule
onto the hydrogel surface.

On the other hand, when the electric charge of the hydrogel and the bio-
molecule share the same sign, it has been mentioned that the sorption state at
high electrolyte concentration is resulting from the interplay between the elec-
trostatic monopolar repulsion and the dipolar attraction. However, in the case
of hydrophobic molecules, the monopolar repulsion is overcome by this effec-
tive attraction due to the tendency of the particles to exclude water molecules.
Hence, the resulting state diagram is highly dominated by the sorption state,
although when the biomolecule net charge is high enough, the electrostatic re-

165



Paper V. Langmuir 2017

pulsion restricts its sorption to the hydrogel surface, leading to state 3. Similar
changes affect the state diagram of likely-charged particles in the low salt con-
centration regime: the repulsion due to the electrostatic monopolar interaction
and the osmotic pressure is not enough to prevent the sorption of the hydropho-
bic biomolecule. Hence, even for small values of electric dipole moment the
molecule experiences a metastable surface adsorption. As yy, increases, the at-
traction due to the dipolar interaction at hydrogel surface and the difference in
Born solvation energy increases, leading to stable surface adsorption at mid-
values of dipole moment and to the inside sorption of the particle for higher
values of uy,.
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Figure V.4: Phase diagrams in the high and low salt concentration limits and for like-charged (left
panels) and oppositely-charged (right panels) hydrogel and biomolecule in a system in which
biomolecule hydrophobicity dominates the specific interaction (Vspec(r) <0).

Let us finally consider the least favorable case for the biomolecule sorption,
that is, a hydrogel with high excluded-volume effects. To represent such a sys-
tem we have considered a repulsive specific potential with Vs%ec =5kgT. The
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corresponding state diagrams are plotted in Figure V.5, where we can easily see
the opposite trend to the one observed in Figure V.4. That is, while in the hy-
drophobic case the inside sorption states were dominant in most cases, in this
situation it looses ground in favour of other hydrogel-biomolecule configura-
tions. Actually, at first sight the four state diagrams are quite similar to those of
Figure V.3, with subtle differences. Regarding the oppositely-charged systems,
we can see that higher values of net charge are needed to attain the biomole-
cule sorption inside the polyelectrolyte network. This effect is more remarkable
at high electrolyte concentration, where the sorption state of the biomolecule is
the result of the competition between electrostatic attraction and steric repul-
sion. Moreover, for small enough values of net charge and dipole moment, the
excluded-volume effects dominate the total hydrogel-biomolecule interaction,
avoiding any permeation of the molecule (state 1).

The same tendency is observed for likely-charged biomolecules, especially
in the high electrolyte concentration limit, where the total PMF is mainly re-
pulsive due to the joint effect of electrostatic monopolar interaction and steric
exclusion. Only for small values of the net charge and high values of the dipole
moment, the electrostatic dipolar attraction becomes strong enough to allow
meta- and stable surface adsorptions of the biomolecule. In the low salt con-
centration regime, however, the excluded-volume effects seem to be less rele-
vant in the sorption state diagram of the system, taking into account that it is
quite similar to the corresponding diagram at Vs%ec = 0. This is a reasonable re-
sult because, in contrast to the high salt regime, when the electrolyte concentra-
tion is low the total PMF has a magnitude of tens of kg T. Consequently, a steric
repulsion of Vs%ec = 5kg T has little effect on the total interaction potential.

4 Conclusions

The aim of this work was to understand the different mechanisms that are in-
volved in the sorption and spatial distribution of a multipolar biomolecule to a
hydrogel particle in presence of a 1:1 electrolyte.

To construct the total potential of mean force (PMF) between the hydrogel
and the dipolar biomolecule, different phenomenological contributions were
considered, namely electrostatic interaction and Born solvation energy up to
the dipolar term of the multipolar expansion, the osmotic pressure contribu-
tion, and a specific steric-hydrophobic interaction. From the study of the PMF
five sorption states of the system were determined, namely no adsorption, metastable
surface adsorption, stable surface adsorption and partial and full inside sorp-
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Figure V.5: Phase diagrams in the high and low salt concentration limits and for like-charged
(left panels) and oppositely-charged (right panels) hydrogel and biomolecule in a system with
high excluded-volume effects (Vspec(r) > 0).

tion. The resulting sorption states were compiled in state diagrams as a func-
tion of net charge and electric dipole moment, for different electrolyte concen-
trations and specific hydrogel-biomolecule interactions.

Results show that for oppositely-charged particles, the biomolecule was sorbed
inside the polyelectrolyte network for almost every combination of net charge
and dipole moment at both high and low salt concentration limits, with the ex-
ception of very small values of (up, gp) and high excluded-volume effects. In
those less favorable situations the biomolecule experienced a stable surface ad-
sorption or, just in case of really high steric repulsion, it was not adsorbed.

For likely-charged hydrogel-biomolecule, however, the electrolyte concen-
tration had a determinant effect on the overall configuration of the state dia-
grams, which showed more variability. At high electrolyte concentration the
sorption state of the biomolecule was mainly the result of the interplay between
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the electrostatic monopolar repulsion and the dipolar attraction. Consequently,
in most cases the biomolecule is precluded by the hydrogel network, except for
hydrophobic particles. In the rest of cases high values of the electric dipole mo-
ment where needed to achieve some kind of sorption of the molecule. On the
other hand, in the low salt regime the adsorption of the biomolecule was sub-
ject to a multiple competing interaction mechanisms, being the electric dipole
moment the driving variable that leads the system to all the different sorption
states, from complete repulsion to full inside sorption.

From this study we can conclude that the electrostatic interaction has a de-
terminant role in the uptake and spatial distribution of charged molecules in-
side hydrogels, as has been suggested by several authors?’~*". Although biomo-
lecules of the opposite charge of the hydrogel are more likely to be adsorbed, we
have seen that different sorption states can be achieved even for likely-charged
biomolecules. Importantly, the non-uniform charge distribution of the biomo-
lecule leading to large dipoles is a determining factor to take into account, espe-
cially when surface adsorption is a focus. We emphasize again that the protein
charge distribution is tuneable by pH. Further, the hydrophobicity of the parti-
cle clearly enhances the biomolecule uptake inside the polyelectrolyte network.

In summary, there is no a unique variable which controls the sorption of
molecules inside the hydrogel, but a wide range of factors are to consider. The
total hydrogel-biomolecule interaction potential is the result of a complex com-
bination of mechanisms that depend on the molecule net charge and electric di-
pole moment, electrolyte bulk concentration, hydrogel charge, monomer distri-
bution, volume, and hydrophobic character of the particles, among others. Al-
though the complexity of the problem may seem discouraging, we have demon-
strated that it is possible to predict the qualitative behaviour of such systems
with the help of a relatively simple theoretical framework. Not only discerning
whether the molecule is taken up by the hydrogel or not, but determining the
place where the particle is located within the carrier particle is crucial for both
the encapsulation and release kinetics of the biomolecule and hence hydrogel
carrier functionality. Therefore, our work should serve as a useful guide in the
development of hydrogel-based carrier systems for biotechnological applica-
tions due to its simplicity and effectiveness.
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Abstract

Poly(N-vinylcaprolactam) (PVCL) is a new temperature-responsive type
of polymer microgel with improved biocompatibility as compared to more
commonly used poly(N-isopropylacrylamide) (PNIPAM). Both polymers
swell at low temperatures and collapse at high ones, showing a Volume
Phase Transition Temperature (VPTT) around the physiological temper-
ature. Exploring the interfacial characteristics of thermoresponsive mi-
crogels is important due to their potential application in emulsions based
systems with tailored stability and controlled degradation profile. In this
work, we study the properties of charged PVCL particles at the air-water
interface by combination of adsorption, dilatational rheology and Lang-
muir monolayers. Although PVCL particles adsorb spontaneously at the
air-water interface in both, swollen and collapsed conformations, the in-
terfacial properties show significant differences depending on the swell-
ing state. In particular, the total amount of adsorbed microgels and the
rigidity of the monolayer increase as the temperature raises above the VPTT,
which is connected to the more compact morphology of the microgels in
this regime. Dilatational rheology data shows the formation a very loose
adsorbed layer with low cohesivity. In addition, collapsed microgels yield
a continuous increase of the surface pressure, whereas swollen microgels
show a phase transition at intermediate compressions caused by the de-
formation of the loose external polymer shell of the particles. We also pro-
vide a qualitative interpretation for the surface pressure behavior in terms
of microgel-microgel effective pair potentials, and correlate our experi-
mental findings to recent rescaling models that take into account the im-
portance of the internal polymer degrees of freedom in the rearrangement
of the conformation of the microgel particles at the interface.
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1. Introduction

1 Introduction

Polymer gels are among the most attractive and versatile soft materials. They
are present in many everyday products including food and pharmaceutical in-
dustry. Polymer gels typically contain large amounts of liquid confined within
a flexible network of polymer chains or colloidal particles.! Among the differ-
ent types of gels, all with different properties and applications, microgels are
sub-micrometer sized cross-linked polymer particles that can carry or incorpo-
rate macromolecules in their network structure. This property, coupled with
their “soft” character and the ability to introduce stimuli-responsive character-
istics, means that they have many attractive applications, including drug deliv-
ery.>® The choice of stimuli depends on the application, being thermorespon-
sive microgels the most frequently investigated since their small size enables
them to develop a rapid kinetic response to temperature changes.* In particu-
lar, thermoresponsive microgels showing a volume phase transition tempera-
ture (VPTT) near physiological temperature, have been investigated lately. Mi-
crogels based on biocompatible and temperature-sensitive polymers having a
lower critical solution temperature (LCST) around 32°C in aqueous solutions
swell at low temperatures and collapse at high ones.

Since 1986 there have been many publications describing the preparation,
characterization and application of temperature sensitive microgels from an ex-
perimental point of view>°'? as well as their physical properties by theories
and simulations.®%!!=?! Amongst all the temperature-sensitive polymer micro-
gel systems the ones based on Poly-N-Isopropylacrylamide (PNIPAM), are the
most widely studied. PNIPAM microgels are considered to be “smart” or “switch-
able” materials having the VPTT close to physiological temperature. This means
that they have the potential as an intelligent drug delivery vehicle where the re-
lease of an active agent or drug can be triggered by changes in temperature. This
can be used by simple contact, for example, in transdermal delivery systems via
our skin.?” In addition to their ability to change conformation with tempera-
ture, PNIPAM microgels adsorb onto fluid/fluid interfaces due to their surface
activity (i.e. lower the surface tension of water). 22-36 1p general, the adsorption
and self-assembly of microgel particles at fluid interfaces has been a topic of
study for many researchers for the past few years providing many interesting
challenges (see®’Y and references cited therein). The behaviour of polymeric
particles lies in between that of colloidal particles and soft polymers while the
adsorbed state provides an anisotropic media which affects their morphology
and interactions. These facts, in addition to their temperature responsive na-
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ture, make of these soft particles potential candidates as Pickering stabilizers
for emulsions with tunable stability. >’ Therefore, understanding the adsorption
behavior of soft PNIPAM microgels onto fluid interfaces has become increas-
ingly important both in terms of fundamental science and applications of mi-
crogels as multi-stimuli responsive emulsion stabilizers. ** However, despite the
increasing number of studies on adsorbed layers of PNIPAM-based microgels
reported in the literature, the properties of the adsorbed state and the link with
emulsion stability is still not well understood yet. >

Recently, Geisel and coworkers have found differences between Gibbs mono-
layers, where particles spontaneously adsorb in the presence of excess in the
bulk, and Langmuir monolayers, where a fixed amount of particles is spread
at the interface. Although both routes offer in principle the possibility to tune
the microstructure of the interface, they demonstrate that Langmuir monolayer
is much more effective technique for the fabrication of 2D ordered microgel ar-
rays, where the interparticle separation can be easily tuned by changing the sur-
face pressure.®”*3 Pinaud and coworkers have related interfacial properties of
PNIPAM microgels to their conformation and packing at a model oil-water in-
terface.® Therein, the authors propose a model for the microgel deformation
and packing at the interface during compression comprised by various packing
states in the Langmuir film for PNIPAM microgels. For their part, Zielinska and
coworkers, have recently provided valuable information concerning the struc-
ture of the adsorbed microgel layer by neutron reflectivity. They prove that PNI-
PAM microgels form more complex structures at the interface, which have to
date not been resolved.?? The specific impact of temperature (swelling state)
on the surface conformation has also been addressed is some detail by various
authors.?>?"4%4! However, a systematic interfacial study including kinetics, ad-
sorption isotherms, dilatational rheology and Lanmguir films has not been ac-
tually performed so far.

Another issue is that the use of PNIPAM as a biomaterial may be limited be-
cause of its high cytotoxicity and its low cell viability. In this sense, temperature-
sensitive polymer microgel based on poly(N-vinylcaprolactam (PVCL) appears
as an alternative to PNIPAM-based microgels.® PVCL polymers are especially
interesting due their stability against hydrolysis and biocompatibility. In fact,
it has been recently shown that PVCL-based microgels are more biocompatible
than traditional microgels based on PNIPAM and therefore, more suitable for
bio-applications.® The development of PVLC requires a better understanding
of the complex dynamic structure of such micromaterials and currently there is
a lack of experimental data about how these materials actually behave at inter-
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faces. With the exception of Wu and coworkers who focus on the properties of
mixed PVCL and PNIPAM at the interface. "

In this work we have used PVCL based charged microgel and carried out
a complete surface characterisation including kinetics, adsorption isotherms,
dilatational rheology and Langmuir monolayers. Such a complete interfacial
study has not been attempted before on PVCL and we hence show for the first
time the conformational changes undergone at the air-water interface. We eval-
uate the synergism with the temperature deformation and provide important
new aspects on the interfacial properties of PVCL. Understanding the behaviour
of microgels at interfaces will enable the rational design of emulsion based sys-
tems for targeted delivery of drug administration.

2 Experimental

2.1 Materials

Poly(N-vinylcaprolactam)-based microgel (PVCL) was synthesized by emulsion
polymerization in a batch reactor. The original protocol was developed by Imaz
and Forcada.** The monomer N-vinylcaprolactam (VCL, Sigma-Aldrich); the
crosslinker, poly(ethylene glycol) diacrylate (PEGDA 200, Polysciences); the an-
ionic initiator, potassium persulfate (KPS, Sigma-Aldrich); the buffer, sodium
bicarbonate (NaHCOs, Sigma-Aldrich), and the emulsifier, sodium dodecyl sul-
fate (SDS, Sigma-Aldrich) were used as supplied with concentrations in Table VI.1.
An the ionic comonomer, acrylic acid (AA, Sigma-Aldrich), was used to confer
charge to the resulting microgel particles. The reaction mixture was heated at
70°C, stirred at 300 rpm agitation rate, and purged with nitrogen for 1 h be-
fore starting the polymerization. After adding the initiator, the reaction was al-
lowed to continue under nitrogen atmosphere while stirring and a shot of AA
was added in the reaction medium after 30 min of reaction. Once the reac-
tion was finished (5 h) the reaction mixture was subsequently cooled to 25°C,
whilst maintaining the stirring and nitrogen flow to prevent possible aggrega-
tion. The final dispersion was filtered through glass wool, and cleaned by dial-
ysis (Spectra/Por Dialysis Membrane. Molecular weight cut off: 12,000-14,000
Da) at room temperature. The water was exchanged every 12 h and dialysis was
allowed to run until the dialysate reached a conductivity and surface tension
values close to those of pure water (2 uS/cm and 70 mN/m) The concentration
of the final PVLC microgel suspension was 0.662% (w/w).

Dispersions of microgels were prepared by dilution in ultrapure water fol-
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Function Compound % w/w

Monomer VCL 1.0126
Ionic comonomer AA 0.0798
Crosslinker PEGDA 0.0400
Initiator KPS 0.0100
Buffer NaHCO;3 0.0103
Emulsifier SDS 0.0400

Table VI.1: Concentration of reactants used in PVCL microgel synthesis

lowed by mixture of the solution in vortex for 1 min. All measurements were
made in ultrapure water at different temperatures. For the preparation of buffer
solutions, the cleaning is carried out by dialysis against deionized water (Milli-
Q Academic, Millipore, France). All glassware was washed with 10% Micro-90
cleaning solution and exhaustively rinsed with tap water, isopropanol, deion-
ized water, and ultrapure water in this sequence. All other chemicals used were
of analytical grade and used as received.

2.2 Methods

The hydrodynamic diameter (Dy) of the microgel in solution was measured by
means of Dynamic Light Scattering (DLS) technique with Zetasizer Nano ZS
system from Malvern Instruments. The hydrodynamic diameters were calcu-
lated from the diffusion coefficient using the Stokes-Einstein equation. The self-
optimization routine and correlogram analysis provided by the software was
used for all measurements. Samples were diluted 1:20 in ultrapure water. Mea-
surements were taken every 2°C, ranging from 20°C to 54°C, in order to consider
the whole range of sizes of the microgels. At each temperature, we waited two
minutes to equilibrate each sample and then we took three measurements. The
deviation was found to be less than 2% and final values are plotted as mean
values of replicates, with standard deviations obtained according to statistical
analysis tools.

Adsorption/desorption and dilatational rheology measurements were made
in the OCTOPUS (W02012080536-A1). This is a Pendant Drop Surface Film bal-
ance implemented with subphase multi exchange device.*®> The OCTOPUS is
fully automated by computer software DINATEN® and CONTACTO®. The de-
tection and calculation of surface area and surface tension are based on axisym-
metric drop shape analysis (ADSA). The pendant drop is placed on a three-axis
micropositioner and is immersed in a glass cuvette (Hellma®) which is kept in
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an externally thermostated cell, which was varied from 20°C-55°C during the
experiments. The adsorption/desorption curves comprised three steps: ad-
sorption, dilatational rheology and desorption. A microgel solution droplet is
formed at the tip of the double capillary and the surface tension is recorded at
constant surface area. Then, we measure the dilatational rheology of the sur-
face by applying an oscillatory perturbation to the surface, by injecting and ex-
tracting volume into the pendant drop. The system records the response of the
surface tension to this area deformation, and the dilatational modulus (E) of
the interfacial layer is calculated from this response. In a general case, the di-
latational modulus is a complex quantity that contains a real and an imaginary
part

E=FE +iE'=¢e+ivn (VL.1)

E' is the storage modulus that accounts for the elasticity of the interfacial
layer (¢), E” is the loss modulus that accounts for the viscosity () of the inter-
facial layer, and v = 0.1 Hz is the angular frequency of the applied oscillation.
In this work, the applied oscillations in interfacial area were maintained at am-
plitude values lower than 5%, to avoid excessive perturbation of the interfacial
layer. After re-equilibration of the surface, we measure the desorption profile.
This is done exchanging the bulk subphase by that of pure water at least 50 times
the volume of the drop. We record the evolution of the surface tension while the
subphase exchange proceeds until the surface tension is not affected by further
subphase exchanges and a new steady state is reached.*>. Finally, we monitor
the surface tension at constant surface area (20 mm?) for 1 h. The pendant drop
volume and surface area is preserved during the whole desorption profile. Ad-
sorption/desorption curves were carried out in triplicate at temperatures: 20,
30, 37, 45, 50 and 55°C and a fixed concentration of 0.02% (w/w). The devia-
tion was found to be less than 2% and final values are plotted as mean values of
replicates, with standard deviations according to statistical analysis tools.

Langmuir monolayers were measured using a Langmuir Film balance equipped
with paper Wilhelmy plate pressure measuring system (KSV) with a sensitivity
of 0.1 mN/m and total area 244.5 cm?. The whole setup is located in a trans-
parent Plexiglas case to avoid air streams and dust deposition connected to a
thermostat. The system records the evolution of the surface pressure (I1) as the
available surface is compressed. The surface pressure is defined as I1 = yy -7,
being v, the surface tension of the pure water surface. The absence of surface
active contaminants was verified by compressing the bare water subphase, ob-
taining values of I1 < 0.2 mN/m within the whole compression cycle. The IT-A
isotherms were recorded at two temperatures well below and above the tran-
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sition temperature of the microgels, namely 20°C and 45°C respectively. The
samples were incubated at the required temperature for 15 min before spread-
ing. Then, the microgel solution (0.5 g/1 in pure water) was carefully spread on
the subphase by means of a microsyringe (Hamilton®). After an equilibration
time of 15 min, we record the surface pressure-area (I1-A) isotherm upon sym-
metric uniaxial compression at a constant rate of 5 mm/min. Various amounts
of solution (50-200 ul) were spread in different experiments to cover the whole
compression isotherm at 20°C while 300 ul were spread to obtain the isotherm
at 45°C. The number of measurements needed was determined depending on
the variability of the results and standard deviations obtained. In particular,
3 replicates were needed for the measurements at 45°C, where deviation was
found to be less than 2%, whereas 6 repetitions were needed at 20°C, where de-
viations ranged from 2 to 8%.

3 Results and discussion

3.1 Swelling behavior

The PVCL charged microgels were first characterized by dynamic light scatter-
ing (DLS) to determine their average size, the temperature dependence of the
hydrodynamic diameter (Dy,), the temperature range of the volume phase tran-
sition (VPTT) and the swelling ratio. Fig. VI.1 depicts the average hydrodynamic
diameter of the microgels as a function of temperature. The polydispersity has
been calculated by light scattering and the results shown as error bars. As ob-
served, Dy, remains constant at temperatures below 20°C and above 40°C. The
VPTT lies around 32°C in close agreement with literature values.*’ The hydro-
dynamic diameter of the microgels decreases from 131+3 nm to 56.5+0.5 nm,
when the temperature increases from 20°C to 40°C, indicating that the internal
volume fraction of the microgels increases with raising temperature. The values
are in agreement with those reported in the literature*>*?, and fall within the
nanometric scale. The swelling ratio depends fundamentally on the amount of
crosslinker used in the synthesis and despite the differences in size the swell-
ing ratio obtained for PVLC based microgels is similar to that reported for PNI-
PAM based microgels with the same amount of crosslinker.®*° The variation of
temperature induces a change in the hydrophilic/hydrophobic balance of mi-
crogels, which leads to a variation in size. The collapse of microgel particles
is due to the destruction of hydrogen bonds in the structure of the microgel as
the temperature rises above the VPTT. This induces the increase of hydropho-
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bic attractions between polymer chains, leading to the exclusion of water and
consequently, to the shrinking of the microgels.'® The PVCL microgel synthe-
sized and used in this work also contains a significant amount of AA (Table VI.1)
which provides the microgel with surface charge.”> Most of the studies in the
literature deal with neutral PNIPAM microgels, and this also will possibly make
a difference in the characterization.®
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Figure VI.1: Hydrodynamic diameter of PVCL microgels as a function of temperature.

Fig. V1.2 illustrates the SEM images of the PVLC microgels. As observed, par-
ticles are approximately circular in appearance. The SEM images illustrate the
diameter of the dehydrated particle. The values obtained for the diameter in the
SEM images practically coincide with those obtained for the compact microgel
in Fig. V1.1, corresponding to dehydrated particle.

3.2 Gibbs monolayer: dynamics, adsorption and surface rheology

Fig. V1.3 shows the dynamic adsorption curves of the microgel solution at a
fixed concentration of 0.02% w/w recorded at different temperatures below and
above the VPTT. In all cases the surface tension decreases with time and even-
tually attains a plateau. The adsorption of microgels at the air-water interface
involves two process: diffusion of particles towards the interface followed by a
much slower reconfiguration of the microgels at the surface.?***%" In Fig. V1.3
we observe clearly these two distinct adsorption regimes, similar to the adsorp-
tion of concentrated solutions of surfactants and proteins. ** The dynamic curves
comprise a first stage with a sharp decline of the surface tension followed by
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Figure VI.2: Images obtained with a Zeiss SUPRA 40VP Field Emission Scanning Electron Micro-
scope (SEM).

a second stage in which the variation is much less pronounced. The first ad-
sorption stage is in general size dependant and the decreasing slope illustrates
the diffusion of particles onto the air-water interface.’* The second stage is the
result of balancing the hydrophobic and hydrophilic moieties to minimize the
free energy at the surface (unfolding of polymer chains to optimal conforma-
tion). These general trends agree with the dynamic adsorption curves of PNI-
PAM based microgel solutions published elsewhere.?*34*? There are however,
no reported results of dynamic adsorption of PVCL microgel solutions in the
literature.

The adsorption kinetics of PVLC based microgels in Fig. VI.3 show similar
slopes in the first regime, indicating similar diffusion rates below and above
the VPTT. Instead, the impact of temperature appears more evident in the fi-
nal surface tension attained after the sharp decline, which is higher above the
VPTT. Accordingly, this is an indication of a higher number of particles reach-
ing the surface at a rather similar rate as the temperature increases in the sys-
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Figure VI.3: Dynamic surface tension of 0.02% w/w PVLC microgel adsorption onto the air-
water interface. Squares: 20°C, rhomboids: 30°C, triangles: 45°C, circles: 55°C.

tem; namely, as the microgel particles are more compact. This correlates with
Zieliniska and coworkers data, who reported that the amount of particles ad-
sorbed at the air-water interface increases for more crosslinked microgels.??
Hence, the more compact structure of the microgels above the VPTT allows
accommodation of a higher number of particles and a more efficient packing
at the interface. The quasi-equilibrium regime shows that the surface tension
reduces slightly over time accounting for surface deformation of the microgels
upon adsorption. However, it is difficult to assess the differences between swollen
and collapsed states as the high concentration of the surface layer counteracts
the different deformability of the nanoparticles below and above the VPTT. This
will be analyzed in more detail later on in this paper. Also, the structural changes
induced in the particles by surface conformational changes will be addressed
specifically in the monolayer study.

After adsorption at constant surface for 1 h and once a stationary state is
clearly reached (Fig. VI.3), we replaced the bulk subphase with pure water by
using the subphase exchange accessory. We observed no change of surface ten-
sion during, or after, the subphase exchange (results not shown). Thus, we can
conclude that microgels do not spontaneously desorb from the air-water inter-
face after adsorption. Similar results were obtained by Pinaud and coworkers
for PNIPAM microgels at the dodecane-water interface.®> These are important
findings supporting the conformational change undergone by microgels upon
adsorption and the stability of the adsorbed layers. Moreover, the formation
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of stable layers at the air-water interface also allows the use of Langmuir Film
Balance to study the monolayers of PVLC microgels.
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Figure VI.4: Variation of the quasi-equilibrium surface tension with temperature (1 h adsorp-
tion) for PVLC microgels adsorbed layers at the air-water interface (0.02% w/w).

Fig. V1.4 shows the quasi-equilibrium surface tension values obtained for
PVLC microgels as a function of temperature. As predicted from the dynamic
curves in Fig. VL.3, the final surface tension, after 1 hour adsorption at constant
surface area, decreases with temperature. Specifically, below the VPTT, the val-
ues decrease significantly while reach a quasi-plateau after the VPTT. Wu and
coworkers found a similar plateau for PVLC particles at the toluene-water in-
terface.’’ At T < VPTT, the swollen microgel particles are very deformable and
reorient the hydrophobic moieties towards the air phase so as to cover the in-
terface as much as possible. Recent neutron reflectivity experiments clearly
show that swollen microgels confined at the air-water interface adopt a core-
shell structure, with a highly crosslinked central region surrounded by a more
diluted shell of polymer chains that spread out at the interface and towards the
bulk solution.?” These morphological changes of the particles at the surface,
lead then to connections between adjacent particles forming a loose surface
layer.?S Conversely, at T > VPTT, the collapsed microgel particles are less de-
formable and more rigid. Accordingly, the maximum coverage of the surface is
achieved at a higher number of particles and a closer packing density, resulting
in a more compact surface layer. This agrees with findings from ellipsometry*!
and neutron reflectivity>” for PNIPAM based microgels, showing the increase in
adsorption density as the microgel collapses. Moreover, this explains the lower
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surface tension reached above the VPTT in Fig- VI.4. The morphology of the ad-
sorbed layers is illustrated schematically in Fig- VI.4. Namely, a loosely packed
layer composed of swollen microgel particles is formed bellow the VPTT and a
more condensed layer with higher density is formed above the VPTT.

The interfacial behavior of PVLC microgel particles differs from that of PNI-
PAM microgel particles reported in the literature. PNIPAM particles present a
minimum value of interfacial tension around the VPTT rather than the plateau
shown for PVLC particles.?”*? The increase interfacial tension for temperatures
above the VPTT is attributed in the literature to the formation of loose aggre-
gates®’, the possible existence of a surface gel*! or the formation of a loosely
packed microgel®®. Anyhow, this increase at high temperatures accounts for
the lower stability of PNIPAM emulsions above the VPTT. These differences be-
tween PNIPAM and PVCL adsorbed layers have been also reported by Wu and
coworkers at the toluene/water interface*’, but these authors do not provide
an explanation for this different behavior. Nonetheless, the constant value of
surface tension above the VPTT for PVLC microparticles suggests the forma-
tion of a more stable surface layer on emulsified systems than PNIPAM. On the
one hand, this stability could be attributed to the enhanced electrostatic repul-
sion between the immerse parts of the microgels, which arises when the mi-
crogel shrinks. Indeed, charged microgels show a larger effective charge in the
shrunken state due to the steric exclusion of the excess counterions from the
internal region exerted by the crosslinked polymer network.*> On the other
hand, the higher condensing ratio of PVLC microgels® could result in a better
packing at the surface resulting in a more stable conformation, resistant to ag-
gregation above the VPTT. Brugger et al., concluded that the presence of charges
strongly influences the behavior of charged PNIPAM-co-MAA microgels at oil-
water interfaces.?® In particular, the authors showed how the deprotonation of
the MAA moieties leads to local amphiphilicity that affects the chain conforma-
tion. Moreover, the comparison between the compression isotherms of charged
and uncharged microgels indicate that increasing the number of charges in the
microgel does not lead to emphasized electrostatic repulsion. Instead, it causes
a significant reduction of the surface pressure, which has been attributed to the
highest softness of the charged microgels.*? In this sense, some authors points
out that the unexpected influence of charges on the compression behaviour of
microgel-covered oil-water interfaces has not been explained in detail yet. *° Ac-
cordingly, this is an important issue that can have implications for emulsion de-
velopment and will be explored in a future work.

In order to further explore the characteristics of adsorbed layers of micro-
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Figure VI.5: Dilatational rheology: storage (E) and loss (E”) moduli of adsorbed layers of PVLC
microgel (0.02%) at the air-water interface as a function of temperature. Solid symbols: E/, hollow
symbols: E”.

gels we measured the dilatational rheology after adsorption for 1 h at constant
surface area.’”*8 There is little work published on the dilatational rheology of
microgels at fluid interfaces, and among it, there is a large variability in the pub-
lished results of dilatational rheology of adsorbed layers of microgels at fluid in-
terfaces.>»% This is possibly because this magnitude is strongly influenced by
the molecular structure and hence small variations in composition (crosslinker,
charge,...) of the microgel can affect severely the obtained parameters.*’ In par-
ticular, we have found no studies of the dilatational rheology of PVLC based
microgel at fluid interface to date.

Fig. V1.5 shows the response of the surface layers, characterized in Figs. V1.3
and V1.4, to an imposed deformation. This response is characterized by the elas-
tic (E) and loss (E”) moduli of the microgel covered interface at various temper-
atures. In the entire temperature range, E' is larger than E”, indicative of solid-
like behavior.>* The elastic moduli obtained for PVLC adsorbed layers range be-
tween 2-4 mN/m for all temperatures, which is just significantly higher than the
residual elasticity of the pure air-water interface. However, these results are of
the same order as other reported works on PNIPAM based particles adsorbed
at fluid interfaces *%?%3* and one order of magnitude lower than those reported
by Pinaud and coworkers.*® E’ is a measure of the response of the surface lay-
ers to surface tension gradients and is sensitive to the diffusion of molecules
between the bulk solution and the interface.*” For interfaces covered with irre-
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versibly adsorbed species such as polymers, the dilatational modulus is a com-
plexbalance between inter and intramolecular interactions within the adsorbed
layers, including intrinsic mechanical properties of the adsorbed material. Data
in Fig. VI.5 show that E’ is very low in the whole range of surface coverage, below
and above VPTT. This indicates the formation a very loose adsorbed layer with
low cohesivity between polymer chains.

3.3 Langmuir monolayer

The properties of surface layers of microgels build up upon adsorption onto a
fluid interface are weakly influenced by the temperature as demonstrated in
Figs. VI.3-VL5 and in agreement with literature works.?%?"?%3%> An additional
complication in adsorption experiments is that the surface coverage is not con-
stant. Further adsorption from bulk solution can take place as the size of par-
ticles decreases with temperature. Hence, this can counteract the surface de-
formation caused by the microgel particles.®® To gain a more comprehensive
understanding of the temperature effect on surface conformation of microgels
we have used Langmuir monolayers. In these experiments, the number of par-
ticles at the interface is constant over the whole range of surface coverage, i.e.
compression range. Hence, the picture provided by these experiments can im-
portantly complement the findings obtained from adsorption layers.
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Figure VI.6: Compression isotherms of PVLC microgels obtained above and below the VPTT. The
surface pressure is plotted versus the inter-particle distance (r) assuming disc-shape. Solid line:
45°C (collapsed state), dashed line: 20°C (swollen state). The arrows indicate the hydrodynamic
diameters obtained for the collapsed and swollen microgel conformations in Fig. VI.1.
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Fig. V1.6 shows the compression isotherms of PVLC microgels below and
above the VPTT. The isotherms are normalized to the number of particles at
the surface and then represented versus the inter-particle distance, r. This dis-
tance is obtained assuming that the particles homogeneously distribute as flat
disks at the air-water interface. The number of particles has been calculated
considering that, in the collapsed state, the internal polymer volume fraction
of the microgels is composed of 70 wt% polymer and 30 wt% water. From the
hydrodynamic diameter measured in the collapsed state and the density of the
polymer 1.029 g/ml we obtain the volume per particle and hence the mass of
the polymer particle. This representation allows for an interpretation of the mi-
crogel deformation and the packing at the surface upon compression. It can be
seen that the shape of the compression isotherm is strongly influenced by the
temperature obtaining a clear difference between the swollen and the collapsed
states (Fig. VI.6). The shape of the swollen microgels is similar to results pub-
lished for PNIPAM microgels below the VPTT.***33> We have found much less
literature concerning monolayers in the collapsed state. Hence, to our knowl-
edge, this study is the first to provide comparative compression isotherms of
microgels in the collapsed and swollen state.

From Fig. VI.6 we may distinguish various compression regimes for the mi-
crogel in the swollen state. In the first regime, microgels behave as a gas of
non-interacting particles leading to the absence of surface pressure. This cor-
responds to an inter-particle distance larger than the diameter of the swollen
particle in bulk according to Fig. VI.1 (r >150 nm). The second regime shows
a continuous increase of the surface pressure. In this regime, the inter-particle
distance is of the order of the diameter of the swollen particles, namely 100 nm
< r < 150 nm (Fig. VI.1). Experimental results obtained by Rey and coworkers
clearly show that, within this compression regime, microgels are already struc-
tured into a 2D hexagonal lattice, with their external shells partially overlapped.
Hence, this increase corresponds to the repulsion exerted by the microgel shells
when they are mutually interpenetrated.®® The high deformability of the par-
ticle in the swollen state means that the structure can deform and reorient the
hydrophobic residues onto the air-water interface. Upon further compression,
in fact, the surface pressure rises steeply and the work done onto the system
goes into compressing the particle coronas, resulting into a continuous change
in the lattice constant of the 2D hexagonal packing.

In a third regime, the surface pressure becomes constant as the inter-particle
distance is decreased. Classically for lipids, this plateau is described as the coex-
istence between expanded and condensed phase. ! In the case of microgel par-
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ticles, this plateau indicates that two packing states coexist at the surface while
the density of polymeric chain at the surface is constant. The two coexisting
states would correspond to highly compressed microgels with an inter-particle
distance equals the Dy, at 45°C(compact) and less compressed microgels with
inter-particle distance equal to the Dy, at 20°C (swollen). Another possibility
is that within this regime, all particles remain in a swollen conformation and,
as the compression proceeds, some segments are forced into the subphase to
maintain the surface density. Both hypothesis imply that microgels are soft and
deformable particles in this plateau as also suggested by Pinaud and cowork-
ers. % This plateau maintains until reaching inter-particle distances equal to the
diameter of the compact particles: 55 nm (Fig. VI.1). Then, a second increase
of surface pressure arises. This increase appears very sharp and maintains at
inter-particle distances of approximately 50 nm. At this stage it becomes diffi-
cult to compress the microgels further. This fourth regime corresponds to the
condensed phase and we assume that the particles are in a contracted state sim-
ilar to the collapsed state after the VPTT.

The compression isotherm recorded for the microgels in the collapsed state,

above VPTT (45°C) shows a different distribution of compression regimes (Fig. VI.6).

The first regime, comprised of non-interacting particles leading to the absence
of surface pressure maintains now until much inter-particle much lower and
already within the transition state in Fig. VI.1 (r <100 nm). The monolayer en-
ters then into a second regime in which the surface pressure increases contin-
uously until collapse. For inter-particle distances larger than the microgel di-
ameter, the electrostatic repulsion plays the dominant role. However, for r <
Dy, = 55 nm, the free energy arising from the deformation of the polymer net-
work is expected to be more relevant. The fact that collapsed microgels do not
show any transition region suggests that the interaction is now occurring di-
rectly between the core of the particles through an elastic repulsive pair poten-
tial. Hence, this regime would directly correspond to a condensed state in which
microgels are compressed in a collapsed state at the surface. Furthermore, com-
pression isotherms recorded in the swollen and collapsed state overlap at inter-
particle distance of the order of magnitude of dehydrated (or collapsed) micro-
gels (Fig. V1.6). This suggests that the compression of swollen PVLC microgels
at the surface leads to dehydration of the structure and promotes a transition
between swollen and collapsed state. Also, it proves that soft PVLC particles
present some common features with proteins, which are able to adapt their con-
formation to the interfacial environment by surface denaturation. >

From the compression isotherms we can also have a guess of how the microgel-
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microgel effective pair potential, u(r), looks like, at least qualitatively. For the
particular case of swollen microgels (20°C), as the particles get closer during
the compression of the monolayer and the external shells overlap, the increase
of the surface pressure implies the existence of a repulsive interaction. In prin-
ciple, this interaction should have two contributions: an electrostatic term and
a soft elastic repulsion caused by the loss of entropy of the polymer chains when
overlap. However, the fact that upon further compression the surface pressure
becomes roughly constant for a range of inter-particle distances means that
an additional overlap does not involve a significant free energy cost. In other
words, once the particles are forced to reach some degree of overlap, the mi-
crogel pair potential can be modelled by a penetrable potential with a constant
repulsion, u(r) = € > 0 for 0.4Dy, < r < 0.8Dy,. This implies that the microgel
shell deforms without compressing the polymer network, as already suggested
by Peldez and coworkers in dense microgel bulk suspensions.®* This penetra-
ble potential leads, in bulk solutions, to broad phase coexistence regions where
the particles join together to form clusters.>® Therefore, although bulk and in-
terface are indeed very different geometries, the fact that the equation of state
shows a phase transition at large packing fractions means that the deforma-
tion of the shell without compression is a common feature in both situations.
Our experimental observations and direct visualizations performed by Rey and
coworkers show that these clusters are formed by microgels with their mutual
cores touching each other, where the number of particles per cluster increases
with the monolayer compression.°? As already discussed, additional monolayer
compression leads to the overlap of the microgel cores, which brings another in-
crease of the surface pressure. In this case, the crosslinked polymer network of
the particles is compressed, and the effective repulsion becomes dominated by
the elastic free energy, which is strongly dependent of the inter-particle separa-
tion. In this case, an Hertzian model would be able to capture the physics for
these inter-particle distances, u(r) = ug(ro — %2 for r < ry, where uy > 0 and ry
is of the order of the core diameter.

It should be emphasized that this picture based on effective potentials is
not enough to correctly estimate the surface pressure obtained experimentally.
Indeed, the surface pressure calculated from this approximation scales as IT ~
kg T/D?, which leads to values of the order of uN/m, whereas experimental re-
sults provide values about 10 mN/m, i.e. 4 orders of magnitud larger. This huge
difference between theoretical and experimental data has been attributed to the
internal degrees of freedom of the polymer network inside the microgel particle,
which also contributes to the pressure.®® For this kind of soft nanoparticles, the

190



4. Conclusions

pressure scales as I1 ~ kg T /dfross, where d.;,ss is the size of the correlated do-
mains inside the particle, typically given by the separation between two neigh-
bouring crosslinkers.®!' In our particular case, for collapsed microgels we esti-
mated a value of d.,,ss =3-4 nm, so the surface pressure deduced theoretically
from the effective interactions must be rescaled by a factor of (Dy,/d¢ros $)2 ~ 104,
which leads to values of the order of the experimental results. Nevertheless, fu-
ture research should focus on supporting this rescaling argument with more ac-
curate theoretical models. This will provide a deeper understanding of the role
that the polymer chain fluctuations play on the surface pressure of adsorbed
microgels.

4 Conclusions

We have carried out a complete surface characterization of a new type of ionic
microgels, based on PVCL, considered to have better biocompatibility than more
commonly used PNIPAM. The Dy, of PVCL microgel decreases from 131 nm to
56.5 nm, when the temperature increases from 20°C to 40°C. The dynamic sur-
face tension plot shows two adsorption regimes, similar to the classic kinet-
ics of protein adsorption. The results clearly indicate that a higher number of
particles reach the surface above the VPTT while the diffusion coefficient re-
mains unchanged. We evaluate also the influence of swelling state in the quasi-
equilibrium surface tension values, obtaining that the surface tension decreases
below the VPTT while it maintains above the VPTT. This behavior indicates that
the surface accommodates a higher number of particles and a closer packing
density as the microgel collapses, resulting in a more compact surface layer. The
plateau above the VPTT contrasts with a well reported minimum for PNIPAM
around the VPTT and suggests a more efficient packing at the surface resulting
in a more stable conformation, resistant to aggregation above the VPTT. Dilata-
tional rheology data shows the formation a very loose adsorbed layer with low
cohesivity within the whole range of surface coverage.

The PVCL microgels confined onto a 2D monolayer under forced compres-
sion show two different behaviors depending on whether the system is above
or below the VPTT. On the one hand, the elastic and electrostatic repulsion be-
tween collapsed microgels lead to a continuous increase of the surface pressure.
On the other hand, swollen microgels display a phase transition at intermediate
surface pressures similar to soft polymers, which is attributed to the displace-
ment of the polymer chains in the external shell of the particles, induced by the
shell overlapping. In other words, the loose external polymer chains are forced
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into the subphase by keeping the free energy of the system constant. There-
fore, the evolution of the surface pressure allows identifying the interaction of
the shells and cores as the inter-particle distance decreases in the monolayer by
comparison with the Dy, of the microgels. New insights arise from calculations
of the surface pressure of the particles alone, obtaining values four orders of
magnitude larger than the theoretical predictions obtained using effective pair
potentials. This effect points out the importance of the internal degrees of free-
dom within the particles. All these results represent important findings for the
rational use of microgels in emulsified systems.
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Conclusions

The aim of this chapter is to remark the most relevant results obtained in this
research. In the first part of this dissertation the interactions involved in the per-
meation of ions inside thermoresponsive ionic microgel particles in the limit of
very diluted microgel suspensions have been studied from theoretical, compu-
tational and experimental approaches. The main conclusions that can be drawn
from this work are listed below.

1y

2)

When ions diffuse through microgel pores, not only the electrostatic in-
teraction, but also the excluded-volume effects may determine the de-
gree of permeation and ionic distribution inside and around the micro-
gel particle. This steric effects are responsible for the important increase
of the microgel effective charge observed experimentally in microgel de-
swelling. It has been also demonstrated that it is necessary to include this
microgel-ion steric interaction in the theoretical models to accurately re-
produce the ionic density profiles obtained in Monte Carlo simulations.

The Ornstein-Zernike integral formalism within the HNC closure relation
is a reliable method which allows to predict the radial distribution func-
tions of ions inside and around microgel particles, even for highly charged
particles, multivalent ionic species, and in conditions of strong confine-
ment. Within this theoretical framework, splitting the microgel-ion ef-

197



Conclusions

3)

4)

5)

fective interaction into electrostatic and excluded-volume additive terms
leads to satisfactory results. To calculate the steric interaction, the inter-
nal fibrous structure of the microgel must be modelled. It has been ob-
served that the polymer network is surprisingly well represented by as-
sembly of random overlapping spherical monomers, even though it rep-
resents a strong approximation of the real morphology of the nanogel.

The valence of the counterions that permeate inside the microgel plays
an important role in several aspects. First, multivalent counterions neu-
tralize microgel charge more efficiently than monovalent ones, leading
to lower values of the microgel effective charge. Consequently, microgel
volume transition shifts to lower temperatures. This effect is more notice-
able for highly charged microgels. In addition, the valence also enhances
counterion condensation inside the microgel network, which has a strik-
ing impact in electrophoretic mobility experiments.

Deep inside the polymer network the ionic density profiles are homoge-
neous and charge electroneutrality is satisfied, but close to the microgel-
water interface electroneutrality is violated. Therefore, microgel effective
charge mainly comes from the microgel surface.

Molecular Dynamics simulations of an oligomer and a PNIPAM mem-
brane in water confirm that both AMBER and OPLS-AA force fields in
combination with SPC/E water capture the coil to globule transition tem-
perature in qualitative good agreement with experiments. This result sug-
gests that polymer-polymer interactions are not a key ingredient for the
determination of the transition temperature. For a membrane in presence
of electrolyte a salting out effect has been observed. The phenomenon is
more pronounced for NaCl electrolyte than for Nal, in good agreement
with experiments.

The second part of this thesis has been focused on the theoretical study of
the interactions involved in the sorption of a non-uniformly charged biomole-
cule inside an ionic microgel. From this work we can conclude:

6)
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The total microgel-biomolecule interaction is the consequence of a com-
plex interplay between several phenomena. Among them, the electro-
static interaction has a determinant role in the uptake and spatial dis-
tribution of the molecule inside the microgel. In addition, the hetero-
geneous charge distribution of the biomolecule that leads to large elec-
tric dipoles is a determining factor to take into account, especially when



Conclusions

adsorption at microgel surface is sought. This work demonstrates that,
despite the wide range of factors that intervene in biomolecule sorption
inside microgels, it is possible to predict the qualitative behaviour of such
systems by means of a relatively simple theoretical framework.

Finally, from the study of the behaviour of thermoresponsive ionic micro-
gels at the air-water interface, two main results have been obtained.

7)

8)

Above the volume phase transition temperature (VPTT) a higher num-
ber of microgels reach the interface. In this regime the surface accom-
modates more particles and a closer packing density as the microgel col-
lapses, which results in a more stable conformation, resistant to aggrega-
tion than below the VPTT.

The analysis of the Langmuir monolayers provides useful information ab-
out the internal structure of microgel particles. Indeed, by decreasing the
inter-particle distance and studying the microgel-microgel interactions is
possible to estimate the size of the particle core and shell by comparison
with the hydrodynamic diameter measured by dynamic light scattering.
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Resumen

2.1 Introduccion

Hablamos de microgel para referirnos a una “suspension coloidal de particulas
de gel”!. Es decir, son particulas porosas formadas por cadenas de polimero
entrecruzadas dispersas en un disolvente. Es frecuente denominarlas también
nanogeles®, pues su didmetro oscila entre los 10 y los 1000 nm, o hydrogeles,
cuando se encuentran dispersas en agua.

La principal caracteristica de los microgeles es que pueden absorber grandes
cantidades de disolvente, provocando drédsticos cambios en su tamario, en re-
spuesta a un gran niimero de estimulos tales como temperatura, pH, concen-
tracién salina, luz, campos externos o solutos especificos como glucosa u otras
biomoléculas®®. Gracias a esta versatilidad se dice que los microgeles son ma-
teriales “inteligentes”. La capacidad para responder a estimulos externos unida
a su tamafo coloidal les permite formar diferentes estructuras con numerosas
aplicaciones. Por ejemplo, el estudio de monocapas de microgeles en la in-
terfase aire-agua’, aceite-agua'*!! y otras interfases'?> ha ganado interés en
los dltimos afios. De la misma forma, otras estructuras tridimensionales, tales
como cristales >4, laminas delgadas y multicapas'>!® han sido investigadas
por diferentes autores.

En los ultimos anos estd creciendo enormemente el interés por desarrol-
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2. Resumen

lar nuevos sistemas de transporte y encapsulacién de fairmacos'”?°. Los mi-
crogeles resultan prometedores para este cometido, pues el espacio disponi-
ble en el interior de la red polimérica permite la encapsulaciéon de diferentes
solutos tales como ADN, proteinas, péptidos y otras biomoléculas'~%°, tanto
hidréfilas como hidréfobas, lo que permite mejorar su solubilidad y evitar su
degradacion en el organismo“®. Asimismo, la capacidad de los microgeles para
expandirse y compactarse puede aprovecharse para absorber y liberar firma-
cos de manera controlada. Por estos motivos, un gran nimero de aplicaciones
meédicas y biotecnolédgicas para los microgeles estdn siendo ampliamente inves-
tigadas®’3°.

Los tipos de microgeles que més interés atraen son los microgeles sensibles
a la temperatura y/o el pH. Por un lado, los microgeles termosensibles cuya
temperatura de transicion de volumen (VPTT) estd préxima a la temperatura
del cuerpo humano pueden resultar muy titiles en el campo de la medicina,
mientras que para microgeles sensibles al pH la liberacién y el transporte de

biomoléculas se puede controlar mediante las interacciones electrostaticas®!.

Los microgeles basados en N-isopropilacrilamida, conocidos como PNIPAM,
son los que mads se han estudiado a lo largo de los afos. Desde que fueron sin-
tetizados por primera vez en los afios 80°?, se han publicado una gran cantidad
de trabajos sobre diferentes estrategias de sintesis y caracterizacion®*=’. De
hecho, actualmente se considera el PNIPAM como un microgel modelo para la
ciencia de polimeros en general, lo cual resulta especialmente ttil para desar-
rollar y probar modelos teéricos y computacionales de microgeles**=*’. Otro
tipo interesante de microgel recientemente desarrollado es el PVCL, basado en
N-vinilcaprolactama®!. El potencial de estas particulas reside en su biocom-
patibilidad, que los hace muy apropiados para aplicaciones biomédicas. Esto
supone una ventaja respecto a los microgeles de PNIPAM, en los que se ha ob-
servado una alta citotoxicidad *>*°.

La mayoria de microgeles disefiados con aplicaciones biotecnolégicas son
microgeles iénicos, es decir, poseen carga eléctrica debido a los polielectrolitos
que forman la red polimérica. Cuando estos microgeles cargados se encuentran
inmersos en una solucién de electrolito, los iones méviles de la sal penetran a
través de los poros de las particulas y se distribuyen en torno a los microgeles,
creando una doble capa eléctrica. Tanto la estructura interna como la respuesta
en tamafio de estos microgeles estd fuertemente ligada a la concentracién de
electrolito y a la valencia de los contraiones presentes en el medio *>*4~6

La presencia de electrolito también determina la interaccién efectiva en-
tre los microgeles y otras particulas presentes en la dispersion coloidal como
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biomoléculas. Esto se debe al apantallamiento de la carga del microgel provo-
cado por los contraiones que penetran a través de sus poros, los cuales pueden
encontrarse en libre movimiento o bien condensados en el interior de la red de
polimeros®’. Dicho apantallamiento suele caracterizarse mediante la llamada
carga efectiva del microgel, que proporciona una estimacion de la carga elec-
trostatica que otra particula del medio percibe cuando se aproxima al micro-
gel 04849 Asimismo, si los iones disueltos en el medio presentan especificidad
i6nica (efectos Hofmeister), el microgel puede verse afectado por fenémenos de
inversién de carga o sobrecarga®’=>2.

Dado el importante papel que la presencia de electrolito juega en los cam-
bios de volumen del microgel y en las interacciones de microgeles con otras
moléculas del medio, es indispensable entender los fenémenos fisicos involu-
crados en la distribuciéon de iones en el interior y en torno a los microgeles.
Sabemos que para solutos dispersos en el medio es la interaccién coulombiana
que surge a consecuencia de la carga efectiva del microgel la que controla los
perfiles de densidad i6nicos en torno al microgel. Sin embargo, cuando un ion
intenta penetrar a través de los poros de un microgel, no sélo sufre el efecto de la
interaccion electrostética, sino que experimenta una exclusién de volumen de-
bido a que las fibras de polimero ocupan un espacio que el ion no puede atrav-
esar. Esta interacciéon repulsiva se conoce como interaccién estérica, depende
de la morfologia interna de la red de polimeros y es especialmente relevante
cuando el microgel se encuentra en estado compactado**°.

Desde que los primeros microgeles fueron sintetizados, se ha publicado un
gran numero de trabajos relativos a la sintesis, caracterizacion, modelado y apli-
caciones de estas particulas. Sin embargo, s6lo una pequeifia fraccién de el-
los tienen el objetivo de estudiar desde un punto de vista teérico el compor-
tamiento de estas particulas en presencia de otros solutos cargados. Profun-
dizar en el conocimiento de los fenémenos fisicos involucrados en la respuesta
de los microgeles a los cambios en el medio y de las interacciones entre micro-
geles y otras particulas puede estimular el desarrollo de nuevas aplicaciones,
abrir nuevas lineas de investigacion y en general contribuir al avance de la cien-
cia de materiales en general.
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2.2 Procedimiento

Lainvestigacion desarrollada en esta tesis doctoral puede dividirse en tres partes
diferenciadas. A continuacién describimos brevemente los trabajos realizados
en cada una de ellas.

2.2.1 Microgeles en disoluciones de electrolito

El objetivo de los articulos I, II, IIl y IV consiste en el estudio de las interacciones
que intervienen en la permeacioén de iones en el interior de microgeles i6nicos
termosensibles, en el limite de dispersiones de microgeles muy diluidas. Para
ello se ha hecho uso del formalismo de las ecuaciones integrales de Ornstein-
Zernike, de simulaciones Monte Carlo y de Dindmica Molecular, asi como de
trabajos experimentales de sintesis y caracterizacion.

El punto de partida de esta tesis ha sido el estudio del efecto de la interac-
cién estérica en la permeacién de contraiones monovalentes en el interior de
microgeles, recogido en el articulo I. Con este objetivo hemos desarrollado un
método que combina las ecuaciones integrales de Ornstein-Zernike con sim-
ulaciones Monte Carlo y hemos comparado los perfiles de densidad idnica y
la carga efectiva del microgel obtenidos mediante ambos métodos para distin-
tos estados de compactacion del microgel. Este anélisis nos ha permitido pro-
bar dos modelos diferentes para la repulsién estérica microgel-ion y determinar
cudl de ellos es mds apropiado para cuantificar los efectos de exclusién de vol-
umen en estos sistemas. También hemos estudiado la distribucién de carga del
microgel, la concentracion de electrolito y el tamafio iénico.

Continuando con la idea del trabajo anterior, en el articulo I la técnica com-
binada de simulaciones Monte Carlo y ecuaciones de Ornstein-Zernike se ha
usado para estudiar el hinchado y desinchado de los microgeles en respuesta a
dos variables concretas. Por una parte, se ha estudiado el efecto de la valencia
de los contraiones mediante el estudio de microgeles en disoluciones de elec-
trolito 1:1 y 1:3. Por otra parte, hemos considerado dos microgeles diferentes
para analizar el efecto de la carga bruta de los mismos en las transiciones de
volumen y la permeacién de contraiones. Para modelar la interaccion estérica
hemos utilizado el modelo que resulté més satisfactorio en el trabajo anterior y
lo hemos comparado con otro modelo diferente.

Lafiabilidad del formalismo teérico de Ornstein-Zernike ha sido confirmado
en la publicacién III, en el cual hemos interpretado los resultados experimen-
tales obtenidos para dos microgeles i6nicos termosensibles distintos mediante
dichas ecuaciones integrales. En este trabajo hemos medido el didmetro hidrod-
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indmico y la movilidad electroforética de dos microgeles basados en PNIPAM y
PVCL para diferentes valencias y concentraciones de electrolito. Hemos obtenido
una carga efectiva experimental a partir de las medidas de movilidad y la hemos
comparado con la carga efectiva tedrica calculada para estos sistemas. De esta
forma, hemos analizado el efecto de la valencia de los contraiones y de la con-
centraci6n salina sobre la carga efectiva de los microgeles, lo que nos ha per-
mitido obtener interesantes conclusiones sobre la permeacién y condensacién
i6nica en el interior de la red de polimeros.

Para concluir con esta parte de nuestra investigacion, en el trabajo ntimero
IV hemos seguido un procedimiento completamente diferente a los anteriores,
basado en simulaciones de Dindmica Molecular. Esta técnica permite consid-
erar el efecto conjunto de todas las interacciones que aparecen cuando cadenas
de polimero se encuentran dispersas en soluciones electroliticas. Sin embargo,
es necesario tener en cuenta que modelar de forma exacta la red polimérica de
una particula de microgel es extremadamente exigente desde el punto de vista
computacional, por lo que en su lugar hemos considerado una membrana de
cadenas de PNIPAM como modelo. De esta forma, en primer lugar se ha confir-
mado el comportamiento termosensible de estas cadenas para posteriormente
sumergir la membrana en diferentes soluciones de electrolito y estudiar los cor-
respondientes perfiles de densidad idnica tanto para estados expandidos como
compactados de los polimeros.

2.2.2 Absorciony distribucion de biomoléculas en microgeles

Ademds de las interacciones microgel-ion, para evaluar el potencial de estas
particulas como sistemas de transporte y encapsulacién de farmacos en nece-
sario profundizar en el conocimiento de las interacciones entre microgeles y
biomoléculas.

Con este objetivo, en el articulo V hemos dejado a un lado el formalismo in-
tegral y las simulaciones para llevar a cabo el estudio teérico de la absorcién de
una molécula heterogéneamente cargada por un microgel en presencia de elec-
trolito 1:1. De esta forma, mediante un procedimiento relativamente sencillo,
hemos estudiado el potencial de fuerza media entre el microgel y la molécula
para diferentes valores de dipolo eléctrico y carga neta de la molécula. También
hemos considerado los efectos dependientes de la concentracién salina, la ex-
clusion de volumen y las interacciones hidr6fobas. Hemos identificado cinco
estados diferentes de absorcién en este sistema, desde la completa repulsién
de la biomolécula hasta su absorcidn en el interior del microgel, pasando por
estados de adsorcion superficial estables y metaestables.
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2.2.3 Propiedades interfaciales de microgeles termosensibles

Anteriormente hemos comentado que existe un creciente interés por el estudio
de monocapas y otras estructuras de microgeles. Por ese motivo, en el articulo
VI de esta tesis hemos abierto una nueva linea de investigacion en nuestro tra-
bajo para estudiar las caracteristicas interfaciales de microgeles termosensibles
con el objetivo de explorar sus potenciales aplicaciones como estabilizadores
de emulsiones sensibles a estimulos externos.

De esta forma, hemos investigado el comportamiento de microgeles de PVCL
en la interfase aire-agua, tanto experimental como teéricamente. El trabajo ex-
perimental se ha llevado a cabo mediante diferentes técnicas, tales como estu-
dio de la adsorcién, reologia dilatacional y monocapas de Langmuir. Por otra
parte, los resultados experimentales se han interpretado cualitativamente en
términos de los potenciales efectivos entre pares de microgeles.

2.3 Conclusiones

De los trabajos realizados en la primera parte de esta tesis doctoral, en la que se
estudia la permeacion de iones en el interior de microgeles, se pueden extraer
las siguientes conclusiones:

1) Cuando losiones difunden a través de los poros del microgel no sélo sufren
el efecto de la interaccién electrostatica, sino que los efectos de exclusién
de volumen determinan el grado de penetracién yla distribucién de iones
en el interior y exterior de la particula. Este efecto estérico es el respons-
able del significativo aumento de la carga efectiva del microgel que se ob-
serva experimentalmente cuando el microgel se compacta. También se
ha demostrado que es necesario incluir la interaccién estérica microgel-
ion en los modelos teéricos para reproducir con exactitud los perfiles de
densidad i6nica obtenidos en las simulaciones Monte Carlo.

2) El formalismo integral de Ornstein-Zernike, junto a la ecuacién de cierre
HNC, en un método fiable para predecir las funciones de distribucion ra-
dial de iones en el interior y en torno a los microgeles, incluso en casos
de particulas con elevada carga eléctrica, iones multivalentes y condi-
ciones de fuerte confinamiento. En este marco tedrico, la divisiéon de
la interaccién efectiva microgel-ion en dos términos aditivos, uno elec-
trostatico y otro estérico, proporciona resultados satisfactorios. Para cal-
cular el término estérico es necesario modelar la estructura interna del
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microgel. Se ha observado que la red de polimeros resulta sorprendente-
mente bien representada mediante un modelo de monémeros esféricos
superponibles aleatoriamente distribuidos, a pesar de que supone una
considerable aproximacién de la estrucutra real del microgel.

3) Lavalencia de los contraiones que penetran en el interior de los microge-
les juega un papel relevante en varios aspectos. En primer lugar, los con-
traiones multivalentes neutralizan la carga del microgel de manera mu-
cho mas eficiente que los monovalentes, lo que produce valores mucho
mads bajos de la carga efectiva. Como consecuencia de ello, la transicién
de fase volumétrica de los microgeles se produce a temperaturas més ba-
jas. Este efecto es mds acusado cuanto mds carga posean los microgeles.
Asimismo, cuanto mayor es la valencia més significativo es el efecto de
condensacién i6nica en el interior de la red de polimeros, lo que se tra-
duce en un fuerte descenso de la movilidad electroforética de los micro-
geles.

4) En el interior de la red polimérica los perfiles de densidad i6nica son ho-
mogéneos y se satisface la electroneutralidad. No obstante, en las in-
mediaciones de la interfase microgel-agua se viola dicha electroneutral-
idad. Podemos deducir por tanto que la carga efectiva del microgel pro-
cede fundamentalmente de la superficie de la red de polimeros.

5) Las simulaciones mediante Dindmica Molecular de un oligbmero y una
membrana de PNIPAM en agua confirman que los campos de fuerza AM-
BER y OPLS-AA en combinacioén con el modelo de agua SPC/E repro-
ducen satisfactoriamente el colapso de las cadenas observado experimen-
talmente. El hecho de que la temperatura de colapso no varie entre el
oligbmero y la membrana hace pensar que las interacciones polimero-
polimero no juegan un papel relevante en la transiciéon de volumen. Asi-
mismo, en el caso de una membrana en presencia de electrolito se ha ob-
servado el efecto de precipitacién salina, mds acusado en el caso de NaCl
que en el caso de Nal, como se observa también experimentalmente.

De la segunda parte de esta tesis, centrada en el estudio teérico de las in-
teracciones que intervienen en la absorciéon de biomoléculas por parte de los

microgeles, podemos concluir lo siguiente:

6) El potencial de fuerza media total entre el microgel y la biomolécula es
el resultado de una compleja interaccién en la que intervienen diferentes
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fen6menos fisico-quimicos. Entre ellos, la interaccion electrostética juega
un papel fundamental en la absorcién y la distribucién de la molécula en
el interior del microgel. Asimismo, la distribucién de carga heterogénea
en la molécula que produce un dipolo eléctrico es un factor determinante
atener en cuenta, especialmente cuando se persigue la adsorcién superfi-
cial de la particula en la corteza del microgel. Este trabajo demuestra que,
a pesar del gran ntimero de pardmetros que intervienen en la absorcién
de biomoléculas en microgeles, es posible predecir cualitativamente el
comportamiento de estos sistemas mediante un formalismo tedrico rela-
tivamente sencillo.

Por ultimo, del andlisis del comportamiento interfacial de microgeles ter-
mosensibles en la interfase aire-agua se han obtenido dos resultados princi-
pales:

7)

8)

A temperaturas por encima de la temperatura de transicién de volumen
(VPTT) un mayor niimero de microgeles compactados alcanzan la inter-
fase. Bajo estas condiciones la superficie acomoda mads particulas y la
densidad de empaquetamiento aumenta a medida que los microgeles se
compactan, lo que resulta en una configuracién mads estable y resistente
ala agregacion que a temperaturas mas bajas que la VPTT.

El andlisis de las monocapas de Langmuir proporciona informacién muy
atil sobre la estuctura interna de los microgeles. Efectivamente, mediante
el estudio de los cambios en las interacciones microgel-microgel con la
disminucién de la distancia entre particulas, y la comparacién con me-
didas experimentales del didmetro hidrodindmico, es posible estimar el
tamafio de la corteza y el nticleo de los microgeles.
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