oft Matter

rsc.li/soft-matter-journal

ROYAL SOCIETY
OF CHEMISTRY

ISSN 1744-6848

PAPER

Alla B. Dobroserdova et al.

Core-shell nanogels: the effects of morphology, electro- and
magnetostatic interactions

Volume 20
Number 39

21 October 2024
Pages 7755-7984




¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Core-shell nanogels: the effects of morphology,

".) Check for updates‘
electro- and magnetostatic interactionst

Cite this: Soft Matter, 2024,

20,7797 *3 Elena S. Minina,® Pedro A. Sanchez, (9°

b

Alla B. Dobroserdova,
Christos N. Likos @2 and Sofia S. Kantorovich

We study the influence of core—shell morphology on the structural characteristics of nanogels. Using com-
puter simulations, we examine three different types of systems, distinguished by their intermonomer interac-
tions: those with excluded volume only; those with charged monomers and excluded volume; and those
with excluded volume combined with a certain number of magnetised nanoparticles incorporated within the
nanogel. We observe that if the polymers in the shell are short and dense, they tend to penetrate the core.
This effect of backfolding is enhanced in charged nanogels, regardless of whether all monomers are
charged, or only the core or shell ones. The presence of an experimentally available amount of magnetic
nanoparticles in a gel, on the one hand, does not lead to any significant morphological changes. On the
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other hand, the morphology of the nanogel with magnetic particles has an impact on its magnetic suscepti-
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1 Introduction

Nanogels or microgels are soft colloidal particles made of a
permanently cross-linked network of polymers. The remarkable
feature of nanogels is that these polymer particles are soluble and
extremely sensitive to any changes in the environment, be that
temperature or pH of the solvent, or an external electric field."® In
particular, these particles, whose typical size ranges from one
hundred nanometres to several micrometres, can shrink and
swell as a result of the polymeric structure with a several-fold
change in size in response to external stimuli. This ability has led
to an interest in nanogels as promising smart materials. Today,
many applications are taking advantage of nanogel properties,
e.g., drug delivery in medicine, oil recovery in the petroleum
industry, in sensing and in coating technologies.”” >

Nano- and microgels exhibit several unique properties that
lay the foundation for their potential use as an effective plat-
form for biological applications.'*'* These include the possi-
bility of a high water content, excellent biocompatibility,
suitable mechanical properties, physical and chemical struc-
ture, and the presence of an internal network for the packaging
and encapsulation of payloads.'™'® Particularly useful for the
encapsulation are the nanogels that possess a core-shell topol-
ogy. The structure with a central core can be used to contain
therapeutic agents, protected by an outer shell.”’
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bility. Particular growth of the magnetic response is observed if a long shell of a nanogel is functionalised.

The various uses of nanogels, in particular, can be attributed to
the ability to control their dimensions, degradability, softness,
porosity, amphiphilicity, and surface charge by adjusting the
concentration of the cross-linking agent, monomer type, and
ratio."® ' An important feature of nanogels is that a decrease in
their volume and size in response to external stimuli occurs in the
nanosecond time range,”*>* stimulating their use in biological
lubricants® and drug carriers.”*>* For the remote control of drug
release, one can use light or ultrasound, or functionalise nanogels
with magnetic nanoparticles and apply external magnetic fields.>*™*”
Alternatively, the targeted delivery of biomaterials can be achieved
through the use of particular ligands. This way, active transport
of anticancer agents or more sensitive biological detection has
been achieved.”*>* Due to their high water content and internal
network capabilities, nanogels are also ideal for 3D cell culture
applications.*>* The ability to exchange solvent and solute between
a nanogel of a core-shell topology and the environment due to
changes in the size and shape of the nanogel itself makes nanogels
ideal for the detection of small biomolecules.>® Nanogels can also be
used as a biodetector for monitoring and diagnosis of diabetes.””*®

Anisotropy of physical properties and biological organisation
is one of the main characteristics of most tissues in the human
body. Due to the water-rich composition of hydrogels, their
biocompatibility, and tunable properties, hydrogels have been
taken as scaffold materials for the creation of artificial tissues.
Because unmodified hydrogels are composed of randomly
oriented polymer networks, resulting in homogeneous struc-
tures with isotropic properties that differ from those observed
in biological systems, magnetic materials have been proposed as
potential agents to promote anisotropy in hydrogels. This has
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enabled the use of hydrogels in tissue engineering.>**° Magnetic
nanomaterials have found excellent application in the diagnosis
and treatment of cancerous tumour processes.®* %

In addition to conventional experimental approaches used to
study nanogels directly in a laboratory where they are synthesised,
nowadays we can also rely on computer simulations to study the
properties of nanogels.>**”* Most of these works take as a basis a
bead-spring model”® to model polymer chains. The most common
approach to create a quasi-spherical nano- or microgel relies on the
placement of the polymer chain in a lattice-like manner, where the
lattice vertices serve as cross-linkers, like, e.g., in ref. 76. To avoid
regular lattices, approaches based on Wertheim theory® or distance
proximity cross-linking”” have been proposed. In case the poly-
meric details of a nanogel can be neglected, coarser models based
on the Hertzian potential are used.”®”® In the work reported in ref.
80, Yukawa-type electrostatic repulsion was also added. In general,
not only have charged nanogels been theoretically studied,*”**"*>
but also nanogels functionalised with magnetic particles.””** In the
work reported in ref. 84, the deformations of two- and three-
dimensional models of magnetic gels were studied. The polymer
chains in gels are represented by entropic springs; deformation is
the result of the interaction of magnetic particles. The combined
use of the Yukawa potential, which promotes short-range repul-
sion, and the magnetic dipole-dipole interaction, which promotes
long-range attraction, in systems of two-dimensional colloidal
particles can be found in ref. 85. In this work, the authors
calculated a bulk-phase diagram that contained gas, crystalline,
liquid and supercritical liquid phases.

Ref. 86 provided detailed information on the mutual influ-
ence of temperature-dependent core-shell swelling for micro-
gels in the form of a core-shell structure of two thermosensitive
polymers with different lower critical solution temperatures
with dual temperature sensitivity. In ref. 87 and 88, microgels
of core-shell topology with a solid core were considered.
Despite a plethora of studies on nanogel rheology, interactions,
and structure, a detailed study of the core-shell morphology
and the effects of the shell size and density on the structure of
the nanogel has not been carried out yet. In order to fill this
gap, in this paper, we investigate neutral, charged, and mag-
netic core-shell nanogels, varying the size, density, type, and
cross-linker distribution in the shell.

The paper is organised as follows. In the next section, we
describe simulation methods and models used to study nano-
gels. The results are split into three subsections according to
the type of intermonomer interaction. The paper ends with a
brief conclusion and an outlook.

2 Methods

2.1 General framework

We use coarse-grained molecular dynamics simulations. The
latter is based on the numerical solution of Langevin equations
of motion:

dv;

My = F;—I'1¥i + 28], (1)
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da;

I; T :?i—FRCT)i+2g,R7 (2)

where F; and 7; are the force and torque (pertaining to magnetic
particles only) acting on the i particle; M; and I; are the mass
and inertia, respectively; v; and &; are the velocity and angular
velocity of the it particle, respectively; I't and I'p are the
translational and rotational friction coefficients, respectively;
and &§ and R are the random force and torque, respectively,
which have Gaussian distributions.

The term ‘particle’ in our work is used for a coarse-grained
Kuhn segment of a polymer, as well as for a magnetic point
dipolar particle in the case of magnetic nanogels (MNGs). As
long as we focus on the equilibrium properties, all particles are
identical and have the same diameter ¢ and a unit mass, m.
When magnetic nanogels are addressed, each magnetic particle
also possesses a magnetic moment |fi| = y, fixed in magnitude
and orientation within the particle body.

It is important to note that all variables used in the compu-
ter simulations are dimensionless: distance r* = r/g, magnetic
moment |ji|* = | fi.|*/(¢/c*), temperature T* = kgT/e, and time ¢t* =
t(¢/(ma®))"’?, where ¢ is a particle diameter, ¢ is the energy scale
of the Lennard-Jones potential,® ji. is an experimentally mea-
sured magnetic moment, kg is the Boltzmann constant, and m
is a particle mass.

This routine is carried out in the molecular dynamics simulation
package ESPResS0.°>°" To solve the equations of motion (1) and (2),
we use a velocity Verlet algorithm®* with a fixed time step At = 0.01.
To set up the simulations, we employ dimensionless units ¢ = ¢ =1,
which determine the energy, length, and mass scales. Since the
values of the translational and rotational friction coefficients do not
affect the equilibrium characteristics, in this work they are deter-
mined to be equal to unity (I'r = I'x = 1). The dimensionless
temperature was kept constant at 7* = 1 using a Langevin thermo-
stat with a dimensionless friction coefficient equal to unity. After the
equilibration, whose length is determined by the system and varied
between 10° and 10° time steps, the statistics are collected during at
least 10® time steps. Note that for each set of simulations through-
out the paper and for each set of parameters, we always model 50
independent samples of nanogels and consider different configura-
tions of each individual sample to ensure proper statistics.

2.2 Neutral core-shell nanogels

To model a nanogel core of a spherical shape, we use a recently
developed approach””®® that allows one to create a randomly
cross-linked polymer network.

We use six bead-spring polymer chains made of M. = 100
monomers of diameter o, whose excluded volume is modeled
by the Weeks-Chandler-Andersen (WCA) potential®® being a
truncated and shifted Lennard-Jones potential:*°

12 6
4 (—O'—> - <f) + ¢, ‘}7;/| < reut
Uwcal(i,)) = 7] |7y

N
Oa ‘r[/'| > Teut,

(3)
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where 7., = 2"°c is the cutoff distance that makes the potential
purely repulsive, 7; is the vector connecting the centres of the i
and j™ particles, and ¢ is the value of the Lennard-Jones term in
|75] = Teue

The monomers in the chains are bonded by FENE springs
(finitely extensible nonlinear elastic model),”> defined by the
following potential:

1 \2
Urene(r) = *EKFENEAI’malen [1 - <r ro> }7 (4)

Armax

where Krgne = 10 is a prefactor, Armax = 1.50 is the maximal
stretching, r, is the equilibrium bond length.

We place the polymer chains inside a spherical shell whose
radius was comparable to that of the gyration radius of a single
unconfined polymer chain. In such an approach, we model a
polymer mixture in a good solvent.”® The system is equilibrated
during the 10° time steps A¢ = 0.01. Once equilibrium is reached,
the polymers are in a mixed state due to the size of the spherical
confinement®® chosen so that segregation is avoided.

Next, in order to create a nanogel, we cross-link Nfi,s pairs
of monomers that belong to different polymer chains and are at
a distance closer than a given threshold by a harmonic bond:

Un(r) = "2~ R). 6
It is in general possible to favour interchain cross-linking, as is
explained in ref. 97. Here, however, the reason for limiting the
cross-linking to interchain bonds is a simple way to ensure the
efficiency of the method that relies on the connectivity of the
structure.

This potential has a minimum at particle distancer=R=¢, r
is the elongation of the harmonic spring, and K}, = 10 is Hooke’s
spring constant that represents the rigidity of the matrix. These
parameters, on the one hand, allow us to use a relatively large
integration time step, obtaining sufficient statistics. On the
other hand, they allow reproduction of experimentally observed
structural properties.””

Finally, we delete the spherical confinement and equilibrate
the obtained nanogel. Thus, the nanogel core is created. The
properties of the nanogels were thoroughly investigated in ref. 93.

In order to create the shell, we choose K}, outermost mono-
mers of the core, i.e., the monomers that are the largest distance
from the centre of mass of the core, and we attach a polymer
chain consisting of My, monomers using the FENE bond (4) to
each outermost monomer. In order to study the influence of the
shell on the nanogel size and shape, we used the same core for
modelling, but we considered different shells by varying the
number of polymers Ky, and the length of these polymers Mgy,
comprising the shell. The values of the parameter K, are chosen
so that when considering two core-shell nanogels with shell
polymer lengths My, = 10 and M, = 20, the total number of
monomers in the shell is the same. We investigated both cross-
linked and non-cross-linked shells. To cross-link a shell, we use
the same procedure as described above with the fraction of
cross-linked monomers Yjinis = 2N5R1/N™", which is defined as a
ratio of the number of cross-linked monomers in the shell to the

This journal is © The Royal Society of Chemistry 2024
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Table 1 Fraction of cross-linked monomers Y ns as a function of the
number of bonds Niﬂks between monomers in the shell, polymer length
Mgn in the shell and the corresponding number of polymer chains Kgp;

N = M-Kqn is the total number of particles in a shell

Mgn Ksn N Nilhks Wiinks
;8 1(5)3 1000 10 0.02
;8 1(5)8 1000 20 0.04
;8 123 1000 30 0.06
;8 123 1000 50 0.1
;8 13(5) 1500 10 0.013
;8 13(5) 1500 20 0.027
;8 15(5) 1500 30 0.04
;8 15(5) 1500 50 0.067
;8 i’gg 2000 10 0.01
;8 i‘gg 2000 20 0.02
;8 i‘gg 2000 30 0.03
10 200

20 100 2000 50 0.05

total number of monomers N°® = My;,-Kyp, in the shell. Here, Ni2
is the number of bonds between monomers in the shell that
need to be created. The values of the parameters for the
construction of the shell are summarised in Table 1.

The procedure described above is shown schematically in
Fig. 1. The core monomers are coloured blue, and the shell ones
are coloured green. Black FENE springs indicate cross-linkers in
the polymers. The centre of mass is indicated by a grey circle
with an orange contour. The outermost monomers, circled blue
in the diagram, lay on the surface of an orange sphere (here, a
circle). To the latter monomers, the shell polymers are attached
with yellow springs (classical harmonic potential). Cross-linking
of core and shell polymers in this work is performed using the
classical harmonic potential, which is represented in the dia-
gram by magenta (for the core) and red (for the shell) springs.

2.3 Charged core-shell nanogel

In this work, along with good solvent conditions, we also study
charged core-shell nanogels. In order to allow for weakly

charged nanogels, we introduce the Yukawa potential:*®
exp(—«r)
Uy(r) = ey—— 6
pUY(r) = ey o (6)
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Fig. 1 The sketch of the model and the main notations.

which describes a screened electrostatic repulsion between like-
charged particles. Here, f§ = 1/(kgT), x is the inverse screening
length and &y measures the strength of the Yukawa potential,
which we vary in the range of 1.0¢ and 4.0e: ¢y € {1.0, 2.0, 3.0,
4.0}. Although the inverse screening length, r, was varied
between 0.4 and 0.7, only a minor impact of this parameter
was found, so below we present the data for k = 0.4.

We consider three cases of charged nanogels with a core-
shell morphology. First, when only the core of the nanogel is
charged; second, when only the shell is charged; and the third
case combines the first two ones, ie., all particles in the
nanogel are charged. It also turned out that if the shell is not
cross-linked, the impact of electrostatics is rather weak, so we
will present the data for nanogels with cross-linked shells only.

2.4 Magnetic core-shell nanogels

Finally, we consider two possible cases of filling the matrix with
magnetic nanoparticles (MNPs). In the first case, a magnetic
component is added only to the core. For that, we randomly
replace 10% of the core monomers with magnetic ones. In the
second case, along with the magnetic core, we consider the
magnetic shell. Therefore, we additionally randomly replace
10% of the beads in the shell with magnetic ones.

As mentioned above, magnetic particles have point dipoles
at their centres, |ji| = y, and the pair of particles i and j interact
via the magnetic dipole-dipole potential:

3 - 7y) (A - )

7]

i

Uaa(i,)) = |
Fiy

; )

where 7;;, as before, is the vector, connecting particle centres.
This interaction can be characterised by the following para-
meter:

12
a kB To 3 (8)

It shows the ratio between the magnetic energy of two
dipoles in the ‘“head-to-tail” configuration and the thermal
energy. Long-range magnetostatic interactions are calculated
with the dipolar P*M algorithm.®

It is worth noting that each nonmagnetic bead in the model
represents a Kuhn segment, and, considering that the size of a
polymer bead is the same as that of the magnetic nanoparticle,

7800 | Soft Matter, 2024, 20, 7797-7810

View Article Online

Soft Matter

ie., on the order of 20 nm, the characteristic size of the
modelled nanogels is between 100 and 500 nm.

3 Main results
3.1 Neutral nanogels

Fig. 2 shows snapshots of core-shell nanogels with non-cross-
linked shells and different shell lengths (Mg, = 10 for Fig. 2(a),
Mg, = 20 for Fig. 2(b)). As can be seen, the obtained nanogels
have a clear well-preserved core (blue particles) and a shell
(green particles) around it. In Fig. 2(b), some long dangling
shell chains can be seen that are not that apparent in Fig. 2(a).
Otherwise, visual inspection reveals very minor differences.

A quantitative analysis below, however, unveils a drastic
impact of the shell polymer length on the structural character-
istics of nanogels. Fig. 3 shows the asphericity, b = a,> — (2> +
%,%)/2 = (3> — Ry”)/2 (where Ry is the gyration radius, and ay, %,
o, are the principal moments of the gyration tensor), of the
core-shell nanogels in a good solvent with different fractions of
cross-linked monomers Vs in the shell rescaled by the
square of the gyration radius R,”. Brown corresponds to nano-
gels with monomers N = 1000 in the shell, purple is chosen
for N°" = 1500, and we use yellow for N°*" = 2000. In the figure,
one can observe a slight increase in asphericity with an increase
in the fraction of cross-linked particles.

Due to the fact that the core has no smooth spherical shape,
the polymer chains used to model the shell were not uniformly
distributed on the core surface. It leads to a slight shape
deformation, especially if the shell has been built up by fewer
polymers and these polymers were longer (compare Fig. 3(a)
and (b)). Another interesting detail to mention is that the
asphericity almost does not change with the number of cross-
linkers in the shell. The largest difference in the asphericity
observed of cross-linked and non-cross-linked nanogels does
not exceed 1.5%. This confirms that the nanogel shape is
mainly determined by its core and the grafting density of the
shell polymers.

Similarly, a weak impact of ;s on the gyration radii can be
observed in Fig. 3(c) and (d) showing the dependence of the
ratio of the gyration radius of a cross-linked nanogel to the

(a) ()

Fig. 2 Snapshots of neutral core—shell nanogels. The core particles are
blue; the green particles belong to the nanogel shell. The total number of
particles in the shell is N*" = 2000: (a) Mg, = 10, Kg, = 200; (b) Mg, = 20,
Ksh = 100. The shell of the nanogels is non-cross-linked.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Rescaled asphericity b/R4? ((@) and (b)), and relative change of the
gyration radius RY™/R5°-" of core—shell nanogels in a good solvent with
different fractions of cross-linked monomers ¥ ns. The shell consists of
Ksn polymer chains, as indicated in the legend. R5>-"™ is the gyration
radius of a core—shell nanogel with a non-cross-linked shell. (a) and (c)
Mg, = 10; (b) and (d) Mg, = 20. Brown corresponds to nanogels with
N" = 1000; purple — N°" = 1500; yellow — N*" = 2000.

gyration radius of a non-cross-linked nanogel, Rg™*/Rg®-""*,

on the fraction of cross-linked shell monomers.

The curves decay slightly with growing Vs in the shell
independently of the length Kg,. However, this difference
between the gyration radii of the nanogel with the most
cross-linked shell and the one with a non-cross-linked shell is
small and does not reach even 1.5%, even in the case of the
thicker shell (see Fig. 3(d)).

In order to verify that our core-shell nanogels preserve the
structure meant by the model, we plot in Fig. 4 the density
profiles, p(r), computed for the monomers comprising the core
and the shell separately and compare them with the density
profiles for the total structure where the core and shell mono-
mers are not distinguished in the calculation. Here, r is the
distance from the nanogel centre of mass and is normalised
by R, along the horizontal axis. The values of p for the shell
composed of polymer chains of length M, = 10 are plotted with
solid curves and those of M, = 20 with dashed ones. Here, in
Fig. 4, grey represents all particles in the nanogel, blue repre-
sents particles in a core, and green represents particles in a
shell. The first column corresponds to the results for nanogels
with a non-cross-linked shell, and the second column is chosen
for the cross-linked shell with parameter N1 = 50. The shape
of the density profile of the core resembles that of a regular
nanogel with a plateau near the centre of mass and rapid decay
toward the periphery. Regarding the density profile of the shell,
it is convenient to look at the figures for My, = 20 (dashed green
curves) from top to bottom. This type of density profile in all
figures has a pronounced peak at r ~ R, and smoothly decays
toward both the centre of mass and the nanogel boundary.
Moreover, the density of shell monomers near the centre of

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Density profiles of core—shell nanogels as functions of the distance
from the centre of mass r normalised by the nanogel gyration radius Rg. (a),
(c), and (e) Nanogels with a non-cross-linked shell; (b), (d) and (f) nanogels
with a cross-linked shell with parameter Nﬁﬂks = 50. Solid curves are
chosen for nanogels with the length of polymers comprising the shell
Mg, = 10. Data for Mg, = 20 are shown as dashed curves. (a) and (b) The
total number of particles in the shell is N*" = 1000; (c) and (d) N*" = 1500;
(e) and (f) N*" = 2000. The grey colour corresponds to all particles in the
nanogel, blue is chosen for particles in a core, and green is used for
particles in a shell.

mass is around zero, and the density grows slightly for a larger
number of polymers grafted to the core. This is a clear sign that
a nanogel has a distinct shell around its core that is almost not
penetrated by the shell. Indeed, the free volume available for a
chain in the shell grows with the cube of the distance from the
centre of mass. So, for a long chain, it is advantageous to loose
some conformational entropy in the local vicinity of the core
and extend further away, where it has enough space to assume
equilibrium coiling. However, if the shell consists of shorter
chains (Mg, = 10, solid curves), one can note that for larger Ky,
(the parameter Ky, increases when moving along the graphs
from top to bottom), the density of the shell monomers con-
tinues to grow in the vicinity of the nanogel centre of mass. As
mentioned above, the total number of monomers comprising
the shell is equal regardless of the shell length Mg,. Then, in the
case of polymer chains of length M, = 10, more polymers are
used to build the shell on top of the core. The environment for
short chains becomes very crowded, and the configurational
entropy reduces significantly. Unlike long chains, short ones

Soft Matter, 2024, 20, 7797-7810 | 7801
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cannot extend out to gain free volume, so the more short
polymers in the shell, the smaller the entropic gain for the
polymers to stay outside of the core as the surrounding is
crowded. With a change in its conformations, the core can
accommodate a shell polymer chain inside, at least partially.
Once the short chain enters the core, it remains there to avoid
paying an entropic penalty to move cross the core boundary
where the concentration of monomers and cross-linkers is the
highest. This effect can be pushed to extremes: the density
profile of the shell becomes higher than that of the core (see the
blue and green solid curves in Fig. 4(e) and (f)). This is a clear
sign that the polymers comprising the shell and the core are
mixed, and the nanogel cannot be considered a core-shell
nanogel anymore. Importantly, the density of cross-linkers in
the shell should be very high to affect the density profiles, as
the values used in this manuscript have basically no impact,
not on the density profiles, nor on the gyration radii Fig. 3(d).

In Fig. 5, we plot how the core size changes, (Rg”™ — Rg)/Rj,
with respect to the three parameters (Ksp, Mgn and yjins) used
to construct the shell on top of the original nanogel in a good
solvent with gyration radius Rj.

In Fig. 5(a), for a shell with short polymer chains of length
Mg, =10 and K, = 100, the core size decreases by 1%. However,
the denser shells with Ky, = 150 and K, = 200 cause swelling of
the core by 2% and 8%, respectively. Better cross-linked shells
exhibit a lower swelling, but only by 1%. The swelling of the
core in the case of short polymers in a shell is caused by the
penetration of the shell monomers into the core.

In contrast, for core-shell nanogels with a shell composed of
longer polymer chains (Fig. 5(b), Mg, = 20), the construction of
the shell causes significant core shrinkage, up to 11%. The
density profiles confirm that the shell avoids penetrating the
core. Cross-linking the shell facilitates shrinking by tightening
the network around the core, but is not the primary factor. The
key parameters are the polymer length in the shell and the
number of these polymers attached to the core, resembling a
shell grafting density, with caution due to the nonspherical core.

In summary, this section highlights that the most spherical
shape is achieved with short chains and dense grafting. While
cross-linking of the shell has a minimal impact, the morphology
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Fig. 5 Signed difference between the gyration radius of the core Rg°" of
core-shell nanogels and the gyration radius of the original nanogels Rg ina
good solvent as a function of the fraction of cross-linked monomers on
the shell Yjnks. (@) Mg = 10 and (b) Mg, = 20 monomers each. Brown colour
corresponds to nanogels with N*" = 1000 monomers in the shell, purple —
N*" = 1500, and yellow one for N°*" = 2000.
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is significantly influenced by the density of the shell and the
length of the chains. Short and dense shells benefit from entropy
by blending into the core.

3.2 Charged nanogels

Fig. 6 shows nine snapshots of core-shell nanogels, & = 4,
eqn (6). We stick to the largest value of &y because the effects
are more visible. As for the case of neutral nanogels, the core
particles are blue and those of the shell are green. In the first
row, all of the monomers are charged; in the second and third
rows, respectively, the shell or the core remain charge neutral.
Only in the last column is the shell cross-linked with Nib < =50,
otherwise, the gels with a non-cross-linked shell are shown. In
the first column, the shell is made of long, My, = 20, but not
many, Ky, = 100 polymers. These snapshots (a), (d), and (f) can be
compared with their counterparts (b), (e), and (h) where nano-
gels with shorter shell polymers, Mg, = 10, but with the same
grafting density are shown. In the last column, the cross-linked
shell is made of rather dense and short polymers, M, = 10, Ky, =
200. The same feature can be seen from all nine snapshots: the
polymers with charged monomers tend to stretch significantly.
For uniformly charged systems, both the core and the shell swell
notably; if the shell is charge-neutral and the core is charged, the
swelling of the core seems to free some space for the shell
polymers to penetrate. Instead, the charge in the shell visually
results in the decrease of the core size.

In order to quantify the observations, in Fig. 7 we plot the
density profiles of the monomers in different nanogels versus the
distance from the nanogel centre of mass, normalised by R,.

If the number of monomers in the shell is low, N°" = 1000,
and all or core-only monomers are charged, as shown in Fig. 7(a)
and (c), respectively, the nanogel maintains its core-shell structure.
The density profiles of the shell monomers, represented by green
curves, are distinctly separate from the core monomers, depicted in
blue. When all monomers are charged, as illustrated in Fig. 7(a), one
can observe oscillations in the total (grey) and core (blue) density
profiles within the core region. This behaviour indicates that the
monomers in the core exhibit nearly periodic layering due to
electrostatic repulsion. Similar oscillations in the profiles are visible
in Fig. 7(b) for denser shells with N** = 2000. However, in this
scenario, the distinction between core and shell monomers is less
pronounced. Specifically, akin to uncharged nanogels, the core-shell
structure almost disappears for short shell polymers, as evidenced
by the green and blue solid lines, if comparing Fig. 7(d) to Fig. 7(c).
Both subplots display density profiles for nanogels with charged
cores and neutral shells. In cases where the shell is dense, it
permeates the core. Notably, the comparison between charged and
uncharged nanogels (Fig. 4(e) and 7(d)) indicates that the observed
effects are primarily influenced by the size and concentration of the
shell rather than the charges themselves. The presence of charges is
evident in the profile oscillations, highlighting the more structured
nature of charged nanogels compared to neutral ones. For N°" =
1500, the qualitative effects remain the same, and the corresponding
plots are included in the ESL¥

Fig. 7(e) and (f) illustrate the density profiles of nanogels
featuring a charged shell. Among these profiles, only one

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Snapshots of charged core—shell nanogels, ey = 4 in eqn (6); the
core particles are blue, the shell — green: (a)—(c) all monomers in a nanogel
are charged; (d)-(f) only the monomers in the core are charged; (g)—(i)
only the monomers in the shell are charged. In the first two columns, (a),

(d), (9), (b), (e) and (h), the nanogel shell is non-cross-linked, NP = 0. In

the last column, (c), (f) and (i), NPy = 50. In the first column, (a), (d) and (g),

Mg, = 20, Kspy, = 100; in the second column, (b), (e) and (h), Mg, = 10, K¢, =
100; in the third column, (c), (f) and (i), Mg, = 10, Ky, = 200.

nanogel stands out for maintaining a core-shell structure
without exhibiting layering, which corresponds to the nanogel
with the least amount (K, = 50) of long polymers (Mg, = 20) in
the shell (shown by the dashed curves in Fig. 7(e)). Never-
theless, unlike other cases, there is no plateau with a peak near
the grafting surface; instead, the peak is noticeably shifted
towards the nanogel’s center of mass. Additionally, it is evident
that the dashed blue and green curves intersect near this peak.
The occurrence of layering while still maintaining the core-
shell structure is observed in nanogels with K, = 100. Con-
versely, nanogels with K, = 200 short (Mjy, = 10) polymers in the
shell completely lose their core-shell structure, as it becomes
more favorable for the strongly repelling polymer chains to
penetrate the core.

Since cross-linking of the shell does not lead to qualitative
changes in the density profiles, below we focus exclusively on
nanogels with a non-cross-linked shell. We also limit the results
for the most dilute and dense cases, the data for N°" = 1500 is
plotted in the ESI.{ Mixing of core and shell monomers is
expected to cause relative changes in the gyration radii of the
nanogel, Ry"*, compared to the neutral counterparts, Rg*"". In
Fig. 8(a), (c) and (e), we analyse the relative changes in the

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Density profiles of charged core—shell nanogels with a non-cross-
linked shell, &y = 4: (a) and (b) — charged core and shell; (c) and (d) —
charged core; (e) and (f) — charged shell. (a), (c) and (e): N*" = 1000; (b),
(d) and (f): N°" = 2000. With solid lines the results for nanogels with length
Mg, = 10 are plotted; dashed lines correspond to My, = 20. Within each line
type, the density profiles for all monomers are plotted in grey; monomer
density in the core — blue; monomer density of the shell is plotted in green.

gyration radius of the entire nanogel, (Ry"* — Rg*™")/Rg™"" (in
percent), as a function of &y (plotted with filled symbols).
In order to relate the total expansion of the nanogel to the
extension of its core, in Fig. 8(b), (d) and (f), with open symbols,
we plot the ratio (RY"¢ — Rg"™)/Rg°"™° in percent, where
Rfé“l"C denotes the core gyration radius of a nanogel with at least
some charged monomers, and Rg*"™ is the radius of gyration
of the core of a neutral nanogel with the same morphology.
Here, in Fig. 8(a) and (b), the ratio is plotted for the nanogel,
whose monomers are all charged; the plots in Fig. 8(c) and (d)
are for nanogels with a charged core, and in Fig. 8(e) and (f) - for
the nanogels with a charged shell. The yellow symbols are used
for the N*" = 2000 monomers in the shell, while the brown ones
are for N°" = 1000. With circles, we plotted the results for short
polymers Mg, = 10, and with squares - for M, = 20. We plotted
the eye-guiding lines for clarity and preserved the convention of
Fig. 7, in which solid lines were used for M, = 10, dashed lines -
for My, = 20, independently of the grafting density.

As expected, for fully charged nanogels, we observe the
strongest swelling with growing &y, Fig. 8(a) and (b). When
comparing nanogels with the same N°", both the entire gel
(Fig. 8(a)) and its core (Fig. 8(b)) show a stronger &y-dependent
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Fig. 8 (a), (c) and (e) Signed difference (Rg"* — Rg“")/R5"" versus the
charge repulsion strength ¢y; the gyration radii are calculated for the entire
nanogels, filled symbols. (b), (d) and (f) Signed difference (Rg“k'C —
R5eU")/Rg°U"< versus the charge repulsion strength &y calculated for the
gyration radii of the nanogel cores, open symbols. (a) and (b) All monomers
in the nanogels are charged; (c) and (d) only monomers in the core are
charged; (e) and (f) only monomers in the shell are charged. The colours
help to distinguish the total number of monomers in the shell. Yellow
colour: N*" = 2000; brown colour: N*" = 1000. The shape of the symbol
is preserved for a fixed shell polymer length. Circles and solid lines: M*" =
10; squares and dashed lines: M*" = 20. The type of line (dashed or solid) is
the same as in Fig. 7.

growth if the shell polymers are longer (squares are above
circles of the corresponding colour). While the core swells more
if the shell is denser (the yellow open symbols in Fig. 8(b), N°" =
2000 are above the brown ones, N*U' = 1000), the relative
increase in the gyration radius of the entire gel, whose low-
density shell is made of long polymers, is slightly stronger than
that of the nanogel with a denser shell, but shorter polymers
(the brown squares, NI = 1000, My, = 20, are above the yellow
circles, N° = 2000, My, = 10). This can be understood by looking
at the density profiles plotted with dashed lines in Fig. 7(a) and
solid lines in Fig. 7(b). In the first case, the shape of p(r)
evidences a clear preservation of the morphology of the core
and the shell, while the solid lines in Fig. 7(b) correspond to the
penetration of the shell in the core with the highest density
near the grafting surface. The latter peak causes a strong
swelling of the core and offers extra space for the shell mono-
mers. Instead, a preserved core-shell morphology allows the
shell polymers to stretch more radially outward. This effect of
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Mgy, can be visually assessed when comparing the amount of
green monomers inside the blue core in a characteristic con-
formation in Fig. 6(a), My, = 20, to Fig. 6(b) and (c), My, = 10.

The mixing between the core and the shell monomers for
NI = 2000, My, = 10, for the case of gels with a charged core
only results in a smaller, but still very strong, éey-induced
swelling, as seen in Fig. 8(c) and (d). Here, naturally, the core,
Fig. 8(d), shows a stronger response to the growth of &y and can
almost double its size compared to its neutral counterpart.
Both Fig. 8(c) and (d) evidence that for the highest monomer
density in the shell, the most structural change is expected
from the gels with longer grafted polymers (yellow squares,
N = 2000, My, = 20).

The same conclusion holds for Fig. 8(e) and (f), where we
plot, respectively, the relative swelling of the entire nanogel and
its core for the case of a neutral core and a charged shell.
However, it is worth noting several unexpected findings. First,
comparing the swelling of fully charged nanogels in Fig. 8(a) for
the case of N°" = 2000, M, = 10 (vellow circles, solid lines), with
the same results for the nanogel with a charged shell only,
Fig. 8(e), we see almost no difference. For longer polymers and
the same monomer density in the shell (yellow squares, dashed
lines), the swelling is much higher if all monomers are charged.
This means that for N°" = 2000, My, = 10, some of the shell
monomers are seeking space in the core and because of
electrostatic repulsion cause overall swelling. It is confirmed
by appreciating the similarities between the relative swelling of
the core for the nanogel with the charged shell (yellow open
circles, solid line, Fig. 8(f)) and the analogous plot for a fully
charged nanogel in Fig. 8(b). Longer chains in the shell, N°" =
2000, Mg, = 20, do not contribute much to the growth of
RY"e¢ (yellow squares, Fig. 8(f)); instead, they stretch radially
outward and lead to a significant growth of the total gyration
radius of the nanogel. It is true even if the effects of &y on the
core are minimal, as in the case of N*" = 1000, My, = 20 (brown
open squares, dashed line, Fig. 8(f)): the overall R, still grows
significantly (brown filled squares, dashed line, Fig. 8(e)).

Summarising the findings of this part, we observe that
charge-like repulsive interactions in a nanogel either between
all monomers or selectively between monomers in the core or
in the shell not only lead to an increase in the overall nanogel
size but also facilitate the loss of the core-shell morphology,
particularly if the shell polymers are short. The most pro-
nounced mixing of the core and shell monomers occurs when
only the core monomers are charged. Interestingly enough,
even if only the shell monomers are charged, they partially
penetrate into a neutral core and lead to its swelling with
increasing repulsion strength. It is worth noting that the
findings of this section are only applicable for weakly charged
nanogels. The presence of explicit counterions in the case of
highly charged polyelectrolyte nanogels could lead to a differ-
ent swelling behaviour due to the modified osmotic equili-
brium between the microgel and the surrounding solvent or
particular recharging mechanisms,'* "% not reflected in our
approach. Moreover, cross-linker connectivity affects swelling
ratios. In particular, if connectivity is low, as in our work, only
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x-like cross-linking is possible, corresponding to connectivity
four in the work,'®® and a higher swelling is expected.

3.3 Magnetic nanogels

In Fig. 9 we present computer simulation snapshots of magnetic
nanogels. There are two options: first, in Fig. 9, magnetic nano-
particles (MNPs), shown in red, can be found only in the core of a
nanogel; second, see Fig. 9(b) and (d), MNPs are also in the shell
and are coloured orange to distinguish them from the core MNPs.

According to the results for neutral and charged gels
described above, here we selected the most reliable core-
shell-morphology-preserving candidates for computer simula-
tions of magnetic nanogels. Therefore, for magnetic nanogels,
we consider Mg, = 10 and My, = 20 with K, = 100.

As shown in Fig. 9, all MNGs do not exhibit special shape
and/or stretching effects; instead they look similar to the
neutral nanogels presented in Fig. 2. In order to verify whether
the presence of MNPs alters the structure of a nanogel, in
Fig. 10, density profiles p(r) are presented for different
strengths of magnetic interactions. Here, we plot the results
for My, = 10 and Mg, = 20 only for the case of MNPs being both
in the core and in the shell, since the presence of particles in
the shell did not affect the outcome, nor did the value of the
magnetic interactions (for more information, check the ESIt).

Comparing Fig. 10(a) with the solid lines in Fig. 4(a), or
Fig. 10(b) to the dashed lines in Fig. 4(e), we can conclude that
density profiles are not affected at all by the presence of
strongly interacting MNPs, at least at the concentration
studied here.

(@) (b)

© @

Fig. 9 Snapshots for different models of core—shell magnetic nanogels:
(a) magnetic core with shell polymer length Mg, = 10, (b) magnetic core
and shell with shell polymer length Mg, = 10, (c) magnetic core with shell
polymer length Mg, = 20, (d) magnetic core and shell with shell polymer
length Mg, = 20. Blue particles — nhonmagnetic particles of a core, green
particles — nonmagnetic particles of a shell, red particles — magnetic
particles of a core, orange particles — magnetic particles of a shell.
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Fig. 10 Density profiles for magnetic core—shell MNGs with MNPs both
in the core and in the shell, 1 = 6, Ky, = 100. (a) My, = 10; (b) My, = 20.
The grey colour corresponds to all particles in the nanogel, the blue colour
is chosen for particles in a core, and the green colour is used for particles
in a shell.

Not only are the shape of a nanogel and the monomer
distribution in it robust to the addition of MNPs, the size of
the gel remains basically unchanged compared to its neutral
counterparts, as evidenced in Table 2, where the difference
between the gyration radii (Rg*®" — Rg*"")/Rg"" is collected for
systems with different shell polymer lengths, Mg,, different
locations of magnetic particles in the core-shell nanogel, and
different values of the parameter 1. One can see that the
difference is negative, but it barely exceeds one percent. In
fact, without an applied magnetic field, even if magnetic
particles aggregate and deform the polymer matrix locally, the
effects are averaging out in contrast to the isotropically repul-
sive Yukawa case.

At this point, the question arises whether MNPs have any
impact on the nanogels’ behaviour at all, or if the studied
experimentally available concentration’®'®* of MNPs is too
low. In Table 3, we collect the values of the magnetic initial
susceptibility, %o, of the nanogels for different MNGs. The values
were obtained by using the fluctuation-dissipation theorem:

<ﬁl012>av_ <ﬁlol>av2

3kgTV ’ ©)

20 =

where ji,, is the total magnetic dipole moment of the system,
(-)av Mmeans averaging over all magnetic particles, and V is the
MNG volume, calculated using the mean distance to the surface
from the centre of mass as a radius. The initial susceptibility
shows how strongly a MNG can respond to an applied magnetic
field, i.e., the values of y, define the initial slopes of the system
magnetisation curves. Here, the effects of the MNPs are evident.
The initial susceptibility has a maximum, which occurs at the

Table 2 Signed difference between the gyration radius Rg"" of magnetic
core—shell nanogels and the gyration radius RG™"" of the neutral core—
shell nanogels: (R29" — RG*“)/RG™Y, %

Mg, Location of magnetic particles A=3 A=5 =6
10 Core —0.2 —-0.7 —-1.3
Core and shell —0.1 —0.5 —0.8

20 Core —-0.4 —-0.9 —-1.1
Core and shell —0.4 —0.4 —0.3
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Table 3 Initial susceptibility yo for different MNGs

Mg Location of magnetic particles A=3 A=5 A=6

10 Core 0.04 0.06 0.04
Core and shell 0.06 0.13 0.05

20 Core 0.06 0.06 0.04
Core and shell 0.12 0.14 0.03

value of the dipole-dipole magnetic interaction parameter, 4 =5,
independently of the MNG morphology.

Although the initial growth of y, with 2 is related to the
formation of highly magnetoresponsive chain-like clusters, the
presence of a maximum is associated with the formation of
rings or other magnetic-flux-closing structures with zero net
magnetic moment. The presence of such aggregates in the
system leads to an effective reduction in the magnetically active
fraction of particles when the temperature and density of the
magnetic particles are low.’® In terms of the coupling para-
meter, A, in liquid carriers, one can roughly distinguish
between homogeneous particle distribution for 1 < 2, chaining
for 2 < 4 < 5, and clusters with magnetic flux closure for 1 >
6, as shown by various studies.'*®'%

In order to verify that the polymer matrix does not fully
block the formation of MNP clusters, we calculated the average
probabilities for a MNP to have n magnetic neighbours, P(n).
The results are presented in Fig. 11.

The blue colour in Fig. 11 corresponds to nanogels with
parameter 4 = 3, orange is selected for parameter 4 = 5, and
green is used for parameter . = 6. The first row (Fig. 11(a) and
(b)) of the figures corresponds to the shell polymer length M, =
10, and the results for another length, My, = 20, can be found in
the figures in the second row (Fig. 11(c) and (d)). Figures in the
first column (Fig. 11(a) and (c)) are constructed for nanogels with
a magnetic core only, while those in the second column
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Fig. 11 Probabilities P(n) of finding n magnetic neighbours for each
magnetic particle: (a) magnetic core with shell polymer length Mg, = 10,
(b) magnetic core and shell with shell polymer length Mg, = 10, (c)
magnetic core with shell polymer length My, = 20, (d) magnetic core
and shell with shell polymer length Mg, = 20.
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(Fig. 11(b) and (d)) are for nanogels with a magnetic core and
shell. As can be seen, for systems with a weak magnetic inter-
action, cluster formation is unlikely, and most magnetic parti-
cles do not have magnetic neighbours; the highest values of P(n)
are found for n = 0. With an increase in the intensity of magnetic
interactions, an increase in the number of magnetic neighbours
can be noted. These are orange and green. It can also be noted
that an increase in the length of the polymers in the shell also
promotes cluster formation, since the number of magnetic
neighbours in the system increases. Note that for 4 = 6, the
highest probability is found at n = 2, namely, the particles are
likely to have two neighbours, like those in rings, particularly
considering that the number of particles having only one neigh-
bour - a free end for 4 = 6 - is smaller than for lower intensities
of magnetic interaction.'*°

To summarise this section, one can say that for the MNPs to
change the size of the MNGs, one needs a much higher concen-
tration as studied here. In this case, magnetic dipole-dipole
interactions between particles are expected to make MNGs more
compact with respect to neutral nanogels.®* Our results also
suggest that taking into account the magnetic dipole-dipole
interaction does not lead to perturbations in the core-shell
structure or in the monomer distribution. At the same time,
even for the concentration of MNPs studied here, we observed
the changes in the magnetic response. Moreover, a longer shell
provides more possibilities for MNPs to rearrange into more
energetically advantageous configurations, this way enhancing
or impeding the magnetic response depending on A.

4 Conclusions

We utilised molecular dynamics simulations to explore the influ-
ence of the core-shell morphology on the structural characteris-
tics of nanogels. We examined three distinct types of nanogels,
distinguished by their inter-monomer interactions: those with
excluded volume only (neutral nanogels); those with charged
monomers and excluded volume (charged nanogels); and those
with excluded volume combined with a certain number of mag-
netic nanoparticles incorporated within the nanogel (magnetic
nanogels). While keeping the core structure and size constant, we
varied the length of the grafted polymers forming the shell, their
density, and method of shell cross-linking.

Our analysis of neutral nanogels revealed notable trends. In
particular, we observed that nanogels with short chains and
dense grafting exhibited the most spherical shape. Although
the cross-linking of the shell had minimal influence, signifi-
cant alterations in morphology were primarily driven by the
density of the shell and the length of the chain. In particular,
short, dense shells experienced entropic benefits from min-
gling into the core.

With respect to charged nanogels, repulsive interactions
within the nanogel, whether among all monomers or selectively
between core or shell constituents, not only enlarged the overall
nanogel size but also instigated the loss of core-shell morphol-
ogy, particularly evident with shorter shell polymers. Moreover,

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm00450g

Open Access Article. Published on 03 2567. Downloaded on 6/1/2569 0:39:56.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

the most pronounced intermixing of core and shell monomers
was observed when the core constituents were charged solely.
Intriguingly, even if only the shell monomers possessed charges,
they exhibited partial penetration into a neutral core, leading to its
swelling with increasing repulsion strength.

In the realm of magnetic nanogels, our study illustrated that
consideration of magnetic dipole-dipole interactions did not
disrupt the core-shell architecture or monomer distribution, at
least within the examined concentration range. Nevertheless,
even a modest quantity of magnetic nanoparticles, particularly
when encased within longer polymer shells, wielded significant
influence over the nanogel magnetic response.

In general, the versatility and tunability demonstrated by
nanogels in response to structural modifications pave the way
for innovative solutions in drug delivery, tissue engineering,
diagnostics, and beyond. Continued research in this area pro-
mises to unlock further potential and catalyse the development
of novel nanogel-based technologies with diverse applications in
biomedical and materials science domains. In particular, at the
moment we are investigating how the morphology of a nanogel
impacts its encapsulating and elastic properties.

List of notations

F; The force acting on the /™ particle

T; The torque (pertaining to magnetic particles only)
acting on the /" particle

M; The mass of the /" particle

I; The inertia of the i particle

vy The velocity of the /™ particle

@y The angular velocity of the /™ particle

I'y The translational friction coefficient

I'r The rotational friction coefficient

EF The random force acting on the /™ particle

& The random torque acting on the /™ particle

o The particle diameter

m The particle mass

i The particle magnetic moment vector

u The length of the particle magnetic moment vector
r The distance

r* The dimensionless distance in computer simulations

e The experimentally measured magnetic moment

& The energy scale of the Lennard-Jones potential

ks The Boltzmann constant

T The temperature

™ The dimensionless temperature

t The time

t* The dimensionless time

At The time step

M. The number of monomers making up the polymers in
the core

Uwcalij) The Weeks-Chandler-Andersen (WCA) potential
between i and j™ particles

Teut The cutoff distance for the Weeks-Chandler-Andersen

potential
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Iy The vector connecting the centres of i and ;™
particles

Ugene(r) The FENE (Finitely Extensible Nonlinear Elastic
Model) potential

Keene  The prefactor for the FENE potential

Armax  The maximal stretching for the FENE potential

To The equilibrium bond length for the FENE potential

Minks The number of cross-linked pairs of monomers in the
core

Un(r)  The classical harmonic potential

Ky, The Hooke’s spring constant

R The equilibrium bond length for the harmonic
potential

Kqn The number of polymers in the shell

Mgn The length of polymers in the shell

Yiinks  The fraction of cross-linked monomers in the shell

N{h«  The number of bonds between monomers in the shell

NP The total number of monomers in the shell

Uy(r) The Yukawa potential

K The inverse screening length for the Yukawa potential

&y The strength of the Yukawa potential

Uaa(ij) The magnetic dipole-dipole potential between i and
J™ particles

A The magnetic dipole-dipole interaction parameter
R, The gyration radius

b The asphericity

O, Oy, o, The principal moments of the gyration tensor

Rgnks The gyration radius of a core-shell nanogel with a

cross-linked shell
Rg°-'""™ The gyration radius of a core-shell nanogel with a
non-cross-linked shell

R The gyration radius of the core of a core-shell nanogel

Ry The gyration radius of the original nanogel

Ry The gyration radius of a neutral core-shell nanogel

R;f“k The gyration radius of a charged core-shell nanogel

Ry The gyration radius of the core of a neutral core-shell
nanogel

R;ﬁ“k’c The gyration radius of the core of a charged core-shell
nanogel

Ry“8"  The gyration radius of a magnetic core-shell nanogel

%o The magnetic initial susceptibility

Heot The total magnetic dipole moment of the system

(Vav Averaging over all magnetic particles

1% The magnetic nanogel volume

P(n) The average probability for a magnetic nanoparticle to
have n magnetic neighbours
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