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The impact of cross-linker distribution on
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Magnetic nanogels (MNGs) are highly attractive for biomedical applications because of their potential for
remote control of the rheology and internal structure of these soft colloids with biocompatible
magnetic fields. In this contribution, using molecular dynamics simulations, we investigate the impact of
the cross-linker distribution in the body of a MNG on the shape and magnetic response to constant and
AC magnetic fields and relate those properties to the behaviour of non-magnetic tracers placed in the
MNGs and left to escape. We find that if no AC magnetic field is applied, although the escape times of
the tracer particles barely depend on morphology, the highest degree of subdiffusion is observed for the
gels with a non-uniform cross-linkerer distribution. We also find how the eigen frequency at which
particles relax locally in the polymer matrix affects the dynamic magnetic response of the gel. We show
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1 Introduction

Hydrogels are soft materials that have gained significant attention
in recent decades. They are widely used in various fields such
as chemical, biomedical, and environmental engineering.! Some
non-standard applications include cleaning modern and contem-
porary art,> creating a highly tunable environment for cellular
development,’ and even oil recovery.” Although hydrogels are the
most commonly mentioned type of gels, they do not exhaust the
broader concept of a gel often defined as non-fluid network,
which also includes colloidal,” olympic® and aerogels.” In terms
of scale, there is a distinction between bulk and micro-/nanogels
(MGs/NGs).

One way to change the properties of MGs and NGs is
through functionalisation. Specifically, thanks to their inject-
ability and microporosity,® functionalised nanoscale hydrogels
are actively used for targeted drug delivery’** and invasive
therapy.”® The functionalisation of gels in the context of
biomedical applications is carried out primarily to make them
more responsive to various stimuli, including internal factors
such as temperature,'*'® pH,">'® redox,"' enzyme activity,"”
ionic strength;'® as well as external stimuli such as tempera-
ture, mechanical forces,'® electromagnetic’ and ultrasonic
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that a magnetic field-induced wobbling can facilitate drug release from gels.

radiation.' In addition to that, NGs can be tuned to cross
the blood-brain barrier,>** or vice versa, be impermeable to
it.>> From the controllability perspective, among the variety of
functionalised gels, magnetic micro- and nanogels (MMG and
MNG respectively) stand out favourably, due to the biocompat-
ibility of the external magnetic field H.2*

In the past decade, many experimental samples of gels with
magnetic nanoparticles (MNPs) embedded in their matrix have
been synthesised and studied.****2° Despite the fact that full-
fledged guidance with external magnetic fields of MMGs and
MNGs in vivo has yet to be developed, the drug targeting with
magnetic field already effectively enhances uptake of these parti-
cles by tumour cells.*® Furthermore, MNPs in gels open up new
possibilities for their use in magnetic resonance imaging,*
magnetic hyperthermia®” or photothermia,® while not interfering
with other types of gel responsiveness, such as pH.*®

In addition to other factors, research indicates that cross-
linker distribution, or the morphology of micro- and nanogels,
significantly influences the mechanical properties in both MGs
and NGs,>*°*° thereby necessitating a thorough analysis of
the structure of the polymer matrix.

Several years ago, we developed one of the first coarse-grained
models of MNG with non-regular internal structure.”®>" This
model qualitatively mimics the structural properties of nanogels
formed by electrochemically or photochemically induced cross-
linking of polymer precursors encapsulated in an emulsion
of nanodroplets.”* Before analysing the drug delivery potential, we
verified this model. First, we used it to explore how the concen-
tration of MNG and an applied magnetic field affect self-assembly.

Soft Matter, 2024, 20, 8765-8774 | 8765


https://orcid.org/0000-0002-2036-4966
https://orcid.org/0000-0002-4034-6861
https://orcid.org/0000-0001-5700-7009
http://crossmark.crossref.org/dialog/?doi=10.1039/d4sm00797b&domain=pdf&date_stamp=2024-10-24
https://doi.org/10.1039/d4sm00797b
https://doi.org/10.1039/d4sm00797b
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm00797b
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM020044

Open Access Article. Published on 17 October 2024. Downloaded on 12/27/2025 12:25:25 AM.

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

(cc)

Paper

We found that the elastic matrix impedes the aggregation
of MNPs but enhances magnetic susceptibility.’>>* Later, to
ensure that our model is adequate under the impact of hydro-
dynamic flows, we extensively investigated the behaviour of a
single MNG in shear flow.>> We found that in a shear flow the
centre of mass of an MNG tended to be in the centre of a
channel and to move, preserving the distance to both walls. The
oscillations and rotation of the MNG monomers were found to
cause a synchronised tumbling and wobbling of the whole
MNG, accompanied by periodic changes in volume. The latter
prove to be highly compressible and permeable for the carrier
liquid MNGs to differ significantly from other soft colloids,
described by Taylor-type models.*® Finally, we showed that the
model was able to accurately capture the structural properties
of various core-shell-like morphologies.*”

Having a reliable and computationally efficient model of a
MNG, we could proceed to one of the most challenging questions
related to these systems: little to nothing is known about the
influence of the MNG morphology on the drug transport and
release under the influence of magnetic and hydrodynamic fields.
Hence, in this contribution, using molecular dynamics simula-
tions, we investigate the impact of the cross-linker distribution on
the shape, and magnetic response to constant and AC fields, and
relate those properties to the behaviour of non-magnetic tracers
placed in the MNGs and left to escape. In this way, we test both
the cargo and the controlled release potential of various MNGs.

We start with a brief introduction of the simulation approach
(all additional details and the parameters are provided in the
Methods section at the end of the manuscript). Next, in order to
verify the characteristic dynamic modes of MNGs, we study the
dynamic susceptibility spectra and compare them to the experi-
mental results available in the literature.>® Being sure that the
dynamics of the MNGs is reproduced adequately and obtaining a
clear microscopic picture of it, including intrinsic relaxation time
scales, we place non-magnetic tracers inside the MNGs of differ-
ent morphologies. Three different computer experiments are
performed: first, the tracers let to diffuse out of the MNG without
any external stimulation, an escape time is measured and related
to the encapsulation ability; second, an escape time is measured if
a constant strong magnetic field is applied, allowing us to see if
the field-induced MNG deformations can affect the encapsulation
ability; finally, an AC magnetic field is applied and the controlled
release of the tracers is estimated. The first three parts report the
results obtained without hydrodynamic interactions. In the final
part of this work, we check whether the hydrodynamic flow and
magnetic field combined might lead to significant deformations
and, as such, reduce the encapsulation ability. The manuscript
ends with a brief conclusion, followed by a rigorous explanation of
the simulation details.

2 Results and discussion
2.1 MNG representation and morphology

Fig. 1 presents a sketch of the coarse-grained representation of
MNG we use in this work. The polymer matrix is composed by

8766 | Soft Matter, 2024, 20, 8765-8774

View Article Online

Soft Matter

Fig. 1 Coarse-grained model of a MNG. The diagonal gradient of opacity,
extending from all beads representation in the top left corner to the bottom
right corner, where only MNPs and polymer backbones are shown explicitly.
Inset: Particles in polymer chains are connected via FENE bonds attached to
the anchor points on particle surface — thin dark springs; polymers are
crosslinked by connecting the centres of two close to each other beads
from different polymer chains by a harmonic bond - red spring.

600 polymer beads - soft gray spheres, connected by FENE
(finitely extensible nonlinear elastic) springs®® as shown in the
inset. This type of cross-linking, addressed as constrained
one,” restricts the rotation of the bead away from the polymer
backbone. To cross-link the polymers, one hundred pairs of
closest neighbours belonging to different chains are selected,
and particle centres are connected by harmonic springs (see,
inset of Fig. 1, red spring). The latter has exclusive technical and
optimisation reasons explained at the end of the manuscript.
Changing those cross-linkers to FENE bonds does not cause any
qualitative difference. In the resulting matrix, each bead has one
to three bonded neighbours, which is similar to the connectivity
four in the work.®® We recognize that the number of monomers
is small; however, considering both the gel’s radius of gyration
and the radius of the monomers, we find ourselves within a wide
range of nanogels, including those synthesized experimentally.
Our model effectively reveals the key physical properties, and its
main advantage is possibility to simulate during the long time
period and a large number of such gels simultaneously. Among
600 polymer beads, random 60 or 120, depending on the
magnetic content, are assigned a permanent magnetic moment,
whose orientation can only change by Brownian rotation of the
whole bead. Magnetic beads created this way represent chemical
binding of the magnetic nanoparticles to the gel matrix, similar
to that in.>*®* Following the latter experimental work, we chose
magnetic interactions to match the experiment (see, Methods
section for more details).

Taking into account the growing interest in optimising MNG
morphology for biomedical applications, we perform numerical
simulations of a MNG, considering uniform, Gaussian distribution
from the centre to the periphery and reverse (1-Gaussian). The
latter two cases are schematically presented in Fig. 2(a) and (b)
respectively. From this point on, the manuscript will employ the
following notations and colour scheme: uniform morphology will
be coloured dark blue and abbreviated as u; Gaussian morphology

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) and (b) Snapshots of MNGs with Gaussian and 1-Gaussian
cross-linking distributions, respectively. Dark sticks portray cross-linkers
(red spring in the inset of Fig. 1), while semitransparent curves represent
polymer backbones (thin springs in the inset of Fig. 1). (c). Monomer
density p(r) (solid lines) and energy density u(r) (dots) profiles versus the
distance from the gel center of mass, r, represented by solid lines and
circles, respectively. The morphologies are differentiated by color as it is
provided in the legend: Gaussian (pale red), 1-Gaussian (blue) and uniform
(dark blue). The number of magnetic particles is 60.

10.0

will be plotted in pale red and abbreviated as g; inverse-Gaussian
morphology is coloured light blue and the notation for it is 1-g.
Solid lines in Fig. 2(c), showing the equilibrium monomer density
profiles, p(r), evidence that the MNG morphology can be achieved
well using our approach. Denoting by 7; the distance between each
particle i € [1,600], and the MNG centre of mass, the equilibrium
radii of gyration,

600
RS =Y r? /600
i=1

can be calculated for the three morphologies. We find that the
values of R, are around 7 particle diameters, with the smallest
value R, ~ 6.8 found for Gaussian morphology; R, ~ 7 for MNGs
with 1-Gaussian morphology; and R, ~ 7.5 for the uniform cross-
linker distribution. These values combined with Fig. 2(c) suggest
that the MNGs in our model do not have a compact surface;
instead, they could have multiple dangling polymer chains, as p(r)
is still not negligible for r > R,.

Moreover, we can calculate u(r) — the energy density of
bonds, i.e., the sum of all elastic potentials in a small spherical
shell at a distance r from the gel centre of mass, divided by the
volume of the shell. The results are plotted in the same figure
(Fig. 2(c)) with dots. Both u(r) and p(r) are highly correlated,

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

except in the core region of g-morphology, where cross-linkers
are more stretched. In the ESI,f we demonstrate that it
becomes challenging for cross-linkers to pack polymers into
confined spaces, resulting in the stretching of cross-linkers.
Overall Fig. 2(c) allows us to conclude that in thermodynamic
equilibrium the core of the g-morphology MNG is denser than
that of the uniform or 1-g morphology, whereas the 1-g mor-
phology has the least dense core and exhibits a vesicle-like
structure with a rather crowded shell. The length of the inter-
particle bonds is steadily fluctuating near its equilibrium value.
The time scale of those fluctuations deserves particular atten-
tion as it is related to the eigen dynamic modes of the MNG.

For single-domain ferromagnetic particles in a fluid carrier,
the characteristic timescale is set by the Brownian rotational
relaxation time tg = f4myry’. Here, i represents the dynamic
viscosity of the carrier, ry corresponds to the hydrodynamic
radius of the MNP, and f§ = 1/kgT the Boltzmann factor. In our case,
the characteristic rotational relaxation time is expected to be greater
than tp, since the polymer matrix hinders the rotations. This
defines the time-scales of our molecular dynamics simulations.
The integration time-step, ie. the shortest time resolved in the
modelling, should be a fraction of 7. In order to reach equilibrium,
one needs to propagate the system long enough for the entire MNG
that is 14 times larger than a single particle, to sample an
exhaustive part of the phase space, bringing us to the time intervals
that are more than 4-6 orders of magnitude longer than 7.

2.2 Dynamic magnetic susceptibility

Static magnetic susceptibility at zero applied field, or the initial
slope of the magnetisation curve, is one of the most important
characteristics of magnetic-nanopraticle-based soft systems. It
shows how correlated the magnetic particles are, in this way
serving as a good indicator of a collective behaviour. If instead
the time scales of the interparticle correlations are important,
as when optimising the frequency, o, of an applied magnetic
field for hyperthermia,>” one aims first at analysing the initial
dynamic susceptibility y(w) =y’ +iy".

Here, ' and )" are, respectively, the real and imaginary
parts, and i is the complex unity. Note that y’(0) is nothing but
a static initial susceptibility discussed above. The positions of
the y”(w) maxima define the frequencies of the strongest
dissipation, indicating in this way the frequencies of an applied
field. In simulations, in order to obtain y(w) without an
application of an oscillating magnetic field, it is convenient
to calculate magnetisation autocorrelation functions (ACFs)
and Fourier transform them.®* %!

Witt and coauthors recently measured y(w) spectra for
PNIPAM-based MMG with embedded CoFe,O, MNPs stabilised
sterically by citric acid.® As mentioned in the previous section,
the magnetic characteristics, concentration of MNPs (10 per
cent), and sizes of the MNGs in this work are selected to match
the experimental system. Multiple statistically independent
simulations were performed for each morphology (see details
in the Methods section) in order to improve statistics.

The ACFs of the total dipole moment of MNG, obtained in
simulations and plotted in Fig. 3(a) for the three morphologies

Soft Matter, 2024, 20, 8765-8774 | 8767
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Fig. 3 (a) Autocorrelation functions of the total dipole moment (solid lines);

shaded regions + show standard deviation, along with its sum of stretched
exponential functions fit (dashed lines) for morphologies provided in the
legend. MNGs contain 60 magnetic particles. (b) Real (squares) and ima-
ginary (circles) parts of the dynamic magnetic susceptibility y(w) obtained
from simulation, and experimentally measured dynamic susceptibility of
nanogels of similar size with the same magnetic content® (dashed lines).

indicated in the legend, exhibit two prominent relaxation
modes: a rapid decay occurring around 10t and a slower decay
after 10°tz. The error-bars are shown by the colour halos
around the curves. For detailed technical information on the
computation and fit of the ACFs that span such a wide range of
times, refer to the end of the ‘Simulation Protocol’ subsection
below and Tables S1-S3 in the ESI.{

The experimentally measured magnetic susceptibility®® is
included in Fig. 3(b) as dashed lines: 3’ in black and y” in red.
The Fourier transforms of the ACFs are plotted in Fig. 3(b) with
points whose colour corresponds to a given morphology. In
both the experiment and the simulations, two distinct peaks of
7" can be observed that are separated by four orders of
magnitude in frequency. Although qualitatively experimental
and simulation spectra agree very well, some quantitative
differences can be observed. They can be attributed to the fact
that the mechanical as well as the elastic properties of
the experimental MNGs were not preserved in the simulations.
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Fig. 4 A sketch of a MNG with tracers (orange) inside.

At the same time, the qualitative agreement between these two
dynamic zero-field susceptibilities indicates a match in magnetic
particle volume fraction, particle coupling to the polymer matrix,
and particle interaction strength in dynamic magnetic response.

The broad and not very tall high-frequency peak is, as
expected, shifted to the left with respect to 7, indicating that
the coupling of MNPs effectively transforms the narrow Brow-
nian peak into a broader cascade of polymer mesh relaxations,
similar to wobbling. With our simulations, we can now clearly
state that the low-frequency peak w/wy € [107°,107°], which is
significantly higher and narrower, should be attributed to MNG
rotation. The latter is, in its turn, determined by its morphol-
ogy. In fact, the peak splits in Gaussian morphology, suggesting
separate relaxation modes for the core and the shell. Mean-
while, the 1-Gaussian morphology relaxes faster, likely due to
its smaller gel size compared to the uniform morphology,
whose peak is found to be the leftmost.

In experiments, both high- and low-frequency AC fields can be
applied at the discovered peaks. In simulations, however, resolving
the low-frequency peak is not easily feasible because it requires
months of simulation time to capture the corresponding relaxa-
tion. Hence, below, we focus only on the particle-related peak.

2.3 Drug release and encapsulation

After understanding the impact of morphology on the equili-
brium properties and on the dynamic magnetic response, we
model a drug as a tracer particle of the same size as the polymer
bead that only sterically interacts with the gel matrix. The sketch
is presented in Fig. 4, where the tracers are coloured orange. We
are particularly interested in the diffusion of tracers from the
MNG centre of mass and the escape times. We consider that
the tracer escapes the MNG if it diffuses a distance larger than
the value of R,. The latter depends not only on the morphology
of a MNG, but also might be sensitive to an application of the
magnetic field and variation of the magnetic particle concen-
tration. In order to check the variation of the gyration radii with
an applied field |H|, in Fig. 5 we show how the time-averaged
(Rg)¢ decreases with increasing field strength.

One can see only slight field-induced shrinking indepen-
dently from the morphology and the number of magnetic
particles. Similarly to the case of the zero applied field dis-
cussed above, for any values of |H|, Gaussian morphology
MNGs exhibit a smaller (Ry) compared to the bulkier uniformly
cross-linked MNGs, with the 1-Gaussian morphology falling in
between.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Dependence of MNG (Rg): on the strength of an applied field Iﬁl
for various morphologies: circles are used for MNGs with 60 magnetic
particles, and triangles for MNGs with 120. As before: dark blue is used for
the uniform morphology; light blue — for 1-g; and red for g.

This very little impact of the morphology and the applied
homogeneous constant field on the shape of the MNGs raises
the questions of how morphology and the applied H would
affect tracer diffusion and escape time.

The diffusion can be investigated in three situations: (i)
equilibrium and no external stimuli, to verify whether the
encapsulation is affected by the MNG morphology; (ii) under
the influence of an applied constant magnetic field, to see
whether the field-induced deformation that can occur reduces
the encapsulation ability; (iii) under the influence of an applied
AC field, to verify whether any of the morphologies can be used
for a controlled release of tracers.

The mean square displacement of the tracers as a function
of time for long enough time intervals can be fitted as MSD(¢) =
6Dt”, where D is the effective diffusion coefficient (see Fig. S2,
ESIT). In Table 1 the fitted exponents o are collected for each
three cases.

All values of o < 1 indicate subdiffusion, but depend on
whether the distribution of crosslinkers within the nanogels is
uniform. If no field is applied, in case (i), there is no difference
between nonuniform morphologies, but they exhibit a higher
impediment for the tracers, indicating that a dense core or a dense
shell hinder the diffusion more effectively and can better encapsu-
late the tracers, when compared to their homogeneous counter-
parts. If a constant homogeneous magnetic field is applied, in case
(ii), the exponents do not change significantly when compared to a
field-free case. In contrast, scenario (iii) shows less subdiffusivity
across all morphologies. Interestingly enough, non-uniform
morphologies show the highest increase in « in scenario (iii),
suggesting that they are most effective for controlled drug release.

Fig. 6 presents histograms of tracer escape times under
varying magnetic field strengths and frequencies, corresponding

Table 1 Anomalous diffusion exponents, o, for each case and

morphology
g 1-g. u

2 x 107! 8.74 8.74 9.20 |H| =0 [mT]
fts = 0.00

2 x 107! 8.68 8.75 9.24 |H | =100 [mT]
fat8 = 0.00

2 x 107! 9.27 9.15 9.43 |H | =100 [mT]
fts =002
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Fig. 6 Histograms of tracer exit times for three different combinations
of magnetic field strength and frequency, as indicated in the legend.
The number of magnetic particles is 60.

from the top to the bottom to cases (i), (ii), and (iii). From the
upper panel of Fig. 6 one can see that the morphology does not
affect much the escape time. The latter is also only slightly
affected by a constant H, see the middle panel of Fig. 6. A drastic
decrease of the escape times is observed when an AC magnetic
field is acting on the MNGs. A field, if applied with a frequency,
corresponding to the right maximum in Fig. 3(b), leads to the
in-place rotation of MNPs and stimulates MNG wobbling
(see, Video suppl video_1.mp4, ESIt). It is the wobbling that
stimulates the release of the tracers.

To summarise this part, one can conclude that the slowest
diffusion in zero or constant fields is observed for the MNGs with
a non-uniform cross-linker distribution. The same MNGs exhibit
the largest decrease in escape times if an AC field is applied.
Moreover, if an AC field has the frequency that corresponds to
the right peak of the initial susceptibility spectra, it efficiently
increases the MNG wobbling, leading to the speed up of the
tracer release.

3 Magneto-hydrodynamic response
of the MNGs

Considering that MNGs are crucial for drug delivery through
the vascular system and are susceptible to external magnetic
fields, we explore the extent to which their dynamics can be
controlled by H. Therefore, we examine a MNG of a given
morphology in the middle of a narrow periodic in lateral
directions slit between two walls that are distance of L apart,
as shown in Fig. 7. The upper wall moves along the x axis,
inducing shear in the fluid at a rate of j. We consider here both
field-free and H-along-x-axis situations.

When subjected to shear, the centre of mass of a MNG
exhibits translational motion, while the MNG beads undergo
periodic rotation (tumbling) around the centre of mass, asso-
ciated with periodic deformation (wobbling). This dynamics of

Soft Matter, 2024, 20, 8765-8774 | 8769
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Fig. 7 A sketch of the channel geometry.

a MNG can be observed in suppl_video_2.mp4 (ESIt) and
constitute in the periodic oscillations of R,(t) shown in Fig. 8.

Previously, tumbling and wobbling were shown to have the
same frequency f, being two faces of the same periodic
process.” Fig. 9(a) shows that the strongest H significantly
reduces f. Additionally, fis sensitive to the MNPs concentration
if an applied field is strong: the case of 120 magnetic beads is
plotted with triangles that are lower than the circles used for
MNGs with 60 magnetic particles. The morphological signature
is manifested in a generally lower f for uniformly cross-linked
MNGs, while the most drastic change in the frequencies
with increasing MNP concentration and field can be observed
for nonuniform morphologies. The general ability of H to
affect f highlights the magnetic controllability of MNGs. It is
remarkable that the frequency of shear-induced wobbling is in
the same range as the high-frequency peak of the dynamic
magnetic susceptibility (see Fig. 3(b)). Furthermore, the
morphologies influence the wobbling frequencies similarly in
both plots.

To further analyse the hydrodynamic response of the MNG,
we examined time-averaged (R,). as a function of |H| and
plotted it in Fig. 9(a). The figure reveals that deformations
induced by shear forces dominate over those caused by H,
with changes in (Ry); at high H showing to be negligible
compared to the data shown in Fig. 5. A comparison between
Fig. 5 and 9(b) reveals that shear consistently leads to elevated
values of (Ry) in the entire range of parameters. This increase
of R, is attributed to the deformation of the MNG into
a pancake-like shape, resulting in enhanced asphericity

= 85
~

8.0
75 V\WMWMMMMVM,/\M

1.0 2.0 3.0

time x10[s. u. ]

Fig. 8 Time series Rq4(t) for various morphologies, H = 10 [mT] and 20% of
beads are MNPs. Dark blue is used for the uniform morphology; light blue — for
1-g; and red for g.
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triangles — 20% of beads are MNPs. All data presented for a non-zero shear
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and a slight reduction in volume, as documented in a
previous study.”®

4 Conclusion

We performed molecular dynamics simulations coupled with
the Lattice-Boltzmann solver to show that one can efficiently
control the dynamics of the gel in shear flow using a uniform
magnetic field. We explain the extent to which an increase in
the concentration of MNP further improves the controllability
of the MNG. Considering that our basic MNP concentration is
similar to that of the experiment,®' doubling the load remains
experimentally feasible. It was found that the MNGs with non-
uniform morphologies are marginally more sensitive to
changes in the applied field at higher MNPs concentration
(see Fig. 9(a)). This pinpoints such nanogels as promising
potential candidates for drug delivery.

Upon accessing the magnetic properties of an MNG through
computation of the initial dynamic magnetic susceptibility
spectra and finding the behaviour confirmed experimentally,
two main conclusions can be drawn. First, we were able to
clearly connect the two relaxation modes to the processes
behind them: high-frequency single-particle relaxation in a
crowded environment and low-frequency gel rotation. Second,
we discovered that the eigen frequency at which particles relax
locally in the matrix, i.e., the position of the high-frequency
peak of the imaginary part of the dynamic susceptibility, ",
defines the response to shear and characterises the wobbling of
the gel. This finding makes it possible to predict the rheological
behaviour of MNGs by measuring susceptibility spectra.

Finally, we demonstrate that AC magnetic field-induced
wobbling can facilitate drug release from gels, ensuring tar-
geted and sustainable delivery, as a nonenhanced diffusion
process typically takes hours.*>®”

In terms of perspective, the same wobbling can improve the
efficiency of hyperthermia to combat cancer tumors,*®® but
also the low-frequency susceptibility peak should be analysed
for that.

In general, the approach we propose to access and
exploit the magnetic properties of a material is universal and

This journal is © The Royal Society of Chemistry 2024
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can also be used in magnetic robotics®””*7>

optimization.”

or 3D printing

5 Model and methods

We represent our MNG as a network of interconnected polymer
chains. Each chain follows a classical bead-spring polymer
representation.®® In the model, 10% or 20% of the beads
are randomly substituted with magnetic particles, as depicted
in Fig. 1. The top left corner of the figure shows all beads
explicitly, while the bottom right corner illustrates the polymer
beads as chains with embedded magnetic particles. Red arrows
within the particles denote magnetic moments. We choose
model parameters such that the magnetic nanoparticles are
made of cobalt ferrite (CoFe,0,4) and have a steric stabilisation
shell with a thickness of two nm.

5.1 Dimensionless units

To facilitate our simulations, we employ a Simulation Unit (SU)
system. In order to establish a consistent length scale, we select
the magnetic particles as the reference. Consequently, the
magnetic nanoparticles (MNPs) are assigned a dimensionless
unit diameter of ¢ = 1. Based on this choice, the sizes of the
polymer beads are scaled accordingly to match the sizes of the
MNPs. For clarity, Table 2 presents the simulation units (SU)
alongside their corresponding units in the international system
of units (SI). Particle properties are shown in the Table 3. The
chosen polymer blob size is a reasonable estimate for the
persistence length of collagen.”

5.2 Potentials

There is a steric repulsion between various types of particles
within a MNG. This repulsion is described using a shifted and
truncated version of the Lennard-Jones (LJ) potential, known as

Table 2 System parameters in SI and their corresponding values in
simulation units

System: SI units Simulation units
Energy unit 1.79 kg 298.15 K 1 [E]

Time unit 20 ns 1[t]

Mass unit 8.82 x 10" kg 1 [m]

Distance unit 20.1 nm 1Xx]=1¢
Kinematic viscosity 8.92 x 10 *m?s™* 4.86 [x]* [t] "
Solvent density 0.997 x 10° kg® m™~* 0.92 [m] [x]

Table 3 Particle properties

Particles: MNP (CoFe,0,) Polymer bead

Core density 5.3 x 10° kg m 1.3 x 10° kg m™

Core diameter 16.1 nm 20.1 nm
Shell density 1.6 x 10° kg m™ —
Shell thickness 2 nm —

1

Saturation magnetisation 420 x 10> Am~ —

This journal is © The Royal Society of Chemistry 2024
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the Weeks-Chandler-Andersen (WCA) potential”™*

Q@] o2

0, r>21/0

BUwca(r) = 1)

where r represents the distance between the centers of two
interacting beads measured in units of ¢.

Each MNG consists of six separate 100 bead chains. Adjacent
beads within the same polymer chain are interconnected
by finitely extensible nonlinear elastic FENE springs.*® The
springs are connected to diametrically opposed anchor points
located on the surface of all beads. Such coupling is crucial for
the proper transfer of the MNP torque to the polymer mesh.
This arrangement forms the polymer backbone, which serves
as a crucial structural element within the MNG. The FENE
potential is defined by the following expression:

r

2
ﬁUFENE (I) = 7%81‘}’1‘2 In |:1 — (7) :| , (2)

re

with the dimensionless bond rigidity ¢ = 10 and the maximum
bond extension r¢ = 1.5 for plain coupling or r¢ = 0.95 for
constrained coupling. The choice of these parameters is not
directed by the experimental elastic properties, rather it has been
chosen as a standard parameter set that proved to be efficient
and describe realistic polymer based systems at the same time.
The fact that the resulting dynamic susceptibility spectra show
not only qualitative, but also quantitative agreement with the
experimental data confirms the validity of this choice.

The polymer chains are cross-linked within a spherical
cavity, which has a size that corresponds to a volume fraction of
approximately ¢, = 0.33. Once the system reaches equilibrium
inside the sphere, the gel is created by cross-linking selected beads
so that the concentration of cross-linkers ¢y, s = 0.33. To choose
beads for cross-linking and establish the desired cross-linker
distribution, we begin by defining the grid width dgq as in the
polymer mix and constructing a 3D grid that fully encloses the mix.
Let 4 denote the set of beads and % denote the set of chains. For
each pair of beads (b;b;) where b; and b; belong to different chains
(3ct,¢2 €6, c1#¢2,b; € ¢1,b; € ), we calculate the Euclidean
distance dj = ||7; — Fj||, where 7; and 7; are the position vectors
of b; and b;, respectively. For each dj we determine the center
Fi 7

2
index in the 3D grid, and store d; and the bead pair (b;b) in
ascending order within the cell. We then generate a random 3D
vector Viang from a specified distribution (e.g:, uniform, Gaussian

coordinates Feener = , Map Teencer to the corresponding cell

with mean % and standard deviation %) We identify the grid

cell corresponding to Vrang and draw the shortest link (b;,b;) with
the minimum distance dj within that cell. Finally, we form a
harmonic bond between selected beads b; and b;, described by the
potential

BUM) = —3K(r )" ®)

Soft Matter, 2024, 20, 8765-8774 | 8771
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Fig. 10 Polymer mix within a spherical cavity and the grid overlaying it.
The probability density function of the generated Gaussian distributions is
depicted along the grid edges. Inset: Formed harmonic bond between
polymer beads (colored in red) and the grid cell to which it was mapped as
a link (colored in blue).

In this context, the dimensionless elastic constant is K = 10.
Technically, the potential defined by eqn (3) allows system equili-
bration with a larger time step post-crosslinking, making the
overall simulation time shorter. Importantly, harmonic bonds
behave similarly to FENE bonds between chain monomers and
no qualitative difference in a nanogel behaviour is observed if
FENE bonds are used for all bonds. Sketch for the cross-linking
algorithm presented in Fig. 10. Once the cross-linking process is
completed, the spherical confinement is removed.

Subsequent to the cross-linking process, 60 polymer beads
are randomly chosen and assigned a dipole moment. Both the
magnitude of the point dipole and its internal orientation
within the particle body are fixed. This approach is justified
given the size range examined in this study, where cobalt ferrite
particles with a diameter of 20 nm predominantly exhibit
Brownian relaxation rather than Néel one.”®> The interaction
between two magnetic particles i and j can, therefore, be
described by the dipole-dipole potential:

o) 3G P (G -7
B (i) = Lo | B ) 3B FNE ) g

where, po is the vacuum permeability, ii; and fi; represent
the respective dipole moments of the interacting particles,
while |7;| = r represents the vector connecting their centers.
The interaction between two magnetic nanoparticles (MNPs) is
commonly characterized using the dipolar coupling parameter,
denoted as A. This parameter is defined as the ratio of the
minimum dipole-dipole interaction energy per particle at
the contact to the thermal energy, and can be expressed as
2= Puop®/ana>. For this particular study, MNPs were selected to
have a value of A = 2.5.

5.3 Simulation protocol

We employed a simulation procedure developed in the earlier
study.>® The primary tools in our investigation are the mole-
cular dynamics algorithm’® coupled to Lattice-Boltzmann
scheme (LB),””””® within ESPResSo simulation package version
4.2.7° This set of algorithms enables the incorporation of
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thermal noise 1/f into the LB. Within this approach each
particle in the MNG is a point that interacts and affects the
velocities of the fluid calculated on the lattice. We employ a
cube-shaped simulation box with a side length of 1000 and the
LB lattice constant is set to @griq = 10. The system evolves with a
time step 6t = 0.001, with the LB fluid field updated every 16th
MD step. The shear flow is created by a constant motion of the
upper wall with a non-slip boundary condition.

The MNG in its equilibrium configuration is placed in the
middle of the channel (see Fig. 7) with flow ( =9 x 10° s™!) and
let to evolve in time until the stationary state is established.

When analysing the data, the initial 1 x 10° simulation steps
are disregarded. This period captures the initial oscillations
of the gel under shear influence. The simulation duration is
3 x 10°. All measurements are averaged over 7 different MNG
configurations with distinct magnetic particle positions and
cross-linkers distribution, in order to avoid dependence on the
individual MNG realisation within a given morphology.

5.4 Calculating autocorrelation functions

To obtain the ACF presented in Fig. 3(a) with a temporal
resolution spanning almost eight orders of magnitude, we
performed three independent simulations from identical initial
conditions. These simulations used varying time-step intervals
(tstep) and frequencies to record simulation data (saye):

Small 1. Teep = Tgave & 0.017g;

Medium 1. tyep & 0.1Tp, Toave = 1 X 10°Tgiep;

Large 1. Tsep & 0.2Tp, Tsave = 2 X 10" Tgeep.

For each simulation, we computed the ACF and displayed
them in Fig. 3(a) without any changes or rescalings. Further-
more, to expedite the capture of long-time-scale relaxations, we
disabled hydrodynamics during the computation of these ACFs
and exclusively employed overdamped Langevin dynamics
(commonly known as Brownian dynamics) and set in FENE
bonds ¢ = 22.5 in order to speed up the equilibration and
convergence.

The acquired ACFs were fitted with a sum of 10 stretched
(or compressed) exponential functions e for exponents 0 <
p < 2 (shown as a dashed line in Fig. 3(b)). The Differential
Evolution algorithm®® optimised the fitting. Optimal weights of
the stretched exponentials are provided in the ESIf ‘ACFs
fitting weights’.
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