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Hollow microgels, consisting of a pNIPAM polymer network with a central cavity, have significant
potential due to their tunable softness and encapsulation capabilities. Using molecular dynamics
simulations, we thoroughly characterise the swelling behaviour of neutral hollow microgels across
the volume phase transition (VPT) upon varying crosslinker concentration, shell thickness, and size.
In particular, we examine in detail the onset of cavity filling and its relation to the VPT, detecting the
presence of a discontinuity in the radius of gyration of the microgels, if an appropriate balance between
shell stiffness and thermoresposiveness is reached. The discontinuity is, however, absent in the
behaviour of the hydrodynamic radius, in agreement with experimental observations. We then test our

Received 16th January 2025, numerical model by direct comparison of form factors with available measurements in the literature and

Accepted 28th March 2025 also establish a minimal-size, stable hollow microgel for future computationally feasible bulk
investigations. Overall, our findings provide valuable insights into the fundamental swelling properties of

hollow microgels that can be useful to control the opening and closing of the cavity for application
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1 Introduction

Microgels are synthetic polymer networks, typically ranging
from a few tenths of nanometers up to a few microns in size.
Depending on the constituent polymers, they display reversible
swelling properties in response to environmental changes, e.g.,
temperature,”* pH>® or salt concentration.””® In particular,
thermoresponsive microgels undergo a so-called volume phase
transition (VPT), shifting from a swollen to a collapsed state at a
specific temperature. This transition reflects the underlying
coil-to-globule transformation of the polymer chains, induced
by worsening solvent conditions as the temperature increases.
Microgels made of poly-N-isosopropylacrylamide (pNIPAM) are
among the most studied ones, with the VPT occurring at
around 32 °C.° The combination of softness and responsive-
ness makes them ideal systems for fundamental condensed
matter research’®? and for numerous applications in material
science that exploit their controllable bulk behaviour.*™*¢
Among the different topologies, hollow microgels, i.e., poly-
mer network shells with an internal cavity, stand out as
particularly intriguing. Even more than their non-hollow coun-
terparts, these structures hold great potential as carriers encap-
sulating smaller nanoparticles, such as drugs, that require
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controlled release to specific areas in the body."”® Further-

more, hollow microgels are of fundamental interest for their
similarities to vesicles and cells,?® due to their unique elastic
properties allowing them to mimic the mechanical behaviour
of these biological systems. Notably, the buckling of hollow
microgels has been observed under specific osmotic conditions.>"
This phenomenon involves a shape transformation where the
initially spherical microgel structure collapses asymmetrically,
forming a double-layered, bowl-like morphology. Driven by osmo-
tic pressure gradients, this transition results in a concave configu-
ration with a distinctive inward folding that imparts a
characteristic double-walled structure to the microgel.’**" This is
analogous to what has been seen in soft vesicles** and red blood
cells,”® where soft particles deform under certain mechanical
stresses.

However, to ensure efficient applications, it is important to
tune the cavity size relative to the shell thickness and to
understand how this ratio influences the behaviour as a func-
tion of temperature. In this context, Dubbert et al.'” explored
different experimental conditions to monitor the cavity’s stabi-
lity, even above the VPT temperature (VPTT). They found that
preserving and stabilising the hollow structure comes at the
expense of efficient thermoresponsive behaviour. Another con-
trol parameter for the rigidity is the crosslinker concentration
within the shell, which has been studied by the formerly
mentioned work as well as Contreras-Caceres et al.>* who used
various microscopy techniques to identify the microgel’s shape
in detail. As expected, these authors found that increasing the
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crosslinker concentration helps to maintain the cavity open at
high temperatures, causing the microgel to be less responsive
to temperature increase. The aim to further examine hollow
microgels and their swelling behaviour is therefore to be able
to tune their stiffness such that they maintain their hollowness
up to the desired temperatures, but still respond to tem-
perature variation in terms of shrinking. For some specific
purposes, it may also be useful to tune the occurrence of the
filling of the cavity below or above the VPT temperature. Most
of the available experimental studies of hollow microgels are
based on the use of a degradable core on which a poly(N-iso-
propylacrylamide) (pNIPAM) shell is built.'”****">® This method
allows for producing almost monodisperse hollow microgels.
Other studies have employed an alternative protocol, where the
microgel shell is synthesised around an inner microgel, rather
than a solid core, which is also subsequently dissolved.””*®
Comparisons of the hollow microgels obtained this way with
numerical simulations®® indicate that the resulting shell is signifi-
cantly less dense in monomers than standard microgels, likely
due to the complex interplay between the two networks. In
contrast, an extensive numerical characterisation of hollow micro-
gels synthesised around a solid core, particularly regarding their
behaviour across the VPT, and a detailed comparison to experi-
ments, are still lacking.

The present study aims to fill this gap by examining the
single-particle properties of neutral hollow microgels with
varying shell thicknesses, total sizes, and crosslinker concen-
trations to be able to obtain tunable hollowness with added
thermoresponsive character using the right balance of the
synthesis parameters. We test our numerical model by compar-
ing the numerical form factors with available experimental
ones for both very large microgels’® and for more standard
ones,"” measured respectively by static light scattering and by
small angle neutron scattering, for two different temperatures
above and below the VPT. Additionally, we also assess size
effects to stabilise the inner cavity of the hollow microgels while
using a minimal number of monomers, paving the way for
future computationally feasible investigations of their collective
behaviour. The main findings of our study are devoted to
unveiling the complex interplay between the occurrence of
the VPT, influenced by solvent-polymer interactions, and the
closing of the cavity, which needs to overcome the elastic
response of the network, as a function of the various synthesis
parameters mentioned above. We present evidence of specific
conditions—namely, a high crosslinker concentration combined
with a moderate shell thickness—under which the size of the
microgel, expressed by the radius of gyration, exhibits a peculiar
discontinuity as a function of temperature, signaling the filling
of the cavity. Varying the combinations of parameters, we find
situations where the hole disappears even before the VPTT, or
it does not close at all up to extremely elevated temperatures, well
beyond those studied in the experiments. Our results are rationa-
lized in the context of existing experimental findings,'”'***
thereby offering a useful map of the different parameter combina-
tions that can be employed to achieve the preservation of the
hollowness up to the desired temperatures.
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2 Model and methods
2.1 Assembly

Our numerical protocol to assemble disordered polymer networks
is based on previous works,* exploiting the oxDNA simulation
package.®® Specifically, we use a binary mixture of patchy particles,
representing monomers as bivalent particles and crosslinkers as
tetravalent ones. All the particles have mass m,, and diameter 7,
which serve as the units of mass and length, respectively. During
the molecular dynamics (MD) simulations of the assembling
process, all particles are confined within a sphere using a stiff
harmonic potential acting at radius Z,,.. The molar concentration
of the crosslinkers c is varied between 1% and 10% according to
most common experimental values.

To make the microgels hollow, all particles are also pre-
vented from entering an inner spherical region®® via a gravita-
tional force acting symmetrical around the center of the outside
barrier, with radius Zi, < Z,y, as illustrated in Fig. 1.

After almost all of the bonds (X 99.8%) are formed, most of
the particles are found in one big cluster, and the remaining
particles not belonging to the big network (consisting of
N = pm(47/3)(Zout® — Zin’) monomers) are removed.

The total number of particles N,, is chosen to achieve the
number density p,, &~ 0.08, as established by successful compar-
ison to experiments for standard microgels.">*' We note that in
ref. 28, the number density used for hollow microgels synthesised
around an inner microgel is approximately p,,, &~ 0.03, significantly
lower than in our current study due to interpenetration with the
inner network. Here, the solid inner core does not extend into the
shell region, therefore, we maintain the density consistent with
standard microgels. While standard microgels require an addi-
tional force on the more reactive crosslinkers to sustain the core-
corona structure, we assume that this additional force can be
neglected here, given the reduced assembly volume of the shell.

2.2 Microgel simulations

Independently of the employed assembly method, once the
network is formed, the attractive patches are replaced by

_t_——-—

Fig. 1 Sketch of the borders during the assembly process. The patchy
particles are confined within a shell of outer radius Z,t and inner radius Zj,.

This journal is © The Royal Society of Chemistry 2025
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permanent bonds,” represented by the well-known bead-spring
model of Kremer and Grest.** In particular, non-bonded mono-
mers experience an excluded volume interaction, modeled as a
Weeks-Chandler-Andersen (WCA) potential,

Vwea(r) = 48((07m>12‘(i_~m)6)+ ¢ if r <2, (1)

0 otherwise,

while the bonded monomers additionally interact with the
finite extensive nonlinear elastic (FENE) potential allowing

for unbreakable bonds,
ro\?
) >7 if r < Room. (2)

VEENE(r) = —eke Ry’ 111(1 - (RotTm

The parameter ¢ defines our unit of energy, kr = 15 is the
spring constant, and R, = 1.5 is the maximum bond extension.
To model the effect of increasing temperature, we use a
solvophobic potential**** that models the increasing repul-
sion to the solvent as an effective attraction between the
monomers:

—eo if r < 2%,

Vy(r) = if 2166, < r < Ryom

%soc [cos(y(r/a)* + B) — 1]

0 otherwise

®)

with =21 — 2.25y, y = n/(2.25 — 2*/%). The parameter « acts as
an effective temperature: for « = 0, the microgel is in good
solvent conditions, while the volume phase transition (VPT)
occurs around o & 0.65.>>*° MD simulations are conducted
at a fixed temperature, 7% = kg7 = 1.0, where kg is the
Boltzmann constant. To ensure a constant temperature, the
Nosé-Hoover thermostat®” is used, following a leapfrog inte-
gration scheme with a time step 87* = 8¢v/¢/(Mpuom) = 0.002.
The simulations have been conducted for each microgel
individually, lasting up to 10’ time steps.

We characterise the hollow microgels of various sizes using
a relative shell thickness, defined as drel = (Zout — Zin)/Zout
Further, we analyse the differences between the structure
directly after assembly, where all particles lie between Z;,, and
Zouty and the relaxed structure after equilibration, i.e., evolution
under the Kremer-Grest potential without boundaries, to deter-
mine how the microgel structure evolves depending on the
initial assembly parameters.

2.3 Calculated observables

The swelling curve of a microgel is monitored by calculating
its radius of gyration from equilibrated configurations,
defined as

4)
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where 7; refers to the position of the i-th monomer and 7.y,
to the microgel center of mass.*® The angled brackets denote
an average over several configurations at different uncorre-
lated times of the equilibrated network. Alternatively, and
more in line with experimental practices, the microgel size
at different temperatures can be described by the evolution of
the hydrodynamic radius Ry with temperature. Several defini-
tions have been proposed in the recent past, but we calculate

Ry as:
-1
0 > (5)

where a,b,c are the principal semi-axes of the gyration tensor
of the convex hull enclosing the microgel, which is assumed to
be instantaneously ellipsoidal in shape. This relation was put
forward by Hubbard et al®® to calculate the hydrodynamic
radius of differently shaped Brownian particles and was
recently validated against experiments of non-hollow micro-
gels in ref. 40.

We also evaluate the radial density distribution p(r) as a
function of the distance r = |7| from the center of mass of the
microgel, given by

o0 1
R = <2 UO S@ 100+ 0)( + 0’

p(r) = <Z 5(7— m>. (6)

Finally, we calculate its representation in Fourier space,
namely the form factor:

P(q) = Nim<z exp(—iq - sz)>: )

which is essential for comparison with experiments. The vector
7;=T1; — 1y denotes the distance between monomer i and j with-
in the microgel, and the corresponding sum runs over all

particle pairs.

2.4 Form factor fits

To extract the density profiles from experimental data, it is
necessary to perform adequate fits of the form factors. We can
thus exploit simulations, where both quantities can be calcu-
lated directly, to evaluate the appropriateness of different
fitting functions. Therefore, we first analyse the density profiles
to identify a suitable functional form, which can then be
converted via Fourier transformation to obtain a fitting func-
tion for the corresponding form factor. In order to provide a
recipe to be followed also in experiments, we privilege the use
of analytic functions for the density profiles containing sig-
nificant parameters that sufficiently describe the microgel’s
topology.

More specifically, we find that a suitable representation for
the density profile of all simulated microgels is given by a

Soft Matter, 2025, 21, 3979-3990 | 3981
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Fig. 2 Sketch of the density profile made up of four different consecutive
parabolas, inspired by ref. 41. From 0 to R;, — Sin, p(r) is zero indicating the
cavity region. The shell, roughly found between R;, and Royt, shows fading
edges inward and outward analogously to the non-hollow microgel with a
homogeneous core and a fuzzy corona.

parabolic description,*’ which reads as

F— (R — s )2 .
g(l ( m2 Sin)) if Rip —sin <r < Rpp
2 Sin
2
a(r— (Rin + 5 .
_ _M if Rin <7 < Rip + Sin
2 Sin
Pparab(r) = — (Row = sow))”
parab _ ZM if Rout — Sout <7 < Ryt
2 Sout
-— (R 2 .
a(r— (Row szsout)) if Rout <7< Rout + Sout
2 Sout
0 otherwise.

(8)

This equation consists of four consecutive parabolas (p(7)
with 7 = 1,2,3,4), schematically plotted in Fig. 2 which visually
explains the different defining parameters a, Sin, Sout; Rout, and
Rin = Rout — Sout — W.

To obtain the form factor, we first need to calculate the
amplitude

Alg) = jpm<r>e*f’”d7 ©)

and hence each parabola can be analytically Fourier trans-
formed to eventually get Aparan(q) = Aparab(dsRoutsSinsSout,@), as
detailed in the Appendix, giving a fitting function for P(gq):

Aparab (q)2 Iy
Nm2 1 + g“ZqZ

Praran () = (10)

where a Lorentzian term with two extra fit parameters, the
amplitude I, and the polymer network’s average correlation
length &, is added, as in experiments, to take into account the
finite size of the microgel.** The normalisation is given by N>
which is exactly known in simulations. The form factor can
thus be fitted using all the fit parameters mentioned above that
define the parabolic density profile as well as the two terms
from the Lorentzian. Alternatively, we can simply take the
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values from the fit parameters obtained from pparp and fit
only the Lorentzian part. As shown in the following, the results
of the two approaches are virtually identical.

In addition, we notice that when we simulate small hollow
microgels, the density profiles can be captured in two ways:
either via the parabolic approach described above with W= 0 or
due to the almost fully symmetric shape even via a Gaussian
density profile of width ¢:

R (1)

Since this is a symmetric function, it requires even fewer fit
parameters. Here, the form factor can be calculated with the
formula put forward by Gradzielski et al.,** reading as,

4n 262 .
Adauss(g) = €~ "exp (—%) [usin(qu) + g cos(qu)] (12)

Next, the amplitude Agauss(q) can be used in eqn (10) the
same way as for the parabolic case. To be more precise, for the
smaller microgel in its hollow state, W = 0 is fixed, thus we have
one less fit parameter, while R, = Rout — Sout — Sin — W= Rin =
Rout — Sout — Sin can be calculated the same way as before,
and the Gaussian mean value is approximately equivalent to
U= (Rout + Rin)/2, respectively o = (Soue + Sin)/2.

At high temperatures, when the microgels experience a
collapse and the cavity vanishes, the above-mentioned fits no
longer hold. In that case, we resort to the standard treatment of
microgel structures in terms of the fuzzy sphere model® which
has been used in previous works> to describe density profiles
of non-hollow microgels.

3 Results

3.1 Swelling behaviour of hollow microgels: a typical
signature in the radius of gyration

Hollow microgels exhibit a similar deswelling behaviour upon
temperature increase as their non-hollow counterparts, driven
by the decreased solvating ability of the background liquid.
However, due to their internal cavity, hollow microgels display
an additional structural feature: the inner cavity collapses at
elevated temperatures and low enough shell elasticity. We
begin by demonstrating this unique swelling and collapse
behaviour in a specific hollow microgel. For this purpose, we
select the representative case where d. = 0.275 and ¢ = 5%.
Snapshots at different temperatures are shown in Fig. 3(a), and
the corresponding radial density distributions p(r) are plotted
in Fig. 3(b).

It is evident that up to o = 0.6, just below the VPT, the
microgel maintains its cavity intact, while eventually, for o =
0.8, it has collapsed completely, filling up the initial hole, thus
giving rise to a homogeneous profile along the inner part of the
microgel. To be more quantitative, we perform simulations at
many different values of «, finding that the hole fills at og; =
0.71. This value is higher than the temperature of the VPT at

This journal is © The Royal Society of Chemistry 2025
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0 10 20 30 40 50

r/om
Fig. 3 (a) Snapshots of a hollow microgel with crosslinker percentage
¢ = 5% and d,¢ = 0.275 obtained from the assembly with Z,+ = 604, and
Zin = 43.50m (Nm ~ 44 000), at different effective temperatures: . = 0, 0.4,
0.6, 0.8 from left to right. A half-slice of the microgels is shown in order to
better visualise the presence of the cavity. (b) Radial density profiles p(r) at
the same temperatures with the corresponding colour coding used con-
sistently throughout this work. Together with the numerical data (sym-
bols), fits (lines) are also reported using a Gaussian function (egn (11)) in the
presence of the cavity and using the fuzzy sphere model when this is filled
up (@ = 0.8).

ovpr & 0.65. These two quantities shall not be confused: oypr
marks the inflection point of the swelling curve Ry(«) which is
the same for different microgels looking at Fig. 4(b) since it
depends on the intrinsic change that the polymer chains in the
microgel experience due to the temperature-induced coil-
globule-transition, whereas og; only occurs in hollow microgels
and varies depending on the microgel’s parameters because it
refers to the temperature where the microgel’s overall shell
elasticity is no longer able to sustain the decreasing solvability
and crumbles. We thus separately monitor the behaviour of the
radius of gyration and of the hydrodynamic radius as a function
of effective temperature, both reported in Fig. 4, where one can
observe a peculiar feature of hollow microgels. Indeed, R is
found to display a discontinuity at a &~ o) since at this point
the structure completely changes its topology. This is reflected
in the discontinuous behaviour of the density profiles, reported
for values of « from just below to just above og in the inset of
Fig. 4(b). Of course, the non-hollow microgel does not exhibit
such a feature, showing a much less pronounced swelling.
Indeed, for larger values of o, the two curves remain signifi-
cantly distinct between hollow and non-hollow microgels, with
the latter being consistently larger than the hollow case. On the
other hand, focusing on the evolution of Ry, we find a rather

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Swelling curves of the hollow microgel from Fig. 3 as well as of a
non-hollow microgel of comparable size: (a) radius of gyration and (b)
hydrodynamic radius versus effective temperature o. Lines between sym-
bols are guides to the eye. The vertical full line (green) marks the
approximate location of the VPT aypr, While the vertical dashed line (black)
represents the point of cavity loss of the hollow microgel ag. The inset plot
in (b) shows many different density profiles of the hollow microgel at
different temperatures (¢ = 0.6, 0.62, 0.63, 0.64, 0.65, 0.68, 0.7, 0.705,
0.71, 0.715, 0.72, 0.73, 0.75, 0.8). At « = 0.705, we still measure a clear
hollow structure and at o = 0.71 the microgel's monomers fill the cavity,
and the microgel changes shape.

0.25 0.50

similar swelling curve for both types of microgels at all tem-
peratures and the absence of a discontinuity for the hollow
case. Here, the filling of the cavity is smoothly adsorbed in
the variation of the total size. This difference in the behaviour
of R, and Ry is due to the fact that we calculate the radius
of gyration using the coordinates of all monomers in the
microgel, while for the hydrodynamic radius we only consider
the coordinates of its convex hull which does not include
monomers near the hole. Thus, in the former case, the dis-
continuity is caused by the cavity loss, while in the latter one,
the microgel’s outer border shrinks continuously with tem-
perature increase, independently of what happens to the hole.
These results are in agreement with experimental dynamical
light scattering (DLS) measurements for hollow microgels
which have reported a continuous variation for Ry as a func-
tion of temperature.'”'*** To date, experimental measure-
ments of the variation of Ry, for example by static light scatter-
ing, have not yet been reported to our knowledge for hollow
microgels.

Soft Matter, 2025, 21, 3979-3990 | 3983
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3.2 How hollow is a hollow microgel?

Having established the main characteristic features of a repre-
sentative case study of a hollow microgel, we now try to answer
numerically this very important question, already asked experi-
mentally some years ago by Dubbert and coworkers."” To this
end, we vary several parameters in the assembly of the micro-
gels to adjust the balance between shell stiffness and thermo-
responsiveness. Namely, we perform a large number of
simulations changing the shell thickness, the overall microgel
size, and the crosslinker concentration. Size and shell thickness
can be modified in experiments by using different sizes for the
initial sacrificial cores and coating them with different
amounts of monomers, the crosslinker concentration is the
standard control parameter to tune the microgel’s intrinsic
softness."”**?°

We thus initially fix the assembly borders and end up with a
rather small relative shell thickness, d,¢ = 0.21, and vary the
fraction of crosslinkers from 1% to 10%. The corresponding
density profiles are reported in Fig. 5 from « = 0 to « = 0.6 for
three values of the crosslinker concentration. We find that for
¢ = 1% the shell is not able to sustain itself, resulting in a
structure that contains monomers within the cavity already at
o = 0.0. Instead, microgels with ¢ = 5% and ¢ = 10% can retain
their cavity, at least up to the VPT, even with such a thin shell.
As expected, the microgel with a higher crosslinker percentage
is stiffer. It is now interesting to ask whether the filling of the
cavity still occurs, or if the enhanced stiffness can retard it to
the collapsed region or even to completely avoid it. This is a
very important question from an application standpoint, as the
microgels could preserve their hollowness throughout the
volume phase transition. Hence, for the two stiffer microgels
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Fig. 5 Radial density distributions for microgels with different crosslinker
concentrations ¢ at different temperatures (see labels). The considered
microgels have the same relative shell thickness o, = 0.21 and number of
monomers N,,, &~ 41000 (initial boundaries: Zi, = 500, and Zoy = 630.).
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of Fig. 5, we report the radius of gyration as a function of
temperature in Fig. 6(a). Only for ¢ = 10%, we detect a clear
discontinuity in correspondence with the cavity filling. Instead,
such a discontinuity is only barely visible for ¢ = 5%, not
because the cavity remains intact, but because this happens
more or less in correspondence with the VPT, and the simulta-
neous thermal deswelling does not allow for distinction of the
filling event. So, it appears that for small shell thickness, even
with enhanced stiffness implemented via the presence of
the crosslinkers, thermoresponsiveness wins over elasticity,
thereby closing the hole and making the microgel non-hollow
for temperatures close to or just above the VPT temperature.

We then turn to analyse the opposite case of a much larger
relative thickness d,¢ = 0.50, for the same values of crosslinker
concentrations and Z,,;. The corresponding swelling curves are
reported in Fig. 6(b) and (c). Interestingly, for ¢ = 1% plotted in
Fig. 6(b), the microgel is still able to maintain a cavity up to the
VPT. However, the softness of the microgel is such that the
filling takes place smoothly, as shown in the inset, and hence
there is no sign of a discontinuity in the swelling curve. Instead,
for the more crosslinked microgels, reported in (c), the cavity
filling happens at significantly higher values of a, so that no
discontinuity in Ry is detected and the relative swelling is much
more reduced compared to the case of a smaller thickness, even
after filling has occurred.

These findings demonstrate that shell thickness is a control
parameter that can be used alternatively to crosslinker concen-
tration to tune the softness of the hollow microgels. Indeed,
increasing J. keeping the same c¢ has a similar effect as
increasing c at fixed J, on the swelling process by moving o
to higher values. Our findings are in qualitative agreement with
available experimental works. In particular, Contreras-Caceres
et al. observed that an increased stiffness, realised through a
higher crosslinker percentage, reduces the microgel’s thermo-
responsiveness.>* The same has been discovered by Dubbert
et al,”” who additionally found that an increase in shell
thickness also causes the microgel to become less sensitive to
temperature.

Our systematic study, however, introduces new knowledge
in the process of cavity filling by tuning its occurrence with
respect to the temperature location of the VPT. Indeed, it is
important to note that the VPT for PNIPAM microgels always
happens at the same temperature ~ 32 °C independently of the
microgel properties, since it is an underlying property of
PNIPAM and of its affinity to water. Similarly, in our simula-
tions, the VPT always occurs at the same effective temperature
aypr & 0.65, as documented in previous works,>*>** being an
intrinsic property of the used solvophobic potential.*® There-
fore, we can decouple the location of ag);, which depends on the
hollow microgel properties, from that of «ypr which is constant.
The three panels in Fig. 6 thus refer to different situations of
their relative locations and represent different behaviours. In
particular, if ogy lies close enough to the VPT value (panel a) it
will be possible to observe a clear discontinuity in Ry(«) (as also
observed in Fig. 4(a)), otherwise there will be no visible jump
in the swelling curve and a purely continuous behaviour of

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Swelling curves of different microgels in terms of Ry. All the microgels have the same initial outer assembly border Z,,¢ = 630, while they differ in

shell thickness 6, and crosslinker concentration ¢; (a) d,e = 0.21 and ¢ =

5, 10% microgels—thin and elastic shells—for which ag = 0.645 for ¢ = 5%,

exhibiting a slight discontinuity in Rg and ag, = 0.705 for ¢ = 10%, which displays a clear jump. The snapshots refer to the ¢ = 10% case just above the
cavity loss (x = 0.8); (b) d,e = 0.5 and ¢ = 1% microgel which fills its cavity at aq, = 0.72 in a continuous way, emphasised by the inset showing the

different p(r) with varying o; (c) d,e = 0.5 and ¢ = 5, 10% microgels—thick

and highly crosslinked shells—with ag = 0.91 for ¢ = 5% and g = 1.155 for

¢ = 10%, where a small bump is detected in Ry — highlighted in the inset and discussed in the text. The snapshots refer to ¢ = 10% microgel at « = 1.2,

just above its agy.

R, (Fig. 6(b)). However, if the cavity loss happens for tempera-
tures well above the VPT, as in Fig. 6(c), Ry(«) is found to display
a small bump related to og; so that the filling is still detectable.
This feature is highlighted in the inset of Fig. 6(c). The
phenomenology is quite interesting and can be related to the
findings of a buckling transition of hollow microgels upon
increasing osmotic pressure from non-adsorbed polymer
chains.”" Here, of course, we are examining a microgel on its
own. Still, it is legitimate to ask whether the competition
between the elasticity of the shell and thermoresponsiveness
could play a role in modifying the microgel structure. We thus
examine the most rigid case in more detail close to the
occurrence of the bump, where R, actually increases again with
o, signaling some kind of modification. The corresponding
snapshot of the microgel with ¢ = 10% at o = 1.2 is also shown
in Fig. 6(c), displaying a microgel that has completely lost its
sphericity, adopting a quasi-2D oblate shape. This causes the
radius of gyration to slightly increase, before the microgel
shrinks further at even higher temperatures, creating a small
bump in the swelling curve of thick and highly crosslinked
shells. A microgel with the same ¢ but a much smaller .,
reported in the snapshots of Fig. 6(a), instead takes on a bowl-
like shape just above the filling, appearing very close to a
buckling transition before it eventually collapses into a small
sphere for higher values of o. It will thus be interesting in the
future to deepen the investigation of these microgels under
crowded conditions, either by adding polymer chains as in
ref. 21 or by increasing microgel concentration.

3.3 Dependence on microgel size

Since our simulations are based on coarse-grained monomer
modeling, which of course implies the use of much smaller
microgels than in experiments, we now try to assess how oy is
affected by increasing the number of monomers N, in the
microgel coarse-graining. Fig. 7(a) thus reports ag) versus size

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Cavity loss point ag, for various hollow microgels of different sizes,
shown as a function of initial outer radius Z,. in (a) and of shell thickness
dret in (b). Symbols refer to measured data points; solid lines connect
microgels with the same crosslinker concentration c. All o, points are
estimated with an accuracy of 0.005 in «. The dashed vertical lines mark
the approximate limit for the corresponding parameter (Z,,: or d,e) below
which it becomes impossible, using the same colour-coded crosslinker
percentage, to simulate a hollow microgel that does not show monomers
inside the cavity at = 0.
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Table 1 Table of input shell border parameters for different d, cases of
the studied microgels shown in Fig. 7(a), including their monomer number.
Lengths are given in units of g,

Orel Values of Ziy,, Zoy and Ny,

0.5 Zin = 31.5, Zoye = 63 = Ny ~ 73000

0.275 Zin = 29, Zout = 40 > Ny ~ 13000
Zin = 43.5, Zoue = 60 —> N, ~ 44000
Zin = 58, Zout = 80 = Ny ~ 105000
Zin = 87, Zowe = 120 — Ny ~ 355000

0.21 Zin = 50, Zoye = 63 = Ny ~ 41000

Zin = 60, Zoue = 75.6 = Npy ~ 72000
Zin = 75, Zout = 94.5 > N ~ 140000

for many different microgels. Since Ny, can be the same for two
microgels with different J,¢ and c, the size is expressed in terms
of Z,ut, while we report in Table 1 the parameters of all studied
microgels, explicitly including Ny,.

Fig. 7(a) clearly shows that, by increasing Z,. and hence N,
the cavity fills at higher and higher values of effective tempera-
ture. There does not seem to be a saturation microgel size,
particularly for the reference case d,. = 0.275 and ¢ = 5%, that is
studied up to very large Ny,. This result is in agreement with
experimental studies of very large hollow microgels, which are
found to maintain the cavity open even well above the VPT"® or
even to almost lose thermoresponsiveness completely.?!

To better visualise the dependence of cavity filling on the
shell thickness, we also report og; as a function of d.e in
Fig. 7(b), showing results for different crosslinker concentra-
tions. An increase in shell thickness, thus in microgel elasticity,
has the clear effect of stabilising the hole up to very high
temperatures. The opposite is true upon decreasing crosslinker
concentration. Importantly, we find that, for high enough 0.,
also ¢ = 1% microgels can be stabilized as hollow ones up to
temperatures around the VPT, something not yet explored in
experiments. Hence, these results suggest that an accurate
balance between J..; and ¢ allows one to tune the hollowness
of the microgel to the desired temperature, according to the
needs of applications.

Having established that the use of a large number of
monomers helps to stabilise the cavity, it is now important to
ask the opposite question, namely, how small a microgel can be
while maintaining its cavity. Indeed, the stability of the cavity is
an important challenge in establishing a minimal number of
monomers to be used in computationally feasible bulk simula-
tions. For simplicity, we focus on our reference case o = 0.275
and ¢ = 5% and vary N, in order to establish the lowest number
of monomers necessary to observe a clear, stable cavity.

Fig. 8 shows the normalized density profiles p,orm(r) equili-
brated at « = 0 (dots) of representative microgels with N,
ranging from ~8000 to ~105000. It is immediately evident
that the smallest microgel is not hollow, while the cavity
becomes more and more pronounced as Ny, increases. This
can be best appreciated by comparing the density profiles,
where the microgel is fully equilibrated in good solvent, with
the initial configurations resulting from the assembly (dashed
lines). The data have all been scaled to relative distances in
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Fig. 8 Normalized density profiles of four different microgels with the
same d,q = 0.275 and ¢ = 5% and different size N,,,. From left to right, they
correspond to: Zoyt = 34.56m, 406, 600, 800,,. The dotted lines are the
equilibrated profiles at = 0, while the dashed lines represent the initial
assembly configuration, resulting from the patchy particle simulation done
with oxDNA. To better visualise the shift with size, data have been x-scaled
to the corresponding Z,,: and y-scaled to a unit integral.

order to highlight how the change in shape caused by equili-
bration depends on microgel size. Hence, for very large Ny,, we
observe a slight shift of the network distribution closer to the
microgel’s center of mass, while still preserving a symmetric,
almost Gaussian, density profile with a relative thickness very
similar to the nominal one from the assembly. As N,,, decreases,
p(r) is found to shift more and more to the center away from the
(fixed) initial density profile until it becomes slightly asym-
metric for N,, ~ 13000 and finally loses the cavity completely
below this threshold number of monomers. Incidentally,
despite seeming just barely able to sustain the cavity, checking
the profile for N,, ~ 13000 at different o (not shown), the
microgel has just enough elasticity to keep the hollowness up to
the VPT. This is due to the fact that, in general, the microgel
gains additional stiffness by increasing temperature, which
helps to stabilize the cavity. Therefore, the present investigation
suggests that for the chosen values of 6, = 0.275 and ¢ = 5%, we
need at least N,,, ~ 13000 to be able to simulate truly hollow
microgels. This number is of the order of 10* monomers, which
is a low enough number to allow for multiple microgel simula-
tions within present computational resources.

3.4 Form factor analysis and comparison to experiments

In this last section, we focus on reporting the form factors P(g),
directly calculated from the simulations, for different hollow
microgels. We describe them with the models explained in the
Methods section. We then try to compare some numerical
predictions with available experimental data.

We show P(g) for hollow microgels with ¢ = 5% and two
different relative thicknesses in Fig. 9. In particular, data refer
to relatively thin microgels (d,; = 0.275) in panel (a) and to
thicker shells in panel (b). We use two approaches to describe
the data: (i) we fit the corresponding density profiles, then
evaluate the Fourier transform with the obtained fit para-
meters, and (ii) we directly fit the form factors and compare

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Form factors P(qg) for microgels with ¢ = 5% and (a) d,e; = 0.275 and
(b) drel = 0.5 for different values of o, arbitrarily shifted vertically to improve
visualisation. Symbols are numerical data and lines are fits obtained using
the Gaussian approximation in egn (12) for the curves in (a) with o = 0-0.6,
the fuzzy sphere model for o = 0.8, and finally the parabolic approach in (b)
for all .

the resulting fit parameters to the previous ones. The two
approaches turn out to be indistinguishable from each other,

View Article Online

Paper

confirming the robustness of the results. We find that the
simple Gaussian form factors capture the behaviour of the
symmetric thinner microgels reported in eqn (12) quite well,
while the parabolic model with R;,, = Rout — Sout — Sin, -6-, W=0,
as explained in the Methods, describes them with equal preci-
sion while s, & Sou. This is true as long as the cavity stays
open, for o < gy, but for higher temperatures it is necessary to
use the fuzzy sphere model. The change in topology for P(q) is
clearly evident in Fig. 9(a) for o = 0.8 compared to the other
temperatures since it displays less sharp minima that indicate a
fuzzy-sphere-like structure. Next, we examine thicker hollow
microgels in Fig. 9(b), where the Gaussian shape of the density
profiles no longer holds. To describe the form factor of the
thicker microgel with d,¢; = 0.5, we then resort to the parabolic
approach with Rj, = Rout — Sout — Sin — W for both the density
profiles and the form factors (eqn (8) and (10)). This procedure
is now applied to all o reported, because this microgel main-
tains its hollow character even at o = 0.8.

We summarize all the fit parameters for the two sets of
microgels at the different values of «, illustrated in Fig. 9, in
Table 2. Parameters are listed both resulting from density
profiles and from form factor fits, confirming that the two
methods yield very similar results. Similarly, a consistency is
obtained between Gaussian and parabolic (with Rj, = Rour —
Sout — Sin — W = 0) functional forms for the thinner microgels.
Of course, for small enough microgels, the Gaussian approach
can be preferred, especially for describing numerical data, due
to the smaller number of fit parameters involved.

We can now directly compare the simulation results to
experimental findings. We examine the experiments of Hazra
and coworkers'® since these hollow microgels have a shell
thickness and crosslinker percentage close to our reference
case (0] & 0.275 and ¢ & 5%). The experimental form factors
of these rather large microgels, measuring approximately 1 pm

Table 2 Full set of parameters obtained from fitting p(r) (with an added index p) or P(q) (same symbols without index) using a parabolic fit with W > 0 for
the density profile (eqn (8) with Rin = Rout — Sout — Sin — W) of the microgel with d,¢ = 0.50 (Z;, = 31.50,, and Z,: = 630,), While using both a Gaussian
(egn (11)) and a parabolic fit with W = 0 (egn (8) with Ri, = Rout — Sout — Sin) for dret = 0.275 (Zi, = 43.56,, and Zo = 600y,) up to o« = 0.6. Lengths are given in

units of g,

Ore1 = 0.50, Ny, & 73000 (Zi, = 31.50,, and Zyy, = 6301, (eqn (8) with Ry, = Rout — Sout — Sin — W)

o Sin,p Sin Sout,p Sout Rout,p Rout Wp w ap a

0.0 8.27 £0.07 8.10 £5.28 7.37 £ 0.07 9.40 + 2.24 46.58 £ 0.02 46.07 + 1.09 6.45 £+ 0.12 3.70 £ 9.62 0.20 + 0.00 0.23 4+ 0.03
0.4 7.49 £0.06 8.60 +4.43 6.61 + 0.06 8.57 +4.43 41.33 £0.02 40.73 +1.10 5.53 £+ 0.11 1.29 +8.74 0.29 £ 0.00 0.33 + 0.04
0.6 6.35+0.04 6.78 £3.54 5.72+0.04 6.38+1.52 35.71 £0.01 35.59 + 0.65 5.26 £+ 0.07 3.89 + 6.32 0.44 + 0.00 0.47 £ 0.04
0.8 4.78 £0.02 4.15+5.33 4.19 +0.02 3.41 + 1.52 29.96 £+ 0.02 30.15 + 0.35 8.44 + 0.03 10.21 + 7.23 0.69 + 0.00 0.71 £+ 0.03
Ore1 = 0.275, Ny, & 44000, (Zi, = 43.50,, and Z,y, = 600, (eqn (8) with Ry, = Rour — Sout — Sin and eqn (11)))

o Sin,p Sin sout,p Sout Rout,p Rout ap a

0.0 7.21 + 0.08 5.94 + 1.76 6.37 + 0.07 8.23 + 1.33 43.25 + 0.03 43.25 + 0.43 0.29 + 0.00 0.21 + 0.01
0.4 6.51 + 0.07 6.12 4+ 1.37 5.97 + 0.07 6.91 + 1.07 38.32 4+ 0.03 38.52 + 0.31 0.27 4+ 0.00 0.28 + 0.01
0.6 5.82 £ 0.05 5.24 + 1.13 5.41 + 0.05 6.47 + 0.85 32.92 + 0.02 33.02 £ 0.27 0.41 + 0.00 0.42 + 0.01
o g, o Ly u c, Cc

0.0 5.40 + 0.02 5.14 + 0.08 36.35 £+ 0.02 36.31 + 0.04 0.20 + 0.00 0.23 + 0.00
0.4 4.87 + 0.01 4.66 + 0.06 32.10 £ 0.01 32.05 £ 0.03 0.28 + 0.00 0.31 £+ 0.00
0.6 4.38 + 0.01 4.22 + 0.05 27.31 £ 0.02 27.24 + 0.03 0.43 + 0.00 0.46 £+ 0.00
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Fig. 10 Comparison of numerical (lines) and experimental form factors
(symbols). The latter are taken from ref. 19 for hollow microgels with ;e ~
0.275 and ¢ ~ 5%. The simulation curves have been rescaled not only on
the y-axis but also on the x-axis using the factor Gexp = Gsim/om With o, =
19.3 nm for the smaller microgel (Zi, = 600, and Zyy; = 43.50,,) and o, =
8.9 nm for the biggest one studied here: Z, = 876, and Zoy: = 1200,,,. Data
have been shifted vertically to improve visualisation.

1073

in the swollen state, have been measured by static light
scattering at two different temperatures, 20 °C and 40 °C. The
comparison between experimental and numerical form factors
at these two temperatures is reported in Fig. 10, where the
numerical curves have been shifted on g-axis by a common
factor for each temperature, identifying the value of ¢, that is
used in the coarse-graining approach (see caption of Fig. 10).
After rescaling the position of the first peak, we find that the
subsequent peaks also match the positions of the experimental
form factors, especially for the largest simulated microgel
(Nm = 355000), allowing us to identify that o« = 0.0 corresponds
to T = 20 °C, while o = 0.65 is consistent with T = 40 °C. The
comparison confirms that the numerical model is able to well
describe the experimental behaviour and, most importantly, to
reproduce the presence of the cavity for both temperatures."’

4 Discussion and conclusions

In this work, we took advantage of computer simulations of a
realistic microgel model to investigate in detail the swelling
behaviour of hollow microgels with different characteristics
across the volume phase transition. In an attempt to quantify
the effects of softness and thermoresponsiveness on the
hollowness of the microgel and on how this can persist even
beyond the VPT, we varied the main control parameters that are
used in experiments. In particular, we tuned the crosslinker
concentration and the relative shell thickness to modulate the
filling of the cavity in relation to the occurrence of the VPT.
While the latter is fixed by the polymer’s affinity to the solvent
to always occur at the same temperature, the former can thus
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be experimentally adjusted. Our simulations found that the
filling manifests itself, under appropriate conditions, as a
discontinuous behaviour of the radius of gyration as a function
of temperature. In particular, we found that increasing the
crosslinker concentration has qualitatively a similar effect to
increasing the shell thickness. However, while ¢ acts at a local
level, defining the overall stiffness of the shell, J,¢ dictates the
topology of the microgel. Thus, a larger shell thickness provides
an increase in the value of W in Fig. 2, yielding a microgel with
a different structure than for thin shells, where W = 0, indicat-
ing a transition from parabolic to Gaussian density profile. This
qualitative change also impacts the swelling process, making a
sharp discontinuity in Ry(«) much more likely for thinner shells
(see Fig. 6(a)). Therefore, such a discontinuity should be looked
for in experiments by focusing on microgels with thin shells
and a high enough crosslinker percentage, allowing them to
maintain the cavity just above the VPTT. Importantly, we do not
observe a similar feature in the swelling behaviour of the
hydrodynamic radius, due to the stronger influence of the
outer chains on this quantity and possibly also to the reduced
numerical system size, which may disfavor the observation of a
discontinuity in the total microgel size. Indeed, experimental
measurements of Ry have not detected such a behaviour so far,
but it may be worth searching for it by directly measuring R,.
In order to assess the importance of size effects in our study,
we prepared microgels of different sizes and numbers of
monomers N, ranging between 10" and 10°. We then reported
several of the microgel properties as a function of N, finding
that increasing the size enhances the stiffness of the shell with
respect to cavity filling. However, we also determined ~10” as
the lower limit of stability of hollow microgels for realistic
numerical modelling in future studies. Indeed, once prepared
with a nominal cavity, all initial confinements are removed, as
in experiments by the dissolution of the core, the shell tends to
partially fill the hole, as also seen experimentally by Dubbert
et al.'” who monitored the structure of the microgels before and
after core dissolution. A nice correspondence between experi-
mental and numerical form factors has been found comparing
our results to the hollow microgels, recently synthesised
by Hazra and coworkers.'® In addition, the dependence of the
cavity filling temperature og;; on the crosslinker concentration
or shell thickness was found to be in qualitative agreement with
available experiments."”** These results give us confidence in
the numerical model, opening the way to extend our analysis to
the collective behaviour of hollow microgels under crowded
conditions. A first study in this direction was put forward in ref.
45 where the behaviour of hollow microgels was studied in a
binary mixture of hollow and regular microgels, revealing
through simulations that for the studied parameters hollow
microgels experience an effective potential that is softer than
for regular ones. Another interesting direction to pursue in the
future is to assess the role of charges on the swelling response
of hollow microgels, as initially done by Hazra and coworkers."®
However, it is already known that the presence of ionic groups
favours the stretching of the network*® and thus should effec-
tively act as an additional contribution to the stiffness of the

This journal is © The Royal Society of Chemistry 2025
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network. Their presence could thus modify the response to
external stimuli such as pH, which could hold promises for
practical purposes.

Finally, the present study suggests that different behaviours
are observed when the elasticity of microgels is enhanced. For
example, the microgels have a stronger tendency to deform, as
in the case of ¢ = 10% (see snapshots of Fig. 7). Such interesting
properties may thus be enhanced by the presence of charged
groups within the shell. We also explored the very soft case of
hollow microgels with ¢ = 1%, which was found to be able to
sustain its cavity up to the VPT for a large enough shell
thickness. This avenue could be further explored in experi-
ments, where mostly microgels with ¢ > 5% have been con-
sidered so far. In summary, our work can provide useful
guidelines for both experiments and simulations in selecting
the best parameters in the synthesis of the microgels to
enhance or tune their hollowness at a desired temperature
and to optimize their use for specific applications.
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Appendices
Fourier transformation of parabolic density distribution

Since for the parabolic approximation of the density profile,
Pparab(?) is made up of i = 4 consecutive parabolas (cf. eqn (8))
which we call here p,(r), the full amplitude Aparap(g) contains
four terms:

R. .
mn S o
P () dr

Rin—Sin qr

Ailg) = 4|

= Y 2a((fq3Rmsin2 + 2g(Rin + 2sin)) cos(qRin)
n

— 2¢(Rin — Sin) c0s(q(Rin — sin)) — 6sin(gRin)
+ 2¢7 RiSin Sin(qRin) + ¢ sin” sin(qRyy)

+ 6sin(q(Rin — Sin))),
(13)
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in5in sin ar
talg) = x| "o
1 22
= ma(c/(—%m + Rin (2 + ¢°sin”) ) cos(qRin)
(14)

—2q(Rin + Sin) (1 + ¢*sin”) cos(g(Rin + 51n))
- (6 + qzsin(zRin + Sin)) Sin(qRin)
+2(3 4 ¢*sin”) sin(q(Rin + 51n))),

Rout S‘H
o (7 2y

Rout—Sout qr

1
= - Wa(q(“'sout + Rout (2 + qzsoulz)) COS(qRout)
Sout

As(q) = 4TCJ

- 2q(Rout - Soul) (1 + qzsoutz) COS(‘](Rom - Sout))
- 6 Sin(qRout) + 2(]2Routsout Sin(qRout)
- qzsoul2 Sin(qRoul) +6 Sin(q(Rout - soul))

+ 2qzsout2 Sin(l](Roul - Sout)))a
(15)

Rout+Sout 1 r
sin gr
As(q) = 47[[ p4(r)—q rdr

Rout qr

1
= Wa(q(él'sout + Rout (_2 + qzsoutz)) COS(qRout)
Qout

+ 2¢(Rout + Sout) €0s(q(Rout + Sout))
+ (6 + ¢*(2Rout — Sout)Sout) Sin(¢Rou)
— 6sin(g(Rout + Sout))),
(16)
and in case W # 0 there is an additional term in between:

Rout—sout 1
sin gr
a-—22dr

As(q) = 4TEJ

Rin+sin qr

N %(q(Rm + 5in) €0S(q(Rin + $in)) (17)

+ q(_Rout + Sout) Cos(q(Rout - Sout))

— sin(g(Rin + Sin)) + sin(g(Rout — Sout)))

They can now all be added to make up the total Fourier

transformation Aparan(q) = A1(g) + A2(q) + As(q) + Aa(g) + (45(q))
which can then be used for eqn (10).
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