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ABSTRACT

The response of soft colloids to crowding depends sensitively on the particles’ compressibility. Nanogel suspensions provide model systems
that are often studied to better understand the properties of soft materials and complex fluids from the formation of colloidal crystals to
the flow of viruses, blood, or platelet cells in the body. Large spherical nanogels, when embedded in a matrix of smaller nanogels, have the
unique ability to spontaneously deswell to match their size to that of the nanogel composing the matrix. In contrast to hard colloids, this self-
healing mechanism allows for crystal formation without giving rise to point defects or dislocations. Here, we show that anisotropic ellipsoidal
nanogels adapt both their size and their shape depending on the nature of the particles composing the matrix in which they are embedded.
Using small-angle neutron scattering with contrast variation, we show that ellipsoidal nanogels become spherical when embedded in a matrix
of spherical nanogels. In contrast, the anisotropy of the ellipsoid is enhanced when they are embedded in a matrix of anisotropic nanogels.
Our experimental data are supported by Monte Carlo simulations that reproduce the trend of decreasing aspect ratio of ellipsoidal nanogels
with increasing crowding by a matrix of spherical nanogels.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0119527

I. INTRODUCTION

The main characteristic of a soft object is its capability to adapt
its shape and volume to crowding. This response can be achieved
by either changing the volume at a constant shape or changing
the shape at a constant volume.1 The compressibility of the soft
building blocks composing soft materials has a great impact on the
macroscopic properties of the material itself. For instance, the defor-
mation of platelet cells is fundamental for the successful clotting
of wounds.2,3 Furthermore, the compressibility of the soft building
blocks, e.g., the deformation of colloidal particles composing a paint
or a cosmetic cream, has a strong impact on the adhesion of the
material itself on the surface where it is spread.4,5

Nanogels are a model system for compressible soft spheres,1

largely used both to understand fundamental principles of phase

transitions6–11 and flow properties of complex fluids.12–15 Further-
more, nanogel suspensions are used to develop new soft materials,
such as synthetic platelets16 or thermo-responsive supports for 3D
growth of cells.17,18 These particles are crosslinked polymeric net-
works that show a behavior in between that of hard incompressible
colloids and flexible polymer coils.19 Nanogels are swollen in a
good solvent and, depending on changes in external stimuli, such
as temperature or pH, can undergo a volume phase transition.20

The compressibility of nanogels largely affects both the phase behav-
ior and the flow properties of the suspension.10,11,13,14,21,22 The use
of super-resolved fluorescence microscopy has directly shown how
isotropic deswelling and faceting play a role once nanogels are in
crowded environments.9 This information has then been used to
rationalize the elastic and dissipative response of nanogel suspen-
sions under flow.21 As mentioned, the capability of nanogels to
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adapt their size and shape in crowded environments has a strong
impact on their equilibrium phase behavior.7,11,23,24 One of the most
studied properties of nanogels in crowded environments is their self-
healing behavior:25,26 When a few large nanogels are mixed with
a majority of smaller nanogels, the bigger particles spontaneously
decrease their size to fit into the lattice formed by the smaller parti-
cles without generating point defects.25,26 This mechanism has been
explained in terms of the increase in osmotic pressure due to the
counterion clouds surrounding the nanogels.27 Once these clouds
have percolated the available volume outside nanogels, the counte-
rions bound at the periphery of the nanogels can be considered as
effective degrees of freedom of the suspensions and a jump in the
osmotic pressure of the solution is measured. As soon as the solu-
tion osmotic pressure is larger than the bulk modulus of the larger
nanogels, they deswell first.7,27,28 As a consequence, point defects or
dislocations are eliminated and solutions of soft spheres can crystal-
lize even when the nanogel size distribution is highly polydisperse
or bimodal.7,24

The aforementioned studies focused only on spherical soft
particles. For incompressible colloids, the particles’ anisotropy has
been shown to change the self-assembly in the presence of exter-
nal fields29,30 and the maximum attainable packing fraction.31,32 One
could expect that softness affects the suspension phase behavior and
macroscopic properties of the suspension as it does for spherical
colloids. So far, there are only few experimental studies to support
this hypothesis due to the severe challenges related to synthesizing
anisotropic soft particles.33,34 In terms of applications, the interac-
tions with cells are influenced by shape anisotropy of nanoparticles.
For instance, it is known that the internalization is strongly shape-
dependent.35–41 Moreover, in this case, there are only a few studies
on the interplay between softness and anisotropy for colloids in
biological environments.40–43 Recent advances in the synthetic pro-
tocols lead to the realization of anisotropic micro- and nanogels with
different internal structures, such as core–shell and hollow.34,44,45 In
a previous study, we used a multi-step synthesis that, starting from a
sacrificial ellipsoidal core on which a polymeric shell is grown, leads
to the production of soft anisotropic nanogels.44

Here, we combine small-angle neutron scattering (SANS) with
contrast variation and small-angle x-ray scattering (SAXS) to study
the response of ellipsoidal soft nanogels to crowding. The ellipsoidal
nanogels are hollow since they are obtained from the dissolution of
a sacrificial ellipsoidal core.44

To date, to obtain anisotropic nanogels, a multi-step synthesis
is required, where the polymeric shell grows onto a sacrificial ellip-
soidal core. Therefore, the hollow nature of the ellipsoidal nanogels
is inevitable in this study. These ellipsoidal nanogels are embedded
in a matrix of spherical nanogels synthesized using a comparable
amount of crosslinker agents. In this environment, the ellipsoidal
particles become more and more spherical upon increasing the
concentration of the spherical nanogels. In contrast, if the same ellip-
soidal nanogels are embedded in a matrix of identical ellipsoidal
nanogels, the effect of crowding is to enhance the particle anisotropy.
The shape of the nanogel in concentrated suspension is directly mea-
sured using SANS with contrast variation. Our results are supported
by Monte Carlo simulations and rationalized by considering the
work needed to deswell and deform the ellipsoidal nanogels. The
picture that emerges is that these anisotropic soft particles extend the
mechanism of self-healing and can selectively change both their size

and shape (i.e., remain ellipsoidal or become spherical), depending
on the shape of the surrounding particles.

II. EXPERIMENTAL SECTION

A. Materials

All materials were used as purchased. Ammonia solution
(28%–30%), potassium peroxydisulfate (KPS), tetra-ethyl orthosil-
icate (TEOS), sodium dihydrogen phosphate monohydrate
(NaH2PO4), and concentrated HCl were obtained from Merck.
Absolute ethanol and NaOH were obtained from VWR chemicals.
Heavy water (D2O, 99.9%) was purchased from Deutero GmbH.
The used deuterated N-isopropylacrylamide (D7-NIPAM) was
purchased from Polymer Source, and iron(III) perchlorate hydrate
[( Fe(ClO4)3) × H2O] was from Aldrich. The crosslinker N,N′-
methylene-bisacrylamide (BIS), urea, polyvinylpyrrolidone (PVP),
and tetramethylammonium hydroxide (TMAH) (25 wt. %) were
bought at Sigma-Aldrich, the co-monomer N,N′-bis(acryloyl)
cystamine (BAC) was purchased from Alfa Aesar, and the monomer
NIPAM was purchased at Acro organics. 3-(trimethyloxysilyl)
propylmethacrylate (MPS) was obtained from PanReac AppliChem.
The water used for synthesis and purification was doubled-distilled
Milli-Q water.

B. Synthesis of anisotropic hollow nanogel shells

A mixture of 516.1 mg NIPAM, 40.7 mg BIS, 14.7 mg of cores,
and the 3 ml core solution was dispersed in 280 ml of filtered,
double-distilled Milli-Q water within a three-neck flask, equipped
with a reflux cooler and an overhead stirrer. All the details regarding
the synthesis of the cores are reported in Appendix B. The solu-
tion was stirred at 200 R/min, degassed with nitrogen for 1 h, and
simultaneously heated to 60 ○C with an oil bath. After 45 min, the
temperature of the oil bath was adjusted to 80 ○C, and when the oil
bath reached 80 ○C, a solution of 40.8 mg KPS in 10 ml of filtered,
double-distilled water was added dropwise to start the reaction. This
initiator solution was previously degassed directly in a 20ml syringe.
4 h after the reaction was started, the solution was cooled to room
temperature and the nitrogen flow was stopped to end the reaction.
The anisotropic core–shell nanogels were cleaned with threefold
centrifugation and redispersing in fresh filtered, double-distilled
Milli-Q water.

For the shell synthesis of the anisotropic deuterated nanogels,
1.1998 g D7-NIPAM (C6D7H4NO), 79.5 mg BIS, 5 ml core solution,
and 80.6 mg KPS were used.

Both the core–shell nanogels were then treated with HCl solu-
tion to etch the hematite spindles and then with sodium hydroxide
solution to remove the silica. The concentrations of these samples
is expressed in weight fraction since, to the best of our knowledge,
there is not a simple relation between the weight fraction and the
generalized packing fraction for ellipsoidal colloids.

C. Synthesis of deuterated matrix nanogels

The same batch of spherical deuterated nanogels used in
Scotti et al.46 was used in this study. For the synthesis, 1.4280 g
D7-NIPAM, 96.4 mg BIS, and 19.2 mg sodium dodecyl sulfate (SDS)
were dissolved in 80 ml filtered double-distilled water. The sus-
pension was degassed by purging with nitrogen under stirring at
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200 rpm and 60 ○C. As an initiator, a solution of 35.2 mg KPS in 5ml
water was degassed. The precipitation polymerization was initiated
by transferring the initiator solution rapidly to the monomer solu-
tion. The reaction was left to proceed for 4 h. Ultra-centrifugation
and lyophilization were used for purification and storage.

For spherical nanogels, it is possible to establish a linear relation
between the weight fraction and the generalized packing fraction of
nanogels in suspension.1 Such a relation holds for regular, ultra-soft,
and hollow spherical nanogels.11,46,47 In our previous study, a value
of 29.4 ± 0.6 was obtained for this conversion constant by fitting the
data of the relative viscosity of diluted solution of these particles with
the Einstein–Batchelor equation.46

D. Small-angle neutron scattering

The SANS experiments were performed on the D11 instru-
ment at the Institut Laue-Langevin (ILL, Grenoble, France). The
q-range of interest was covered using three configurations:
Sample-to-detector distance, dSD = 34 m with neutron wavelength
λ = 0.6 nm, dSD = 8 m with λ = 0.6 nm, and dSD = 2 m with
λ = 0.6 nm for the anisotropic nanogels in a matrix of spherical
nanogels and in a matrix of anisotropic nanogels. The instrument
is equipped with a 3He detector, and the wavelength resolution
was �λ/λ = 9%. The form factor of the hydrogenated anisotropic
nanogels and their mixtures with the spherical deuterated nanogels
was measured in a mixture of 90 wt. % D2O and 10 wt. % H2O to
contrast-match the spherical nanogels.46 The mixtures of hydro-
genated anisotropic nanogels with deuterated anisotropic nanogels
were measured in a mixture of 83 wt. % D2O and 17 wt. % H2O to
contrast-match the deuterated anisotropic nanogels.11,47,48

E. Small-angle x-ray scattering

Synchrotron SAXS experiments were performed at the CoSAXS
beamline at the 3 GeV ring of the MAX IV Laboratory in Lund,
Sweden.49 CoSAXS was operated with a sample-to-detector distance
of 6.9 m with x-ray beam energy E = 12.4 keV giving a q-range
of 0.014–1.40 nm−1. Data were collected using a Eiger2 4M SAXS
detector with pixel size of 75 × 75 �m2. The 2D images were
converted to 1D profiles using the data reduction software DAWN.50

F. Flory–Hertz model of nanogels

To interpret the experimental measurements, we performed
Monte Carlo simulations of a coarse-grained model of an ellip-
soidal nanogel in a concentrated solution of spherical nanogels. We
denote the dry and swollen radii of the spherical nanogels by a0
and a, respectively. Consistent with the experimental synthesis, we
modeled the aspherical nanogel as an ellipsoidal shell of revolution
(prolate or oblate) of dry outer principal radii aout,0 and bout,0, dry
inner principal radii ain,0 and bin,0, swollen outer principal radii aout
and bout, and swollen inner principal radii ain and bin.

As in previous work,51,52 we combined the Flory–Rehner theory
of swelling of crosslinked polymer networks53–55 with the Hertz the-
ory of pair interactions between elastic bodies.56 The Flory–Rehner
theory combines mixing entropy, polymer–solvent interactions, and
elastic free energy to predict the total free energy of a spherical
nanogel, As in previous work,51,52 we combined the Flory–Rehner
theory of swelling of crosslinked polymer networks53–55 with the

Hertz theory of pair interactions between elastic bodies.56 The
Flory–Rehner theory combines mixing entropy, polymer–solvent
interactions, and elastic free energy to predict the total free energy
of a spherical nanogel,

βF(α) = Nmon�(α3 − 1) ln�1 − α−3� + χ�1 − α−3��
+

3

2
N ch�α2 − ln α − 1�, (1)

where α ≡ a�a0 is the swelling ratio, β ≡ 1�(kBT) at temperature
T, Nmon and Nch are, respectively, the numbers of monomers and
crosslinked chains making up the nanogel, and χ is the Flory
solvency parameter, associated with polymer–solvent interactions.
Defining a chain as a polymer coil spanning two crosslinkers and
assuming that each crosslinker connects four chains, the crosslink
fraction is x = 0.5Nch�Nmon. We choose the reference radius of the
nanogel to be that in the dry (collapsed) state and assume ran-
dom close packing of monomers in the dry state with (maximum)
volume fraction 0.63. Thus, for a spherical nanogel of dry volume
v0 = (4π�3)a30,

Nmon = 0.63� a0

rmon
�3, (2)

where rmon � 0.3 nm is the typical monomer radius. If we would
instead assume a different structure of monomers in the dry state,
say a hexagonal close-packed (HCP) or face-centered cubic (FCC)
crystal with a higher maximum volume fraction of 0.74, then the
numbers of monomers Nmon and chains Nch appearing in the
Flory–Rehner free energy for a given dry radius and crosslink frac-
tion would increase, tending to suppress swelling/deswelling of the
nanogels. However, such relatively small quantitative changes in
the model would not qualitatively affect the trends observed in the
simulations nor our general conclusions.

Swelling of an ellipsoidal nanogel can also be modeled by
Eq. (1) with appropriate values of Nmon and Nch, assuming isotropic
swelling, i.e., equal swelling ratios along the short and long axes:
α ≡ bout�bout,0 = aout�aout,0. For a prolate ellipsoid of revolution of
dry volume v out,0 = (4π�3)a2out,0b out,0 (assuming aout,0 ≤ bout,0),

Nmon = 0.63
a2out,0b out,0 − a

2
in,0b in,0

r3mon

. (3)

Although based on mean-field approximations that neglect micro-
scopic structure and correlations between monomers making up the
polymer network, the Flory–Rehner theory qualitatively captures the
freedom of nanogels to swell and deswell.57

Between a pair of spherical nanogels, i and j, with center-to-
center separation rij, the Hertz theory predicts a pair interaction
potential56

vH(rij) =

�����������
εij�1 − rij

ai + aj
�5�2, rij < ai + aj,

0, rij ≥ ai + aj,

(4)
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where overlap (rij < ai + aj) implies particle faceting and the
amplitude is given by

εij =
8

15
�1 − ν2i

Yi
+

1 − ν2j
Yj
�
−1

(ai + aj)
2(aiaj)

1�2
, (5)

which depends on the elastic properties of the gel through the
Young’s moduli Y i and Poisson ratios νi. Assuming that all particles
have equal Poisson ratio ν,

εij =
8

15

YiYj

Yi + Yj

(ai + aj)
2

1 − ν2
(aiaj)

1�2
. (6)

From scaling theory of polymer gels in good solvents,58 according
to which the bulk modulus scales linearly with temperature and
crosslinker density (Yi ∼ kBTN ch�a3i ), we have

βεij = C
N ch

a3i + a
3
j

(ai + aj)
2(aiaj)

1�2
. (7)

To calibrate the model with experiment, we chose the proportion-
ality constant C � 10, as in our previous application of this model
to describe the deswelling of microgels in crowded suspensions.59

The coefficient C in Eq. (7) is introduced as an empirical pref-
actor in the amplitude of the Hertz pair potential to account for
microscopic properties of the nanogels, such as crosslink distribu-
tion, that are not accounted for in either the Hertz model or the
scaling theory. The lower the value of C the lower the effective
Young’s modulus and thus the lower the energetic penalty of particle
overlaps, corresponding to softer nanogels. The specific choice does
not qualitatively affect the trends observed in the simulations and
thus does not influence our general conclusions. Comparisons of
the coarse-grained Hertz elastic theory with microscopic models of
nanogels60,61 demonstrate that the Hertz pair potential is reasonably
accurate for modest overlaps (faceting) of nanogels corresponding
to vH(r) ∼ 5kBT.

In principle, interactions between the ellipsoidal and spheri-
cal nanogels could also be modeled via the Hertz elastic theory.
For simplicity and to somewhat amplify the crowding effects, we
assumed the ellipsoidal nanogel to be impenetrable to the spheri-
cal nanogels, thus modeling ellipsoid–sphere interactions by a hard
contact pair potential, infinite for overlapping particles and oth-
erwise zero. Denoting by ri the position vector of the center of
spherical nanogel i and by R the position of the center of the
ellipsoidal nanogel, the total internal energy associated with pair
interactions among all the nanogels is then given by

U pair =

N

�
i<j=1

vH(rij) +
N

�
i=1

v hard(ri,R), (8)

where for each sphere–sphere interaction the appropriate amplitude
is taken from Eq. (7), while for each ellipsoid–sphere interaction the
pair potential vhard is either infinity or zero, depending on whether
or not the two particles overlap.

To further incorporate the additional freedom of an ellipsoidal
nanogel to change its shape, we introduced an elastic energy due to
deformation by stretching of the long axis,

U def =
1

2
k(bout − bout,r)

2
, (9)

where k is a Hookean “spring constant” and bout,r is the major prin-
cipal radius of the fully swollen, uncrowded (reference) ellipsoid.
Relating k to the Young’s modulus Y of the ellipsoidal nanogel yields

k∝
Ae

b out
Y ∝

Ae

b out

N ch

Ve
, (10)

whereAe andVe are the cross-sectional area and volume of the ellip-
soidal shell. For sufficiently large values of k, the ellipsoidal nanogel
must closely retain its uncrowded shape, while for lower values,
the ellipsoid can more readily fluctuate in shape and adjust to its
crowded environment. In practice, we chose the prefactor in the pro-
portionality [Eq. (10)] to calibrate the behavior of the model to the
experimental observations of shape deformation.

Finally, combining Eqs. (1), (8) and (9) yields the total energy
of the system,

U tot =

N

�
i=1

Fsphere(αi) + Fellipsoid +Upair +U def, (11)

where Fsphere and Fellipsoid represent the Flory–Rehner free energy
[Eq. (1)] for spherical and ellipsoidal nanogels.

G. Simulation methods

Coding our Monte Carlo simulations in the Open Source
Physics Library,62 we placedN spherical nanogels and one ellipsoidal
nanogel in a cubic box of volume V to which periodic bound-
ary conditions were applied in all dimensions. Trial moves were
made in accordance with the standard Metropolis algorithm63,64

with acceptance probability

Pacc = min{exp[−β(�U tot)], 1}, (12)

where �U tot is the resultant change in total energy [Eq. (11)].
For all of the nanogels, a trial move combined a trial displace-
ment and trial change in swelling ratio. For the ellipsoid, a trial
move also included a trial rotation and shape change. Trial rota-
tions were performed by changing the orientation of the ellipsoid,
defined by a unit vector û aligned with the major axis via addi-
tion to û of a randomly generated vector of magnitude � 1.65–69

In this way, the ellipsoidal nanogels were allowed to rotate freely
in three dimensions. Trial shape changes were generated in a man-
ner that preserved the particle’s dry volume under the assumption
that, regardless of the swollen nanogel’s shape, the monomers in
the dry (collapsed) state remained in a random close-packed con-
figuration. Trial moves that resulted in ellipsoid–sphere overlaps
were automatically rejected. Such overlaps were diagnosed using
the same algorithm as in our previous work on crowding of poly-
mers by colloids or nanoparticles.65–69 This algorithm determines
the shortest distance between the center of the sphere and the sur-
face of the ellipsoid, which involves computing roots of a sixth-order
polynomial.70

To initialize the system, we distributed the spherical nanogels
over the sites of a face-centered cubic (FCC) lattice and placed the
ellipsoid at an interstitial site. We chose this initialization so as
to maximize the nearest-neighbor separation and avoid any initial
overlaps of particles. At the relatively low concentrations studied,
the initial lattice structure immediately melts upon commencing the
simulation. In previous studies of spherical microgels47 in which
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FIG. 1. Snapshot from a Monte Carlo simulation, showing a cubic box containing
one ellipsoidal nanogel (red particle), which is free to change its position, size,
shape, and orientation, immersed in a crowded environment of spherical nanogels
(blue particles), which can change only their positions and sizes.

we initialized an ideal-gas version of the system in random config-
urations and then gradually switched on interparticle interactions,
we confirmed that the initial configuration does not affect the final
equilibrium properties at concentrations in the fluid phase.

On running a simulation, we performed independent Monte
Carlo (MC) steps, a step being defined as one trial move for every
particle in the system. As the particles moved and adjusted their
internal degrees of freedom, we updated the Hertz pair potential
amplitudes on the fly according to Eq. (7). After cycling through
many trial moves and thus sampling many configurations, the sys-
tem approached equilibrium distributions of spherical nanogel size
and of ellipsoidal nanogel size and shape, ultimately minimizing the
system’s Helmholtz free energy at fixed N, V , and T. Figure 1 shows
a snapshot from a typical simulation withN = 32 spherical nanogels.

III. RESULTS AND DISCUSSION

SANS with contrast variation has been largely used to directly
probe changes in the shape and architecture of compressible
nanogels in crowded environments.27,59,71–73 Here, we use the so-
called tracing-method in which a few hydrogenated nanogels are
mixed with a majority of deuterated nanogels that are contrast-
matched by a propermixture of water and heavy water.27 The hydro-
genated anisotropic (ellipsoidal) nanogels (HAN) were embedded in
a matrix of either spherical or virtually identical ellipsoidal nanogels
synthesized using a deuterated monomer, C6H4D7NO.We note that
all the nanogels used in this study have been synthesized adding a
5 mol % BIS during the precipitation polymerization. Recently, we
have shown that when hollow nanogels are compressed using an
osmotic stress solution, the stiffness of their polymeric network is
comparable to the one of regular nanogels synthesized with the same
amount of BIS.74 This ensures that all the polymeric networks of the
nanogels used here present a similar resistance to compression.

The anisotropic shape of the HAN under dilute conditions
was verified using both dynamic light scattering and transmission

electron microscopy; see Fig. 7 in Appendix C. We refer to the
deuterated spherical and anisotropic nanogels as deuterated spher-
ical nanogels (DSN) and deuterated anisotropic nanogels (DAN),
respectively.

In neutron scattering, due to the differing atomic scattering
lengths of hydrogen and deuterium,75 the use of a proper mixture
of water and heavy water allows us to contrast-match the con-
tribution of the deuterated particles to the measured background
intensities.27 As a result, only the hydrogenated anisotropic nanogels
are visible during the SANS experiments. The measured intensi-
ties are, therefore, directly proportional to the form factor of the
hydrogenated nanogels. The analysis of this part of the scattering
signal allows us to determine all the information on the shape and
characteristic lengths of the HAN and how these quantities changes
at different sample concentrations. In other words, these measure-
ments allow us to probe how the particle architecture changes in
crowded environments.

FIG. 2. (a) Small-angle neutron scattering intensities, I(q), vs scattering vector, q,
relative to the hydrogenated anisotropic nanogels (HAN) measured in a matrix of
deuterated spherical nanogels (DSN) using contrast variation techniques (tracing-
method). The total sample concentrations are c = 0.400 ± 0.003 (right-pointing
triangles), 0.92 ± 0.04 (circles), 1.30 ± 0.07 (up-pointing triangles), 2.18 ± 0.04
(squares), 2.81 ± 0.02 (down-pointing triangles), 3.30 ± 0.02 (diamonds), and
4.10 ± 0.02 wt% (left-pointing triangles). All measurements were performed at
T = 20.0 ± 0.1 ○C. (b) Aspect ratio, ε, as a function of the sample concentration,
c. Inset: variation of the lengths of the short axis (circles) and long axis (squares)
as a function of sample concentration c. The values are obtained from the fits of
the data in (a) using the model of Ref. 44.
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TABLE I. Concentration, c, aspect ratio, ε, length of the short semi-axis, RSANS, internal and external fuzziness (σ in and σout , respectively), polydispersity, PD, χ2 obtained from
the fitting of the scattering data, and generalized volume fraction of the spherical nanogels composing the matrix, ζ.

c (%) ε RSANS (nm) σin (nm) σout (nm) PD (%) χ2 ζ

0.400 ± 0.003 4.3 ± 0.8 154 ± 4 18.9 ± 0.2 6.7 ± 0.4 15 12.2 0
0.92 ± 0.04 2.9 ± 0.3 152 ± 65 18.2 ± 0.3 7.1 ± 0.5 15 6.80 0.15 ± 0.01
1.30 ± 0.07 2.4 ± 0.2 150 ± 48 18.5 ± 0.3 6.6 ± 0.5 15 8.65 0.26 ± 0.01
2.18 ± 0.04 1.01 ± 0.02 111 ± 3 18.4 ± 0.2 0.2 23 11.0 0.52 ± 0.02
2.81 ± 0.02 1.0 ± 0.4 134 ± 126 13.2 ± 5.0 3.9 ± 0.3 23 ± 3 36.1 0.71 ± 0.02
3.30 ± 0.02 1.1 ± 0.1 116 ± 16 17.5 ± 1.7 0.2 23 ± 2 49.6 0.85 ± 0.02
4.10 ± 0.02 0.94 ± 0.09 103 ± 17 13.8 ± 1.8 0.2 21 ± 2 29.5 1.09 ± 0.03

In previous work, we showed that to properly fit the experi-
mental SANS data and reproduce the nanogel architecture, a model
accounting for the internal cavity, the particle anisotropy, and
the internal and external fuzziness is needed.44 A complete model
description is given by Eqs. (1)–(7) in Nickel et al.44 and in the
supplementarymaterial of the same publication. To reduce the num-
ber of parameters, the size polydispersity was fixed to 15%. This
value was obtained in our previous study by fitting the scattering
curves of diluted suspensions of ellipsoidal hollow nanogels with
Eqs. (1)–(7) in Ref. 44. Since the ellipsoidal nanogels have been syn-
thesized with the very same procedure used byNickel et al.,44 the size
polydispersity of the overall particles is considered to be the same as
determined in that study. We note that in our model, we exclude
differences in the polydispersity of the different axes since this is
beyond the SANS resolution. Nevertheless, the analysis of transmis-
sion electron microscopy (TEM) micrographs, similar to the one
shown in Figs. 7 and 8, does not show a large difference in the shape
and/or aspect ratio dispersity, and therefore, the use of 15% for the
size polydispersity of the nanogels is reasonable.

In Fig. 2(a), the bottom curve shows the measured SANS inten-
sity, I(q), as a function of the scattering vector q (right-pointing
triangles) measured for a sample composed of anisotropic hydro-
genated nanogel at a concentration c = 0.4 wt. %. The red curve
represents the data fit using our model. Table I reports the values
of the fitting parameters. The inset of Fig. 2(b) shows the length of
the short (circle) and long (squares) axes. An aspect ratio of 4.3 ± 0.8
is obtained, which confirms the anisotropic shape observed within
the TEM image (Fig. 7).

A. Hydrogenated anisotropic nanogel
in spherical matrix

The other curves in Fig. 2(a) correspond to samples com-
posed of a fixed concentration of HAN, cHAN = 0.400 ± 0.003 wt. %,
embedded in a matrix of deuterated spherical nanogels synthe-
sized with the same amount of crosslinkers.46 The concentration of
DSN increases from cDSN = 0 wt. % (bottom curve, right-pointing
triangles) to 3.70 ± 0.02 wt. %, implying that the total sample
concentration is between c = 0.400 ± 0.003 and 4.10 ± 0.02 wt. %.
For the spherical nanogels, values of the suspension viscosity at
cDSN � 0.4 wt. % are fitted with the Einstein–Batchelor equation76 to
obtain a conversion constant between the mass concentration and
the generalized volume fraction ζ, defined as the volume fraction of

fully swollen nanogels in solution. For the DSN, the values of the
conversion constant are 29.4 ± 0.6,46 implying that ζ of the spherical
nanogels lies in the range from 0.15 to 1.09 (see Table I).

It is clear that with increasing ζ of the matrix, both the decay
of I(q) at low-q and the minimum–maximum are shifted to higher
q. This trend corresponds to a decrease in size and/or change in the
characteristic lengths of the HAN.27,71,72 To have amore quantitative
description of the changes, we also fit these data with our model. The
red curves in Fig. 2(a) represent the data fit. Table I reports the values
of the fitting parameters and the corresponding errors.

The internal fuzziness is conserved at all studied concentra-
tions, indicating that the nanogels maintain their cavity. This behav-
ior is in agreement with the behavior of spherical hollow nanogels
embedded in a matrix of either regular46 or hollow nanogels.47 In
contrast, the outer fuzziness decreases with increasing DSN concen-
tration. In addition, this fact is consistent with the behavior of the
fuzzy shell for spherical nanogels in crowded environment.9,11,21,27,47

The hydrogenated anisotropic nanogels show a fuzzy outer shell
until the matrix of DSN has a ζ � 0.74 (c � 3 wt. %), i.e., above the
maximum volume fraction of hard spheres in three dimensions.
Above this value, the external shell is almost completely collapsed.
Consequently, one can neglect the role of the existing dangling
chains at the nanogel periphery since they are collapsed on the par-
ticle surface as soon as the nanogel concentration and, therefore, the
suspension osmotic pressure increases.

More interestingly, the length of the long semi-axis is decreas-
ing with increasing DSN concentration, indicating deswelling of the
nanogels (see Appendix A for the calculation of the short semi-
axis RSANS). The inset in Fig. 2(b) shows the evolution of the short
(circles) and long (squares) semi-axes as a function of c. The data
clearly demonstrate that the ellipsoidal nanogels are compressed
with increasing sample concentration. Even more interesting is that
for c > 2 wt. %, both the axes have virtually the same length, i.e., the
ellipsoidal particles become spherical as also indicated by the evo-
lution of the aspect ratio ε as a function of c, shown in Fig. 2(b).
The concentration c above which the HAN become more spherical
corresponds to a ζ for the matrix of DSN of 0.6, i.e., just above the
lowest volume fraction at which glass transition happens for hard
spheres, ϕ = 0.58.77 We also note that the DSN concentration is in
the proximity of the random close-packing fraction of hard spheres
in bulk, ϕrcp = 0.63. This observation indicates that together with

osmotic effects that lead to an osmotic deswelling,27,78,79 also the
particle-to-particle contacts can produce some faceting of the HAN
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as already observed for spherical nanogels using both computer
simulations61,80 and super-resolved fluorescence microscopy.9,21

In contrast to low concentrations, to obtain better fits, for
c > 2 wt. % (ζ � 0.6), the parameter representing the size polydisper-
sity is left free to change and an evolution from 15% up to ≈20% is
observed. The increase in the parameter describing the size polydis-
persity when fitting scattering data relative to soft deformable objects
in crowded environments has often been related to the potential
faceting of the particles.11,47,48,81 This fact has been finally demon-
strated by combining computer simulation of faceted colloids and
SANS data of nanogels in crowded environments.24

Now, if the aspect ratio of the ellipsoidal nanogels decreases to
≈1 with increasing ζ of the matrix of DSN, it means that their form
factor is comparable to the form factor of spherical nanogels. Under
these conditions, a suspension of DSN and a suspension of a mixture
of DSN and few collapsed HAN (cHAN = 0.4 wt. %) have the same
structure factor and nearest-neighbor distance, dnn, at the same ζ.
Therefore, we can divide the intensity of the two concentrated sus-
pensions for the form factor of the DSN and obtain the suspension
structure factors that must have the structural peaks at approxi-
mately the same q-values. In contrast, if the ellipsoidal nanogels
maintain their shape, once we divide the I(q) measured for a con-
centrated suspension by the P(q) of a suspension of diluted spheres,
the structural peaks do not appear due to the contribution of the
ellipsoids in the low and middle q-range of I(q).

To check this hypothesis using SAXS, we measured concen-
trated solutions of pure DSN and mixture of DSN and HAN in the
same solvent used for the SANS experiments with contrast variation.
Indeed, x rays do not distinguish between hydrogen and deuterium,
and all the particles and, therefore, the suspension’s structure fac-
tor contribute to the measured I(q). The values of ζ of the DSN
lie in range from 0.35 to 1.03. As an example, in Figs. 3(a) and 9,
we show the structure factors of a suspension composed of only
deuterated spherical nanogels (light blue circles) and a mixture of
the same deuterated spherical nanogels with protonated ellipsoidal

nanogels (green squares) with a concentration of 0.4 wt. %. The gen-
eralized volume fraction of the DSN is ζ = 0.88 ± 0.02 [Figs. 3(a)]
and ζ = 1.03 ± 0.02 (Fig. 9).

The structure factors are obtained by dividing the measured
intensities by the intensity of a dilute suspension of the spherical
nanogels, which is proportional to the particle form factor. As indi-
cated by the dashed lines, the structural peaks of the S(q)s of the two
measured solutions are in the exact same position. This indicates
that the arrangement of the particles in the two samples is exactly
the same. Furthermore, the inset of Fig. 3(a) shows the values of the
nearest-neighbor distance, dnn, as a function of the values of ζ of the
DSN of solutions of deuterated spherical nanogels (light blue circles)
and of the mixtures of DSN and HAN (green squares). We obtained
dnn from the values of q corresponding to the first structural peak
of S(q).72,82 Both the suspensions of pure DSN and the mixtures of
DSN and HAN have virtually the same dnn, which decreases accord-
ing to the behavior expected for an isotropic deswelling, ζ−1/3 (solid
line).72,73,80 Furthermore, Fig. 10(a) corresponds to a cDSN where the
aspect ratio of the ellipsoid is already ≈1 (Fig. 2) and still a reliable
structure factor can be obtained.

In contrast, in Figs. 3(b) and 10(b), we show the structure fac-
tors of samples for cDSN ≤ 2.4 wt. % (ζ � 0.70). These data show that
at low cDSN , the S(q) cannot be obtained by dividing the I(q) by the
measured form factor of spheres. As mentioned above, this indicates
that the ellipsoidal nanogels retain their anisotropic shape. Indeed,
Figs. 3(b) and 10(b) correspond to value of the aspect ratio larger
than one.

Our SAXS data further support the SANS observation. Once
the HAN particles are embedded in a matrix of spherical nanogels
at ζ � 0.70, the structure factors and nearest-neighbor distance of
these mixtures are exactly the same as those measured for suspen-
sions composed of spherical particles only. This result and the direct
determination of the aspect ratio using SANS and contrast variation
imply that the ellipsoidal nanogels become spherical and fit into the
arrangement of the matrix composed of spheres.

FIG. 3. (a) Small-angle x-ray scattering structure factor, S(q), of suspensions composed of only deuterated spherical nanogels (light blue circles) at cDSN = 3 wt. % and a
mixture of the same deuterated spherical nanogels at cDSN = 3 wt. % with protonated ellipsoidal nanogels (green squares) with a concentration of 0.4 wt. %. Dashed lines
highlight the peak positions. Inset in A: values of the nearest-neighbor distance, dnn, vs generalized volume fraction of the spherical nanogels, ζ. Data correspond to the
solutions of deuterated spherical nanogels (light blue circles) and to the mixtures of deuterated spherical nanogels and protonated ellipsoidal nanogels with a concentration
of 0.4 wt. % (green squares). The solid curve represents the expected behavior of dnn in case of isotropic deswelling of spherical nanogels, ζ−1/3. (b) S(q) of a sample
composed by a mixture of deuterated spherical nanogels, cDSN = 1.8 wt. %, and protonated ellipsoidal nanogels with a concentration of 0.4 wt. %.
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B. Simulation results

To complement the experiments and help to rationalize the
observations, we developed and applied Monte Carlo (MC) sim-
ulation methods to model an ellipsoidal nanogel immersed in a
crowded environment of spherical nanogels. As input to our sim-
ulations, we chose the system parameters summarized in Table I.
These parameters ensure that the geometries (sizes and shapes) of
the swollen nanogels match as closely as possible to the experimental
observations. After an initial equilibration phase of 104 MC steps, we
collected statistics on principal radii of the ellipsoidal nanogel for an
additional 105 steps. To determine statistical uncertainties, we per-
formed five independent runs. Runs with fewer particles confirmed
that finite-size effects are negligible.

Figure 4 shows our simulation results for the mean aspect ratio
ε ≡ �bout�aout� of the ellipsoidal nanogel over a range of general-
ized volume fraction ζ of the spherical nanogels for the system
parameters in Table II. As ζ varies from 0 to 1.3, the dry volume
fraction ϕ0 varies in proportion from 0 to about 0.03. The error bars,
computed from standard deviations over the five independent runs,
represent statistical uncertainties in the data due to fluctuations. At
the lowest nanogel concentrations (i.e., lowest values of ζ), the ellip-
soidal nanogel rarely interacts with the spherical nanogels and thus
is free to adopt its uncrowded size and shape distributions. The rela-
tively large error bars in this case reflect the relative ease with which
the ellipsoidmay deform its shape for these system parameters.With
increasing concentration (increasing ζ), the mean aspect ratio tends
to decrease and the error bars narrow. This trend demonstrates the
growing influence of crowding by the spherical nanogels on the ellip-
soidal nanogel’s shape, driving its average shape toward spherical
and limiting the range of fluctuations. Interestingly, we find that
crowding does not significantly affect the volume of the swollen
ellipsoidal nanogel—a somewhat surprising result, since only the dry
volume was constrained to be constant. Evidently, for these system
parameters, the energetic cost of swelling/deswelling of the gel sig-
nificantly exceeds the cost of elastic deformations, which enable the
shape to change in response to crowding.

FIG. 4. Mean aspect ratio ε ≡ �bout�aout� of an ellipsoidal nanogel vs generalized
volume fraction ζ of spherical nanogels for the system parameters in Table II,
showing the tendency of the ellipsoidal nanogel to approach a spherical shape
with increasing crowding by spherical nanogels.

TABLE II. System parameters used in Monte Carlo simulations: number of spherical
nanogels N, dry radius of spherical nanogels a0, dry outer principal radii of ellipsoidal
nanogel, aout,0 and bout,0, dry inner principal radii of ellipsoidal nanogel, ain,0 and
bin,0, crosslink fraction x = 0.5Nch�Nmon of both types of nanogel, and Flory solvency
parameter χ.

N a0 (nm) aout,0 (nm) bout,0 (nm) ain,0 (nm) bin,0 (nm) x χ

108 60 40 120 30 100 5 × 10−4 0

C. Hydrogenated anisotropic nanogel
in ellipsoidal matrix

Next, we studied the behavior of the anisotropic parti-
cles embedded in a matrix of virtually identical but deuterated
anisotropic nanogels (DAN). Similar to DSN, the DAN are matched
by a mixture of water and heavy water in the SANS experiments
and only the structural information of HAN determines the scat-
tering intensity. Figure 5 shows the scattering data of HAN embed-
ded in a matrix of DAN with concentrations cDAN = 0, 3.9 ± 0.1,
and 5.5 ± 0.5 wt. %. The first minimum remains at a similar
position with an increase in DAN concentration. However, we
observe an increase in the intensity both of the smeared minimum
(q ≈ 3 ⋅ 10−2 nm−1) and in the mid-q region, 7 ⋅ 10−2 nm−1 < q
< 2 ⋅ 10−1 nm−1. Those changes are different with respect to the
changes in the I(q)s observed once the HAN are embedded in
the matrix of deuterated spheres. To quantify this difference and
describe precisely the shape and architecture of anisotropic parti-
cles in a matrix of concentrated anisotropic particles, we fit the data
using our model (solid lines in Fig. 5).

The one-shell ellipsoidal model suitable to fit HAN in dilute
dispersions and in the environment of spherical nanogels cannot
reproduce the experimental data, especially in the mid-q region (see
Fig. 11 in Appendix E). Therefore, we included a second shell in our
model as reported in the literature.44 Even in this case, the para-
meter describing the size polydispersity was kept constant at 15%

FIG. 5. Small-angle neutron scattering intensities, I(q), vs scattering vector, q
relative to the hydrogenated anisotropic nanogels (HAN) measured in a matrix
of deuterated anisotropic nanogels (DAN) using contrast variation techniques
(tracing-method). The sample concentrations are c = 0.400 ± 0.003 (right-pointing
triangles), 4.2 ± 0.1 (circles), and 5.9 ± 0.5 wt. % (up-pointing triangles). All
measurements were performed at T = 20.0 ± 0.1 ○C.
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TABLE III. Aspect ratio, short semi-axis, inner and outer fuzziness, polydispersity, and χ2 obtained from the fitting of the
scattering data of hydrogenated anisotropic nanogels mixed with deuterated anisotropic nanogels.

c (%) ε RSANS (nm) σin (nm) σout (nm) PD (%) χ2

0.400 ± 0.003 4.3 ± 0.8 154 ± 4 18.9 ± 0.2 6.7 ± 0.4 15 12.2
4.2 ± 0.1 9.2 ± 1.9 135 ± 15 15.1 ± 1.0 3.8 ± 1.2 15 4.4
5.9 ± 0.5 9.0 ± 1.2 130 ± 17 15.0 ± 1.1 2.9 ± 1.3 15 6.9

to reduce the number of fit parameters. The values of the para-
meters as obtained from the data fits and the corresponding errors
are reported in Table III.

Despite the structural changes in the external fuzzy shell, the
most important result from the fits is that in contrast to the case
where the matrix is composed of spherical nanogels, the increase
in concentration of anisotropic particles leads to a significant
increase in the aspect ratio of the hydrogenated anisotropic nanogels
(Table III). This trend is a consequence of the increase in the length
of the long axis and the corresponding small decrease in the length of
the short axis. Therefore, not only the overall shape of the nanogels
remains anisotropic, but the anisotropy is even enhanced by the
increase in sample concentration.

The picture that emerges from the small-angle neutron and
x-ray scattering data and the Monte Carlo simulations is that
anisotropic nanogels can adapt their size and shape—including the
passage from an anisotropic shape to a spherical shape—as a con-
sequence of the concentration and the architecture of the nanogels
composing thematrix in which they are embedded. Such a difference
in response of anisotropic soft nanogels depending on the shape of
the particle composing the matrix can be rationalized by consider-
ing the work needed to deswell isotropically or deform an ellipsoidal
nanogel.

Let us start by considering the overlap between a sphere and
an ellipsoid, denoting the extent of the overlap by hd. As men-
tioned, nanogels can isotropically deswell due to osmotic pressure
effects,27,28 and this can be used to directly measure the nanogel’s
resistance to compression.74,83 The work needed to isotropically
deswell a nanogel of volume �V(hd) can be written as

Ws = Πin�V(hd), (13)

whereΠin is the osmotic pressure inside the nanogel, which depends
on both the crosslinking of the polymeric network and the qual-
ity of the solvent, according to the Flory–Rehner theory of polymer
networks.54,55,84

Similarly, the work needed to deform a nanogel with Young’s
modulus E that overlaps with another is

Wd = �
hd

0
F(h)dh∝ E�V(hd), (14)

with F(h) being the force required to compress the ellipsoidal
nanogel by a depth hd. This force is calculated from the profile of
the object, assumed to be in elastic contact with the sphere, and
the interaction is approximated using a Hertzian model.84 In both
cases for Eqs. (13) and (14), the work to change the volume corre-
sponding to a penetration depth of hd is proportional to the volume

of the overlap between the sphere and the ellipsoid. This means
that the work to achieve both deformation and isotropic deswelling
increases with increasing �V(hd). Now, let us limit ourselves to
the simple cases of overlap of a sphere with the ellipsoid along two
preferential directions: the long and the short axes. In Fig. 6(a), the
sketches of the ellipsoid are scaled to the value of the long and short
axes reported in Table I for the HAN in the dilute case, c = 0.400
± 0.003 wt. %.

Assuming the sphere penetrates the ellipsoid in both directions
by the same depth, hd, we can compute the volume of the overlap in

FIG. 6. (a) Sketch of the overlap between a sphere and an ellipsoid along the long-
and short-axis direction, tip-overlap and side-overlap, respectively. (b) Volume of
overlap, V tip (circles) and Vside (squares), vs lengths of overlap, hd .
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the cases of tip- and side-overlap. The volume of an ellipsoidal dome
of high hd is

V =
πab

3c2
h
2
d(3c − hd). (15)

For an ellipsoid with axes a = b = RSANS and c = εRSANS, the
overlap for the tip- and side-overlap can be written as

Vtip =
π

3ε2
h
2
d(3εRSANS − hd), (16)

Vside =
επ

3
h
2
d(3RSANS − hd). (17)

In Fig. 6(b), the values of V tip (blue circles) and V side (orange
squares) are plotted as a function of increasing penetration depth. As
can be seen, except formoderate values of hd, the volume of the over-
lap from the side (orange squares) is always significantly larger than
the volume of the overlap in the direction of the longer axis (blue cir-
cles). This means that the work to deswell or rearrange the polymer
in the case of a tip-overlap is much smaller than the work needed to
deform or deswell the polymer in a side-overlap. As a consequence,
the deswelling or deformation of the ellipsoid tips is energetically
less penalizing, which can explain the passage from the anisotropic
to spherical shape of the HAN once embedded in the matrix of
spherical nanogels. We note that here the overlap proceeds in both
directions with the same penetration depth. Alternatively, one may
set the two penetrations to cover the same “overlap volume,” and
therefore, the tip-overlap would lead to a larger penetration depth
with respect to the side-overlap. However, the possibility of detecting
such different penetration depths is beyond the SANS/SAXS resolu-
tion. A more detailed interpretation of our scattering results can be
achieved in the future by combining our experimental results with
computer simulations of realistic anisotropic nanogels to probe the
microscopic aspects of the nanogel-to-nanogel interaction.60,61

Interestingly, a similar behavior has been reported for linear
polymer coils in crowded environments of hard-sphere-like col-
loids, where the polymers are modeled as ellipsoids that fluctuate in
shape according to the statistics of random walks.65,67 Similar to our
experimental results, the computer simulations conducted on these
systems reveal that with increasing the concentration of the spheres
in the matrix, the ellipsoid approaches a spherical shape.

The influence of a crowded environment of anisotropic
nanogels on the shape of an initially ellipsoidal nanogel differs
completely from the influence of a concentrated environment of
spherical nanogels. We propose that this difference can be rational-
ized considering that anisotropic particles can form ordered phases
in solution. We observe ordering already in the uncompressed state
within the TEM images of HAN (see Figs. 7 and 8). A similar behav-
ior is also well documented in the literature for a variety of other
anisotropic grafted nanoparticles.33,85,86

Furthermore, previous studies at interfaces showed that such
ordering is increased for similar nanogels with an increase in surface
pressure.34 Hence, it is reasonable that the ellipsoids orient them-
selves in the same direction, leading to a larger contact area between
the sides of the ellipsoids compared to their tips. Depending on this
arrangement, the overlap between the ellipsoid tips might be neg-
ligible while the side-to-side overlap remains still present and the
ellipsoid responds by compressing along the short-axis direction.

IV. CONCLUSIONS

Among many soft colloidal systems, nanogels are the only
ones that are known to exhibit a self-healing mechanism,
whereby defects can selectively deswell depending on the particles’
environments.25,26 As a consequence, nanogel solutions with poly-
disperse or bimodal size distribution can decrease their size
disparities.7,24,27 This self-healing mechanism has important effects
on the phase behavior of the solutions. For instance, large nanogels
with a size ratio of 1.5 can spontaneously deswell and crystals can
form without the presence of defects or dislocations.27 This phe-
nomenon is determined by the increase in osmotic pressure of the
solution due to the counterion clouds surrounding both neutral or
ionic nanogels.27,28,79,87

In this study, the behavior of anisotropic nanogels in crowded
environments is investigated. The characteristic lengths of the ellip-
soidal nanogels are directly determinedmeasuring their form factors
as a function of increasing concentration by means of small-angle
neutron scattering with contrast variation. The crowding is exerted
by either spherical nanogels or ellipsoidal nanogels with a compa-
rable aspect ratio. The fitting of the SANS data, and the structure
factors of the samples, measured by means of SAXS, highlight that
once the ellipsoidal nanogels are embedded in a matrix of spheri-
cal ones, they decrease their aspect ratio with increasing the sample
concentrations. This experimental observation is confirmed by com-
puter simulations of a single ellipsoidal nanogel embedded in a
matrix of spherical one.

In contrast, the data collected on solution of ellipsoidal
nanogels in a matrix of ellipsoidal nanogels indicate that in this
case, the aspect ratio increases with increasing sample concentra-
tion. In other words, once the ellipsoidal nanogels are embedded in
a matrix of spheres, they become spherical while when embedded
in a matrix of isotropic particles they become more anisotropic. By
considering the different volumes of the overlap between a sphere
and an ellipsoid, these changes in the shape are rationalized in terms
of the differences in work needed to produce a deformation to
change the aspect ratio. The fact that our nanogels are hollow—an
inevitable consequence of how anisotropic nanogels are currently
obtained—might affect the extent of isotropic deswelling. We have
shown that hollow spherical nanogels strongly deswell already at
lower applied osmotic stresses with respect to regular nanogels syn-
thesized with comparable amount of crosslinker agents.74 However,
similar qualitative trends should also apply to non-hollow ellipsoidal
nanogels of comparable size, which will be more resistant to com-
pression due to the absence of the cavity but will be subject to the
same geometrical constraints.

Our study opens the path for future research using soft colloids
to further clarify what is the role of softness and how this quan-
tity can be defined for anisotropic colloids.1 Further experiments
are needed to determine the phase behavior of mixture of ellipsoidal
and spherical colloids. Furthermore, by means of rheology and com-
bining it with scattering techniques, the observed changes in the
shape has to be observed in solution under flow. Another aspect
that must be investigated is the effect of the changes in the shape
on the maximum packing fraction these soft ellipsoid can reach in
solution, and compare it with what has been observed for a hard
ellipsoid.31,32,88 To better rationalize the experimental observation,
it is also desirable to further develop computer simulations able to
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realistically approximate ellipsoidal nanogels as it has been per-
formed for spherical ones.60,80 These computer simulations should
also shed light on the best approximation for the interaction poten-
tial between soft anisotropic colloids and verify if the assumption of
an Hertzian potential is reasonable.8,61
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APPENDIX A: CALCULATION OF NANOGEL
DIMENSIONS WITHIN THE SANS MODEL

By fitting the SANS data with the ellipsoidal nanogel model,44

the width of the hole (wcore), the width of the ith-shell (wi), and the

fuzziness (σ) are obtained and can be used to probe how the nanogel
architecture changes with increasing crowding. As hollow nanogels
can differ in their fuzziness from the outer to the inner boundary,
we distinguish between the internal fuzziness (σin) and the external
(σout) fuzziness. For a two-shell model, we consider also an interme-
diate fuzziness (σmid).With these values, the short semi-axis (RSANS)
for a one-shell ellipsoid is calculated as follows:44

RSANS = wcore + 6σin +wcore + 6σin +wshell + 6σout. (A1)

The long semi-axis (LSANS�2) can then be calculated with the
aspect ratio (ε),

LSANS�2 = εRSANS. (A2)

APPENDIX B: SYNTHESIS OF THE SACRIFICIAL
ANISOTROPIC CORES

The procedure to obtain anisotropic nanogels in this work
is adapted from the literature.44 The different steps to synthesize
the anisotropic cores89,90 are reported for the cores used for the
hydrogenated anisotropic nanogels (HAN). The same hematite spin-
dles were used for the deuterated anisotropic nanogels, and they
were coated using a similar procedure to the one described in the
following.

1. Hematite spindles

For the synthesis of hematite spindles, 85.5 g of Fe(ClO4)3⋅H20,
10.27 g of urea, and 1.28 g of NaH2PO4 were dissolved in 1.7 l
Milli-Q water inside a 2 l bottle and closed tightly with a cap. To
ensure proper mixing, ultrasonication was used. The closed bot-
tle was placed in an oven preheated to 98 ○C for 24 h. Finally, the
solution was centrifuged and redispersed in fresh Milli-Q water for
purification and to obtain more highly concentrated samples.

2. PVP functionalization

A previous PVP stabilization is needed to achieve the silica
coating of the hematite spindles. For this purpose, 17.2815 g of PVP
was dissolved in 163 ml of Milli-Q water. This solution was filled
in a three-neck flask, and an additional 100 ml of Milli-Q water
was added. The three-neck flask was placed in an ultrasonic bath
and equipped with an overhead stirrer. The ultrasonic bath was
cooled with an external water cooling circle. After adding 4.7 ml
of the hematite core solution in water (2.13 wt. %) to the flask,
ultrasonication, stirring, and cooling were started. After 5 h, the
ultrasonication was stopped. After another hour, the overhead stir-
rer was exchanged with a small stirring bar to stir the solution
overnight. The solution was stirred for 24 h in total and afterward
purified with three centrifugations of 90 min each with 5000 rpm.
After the last centrifugation, the stabilized cores were redispersed
in 25 ml of ethanol for the next synthesis step. For the synthesis of
the deuterated anisotropic nanogels, 17.2815 g of PVP and 4.7 ml of
hematite solution were used.

3. Silica shell

For the addition of the silica shell, a three-neck flask was filled
with the 25 ml ethanol PVP functionalized hematite core solution.
This flask was equipped with an overhead stirrer and placed inside
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an ultrasonic bath. The ultrasonic bath was cooled by an external
water cooling circle. After adding 186 ml of ethanol and 21 ml of
doubled-distilled water to the three-neck flask, the stirrer and ultra-
sonication were started simultaneously. After 10 min, 88.7 �l of
TMAH (25%) was added dropwise. Separately, 886 �l of TEOS and
612 �l of ethanol were mixed and then divided into three parts of
equal volumes. The three parts of the mixture were added to the
three-neck flask dropwise after 35, 55, and 75 min of the addition
of the TMAH. The ultrasonication was stopped after 3 h, and the
overhead stirrer was exchanged with a normal stirring bar to stir the
reaction solution overnight. After 24 h of stirring, the reaction solu-
tion was purified with three centrifugations and redispersion in fresh
ethanol. After the last centrifugation, the ellipsoidal hematite–silica
cores were redispersed in 17ml of ethanol for the next synthesis step.
For the synthesis of the deuterated anisotropic nanogels, 88.7 �l of
TMAH and 886 �l of TEOS were used.

4. MPS functionalization

The hematite–silica cores in ethanol were sonicated for
15 min and then poured into a one-neck flask. Additional 11.8 ml
of EtOH and 3.2 ml of NH3 were added, and the solution was stirred
with a magnetic stirring bar. 0.5 ml MPS were added dropwise, and
the solution was stirred for 24 h. After 24 h, a reflux cooler was
attached to the flask, and the solution was heated with an oil bath to
80 ○C for 1 h. Afterward, the solution was centrifuged three times at
room temperature for purification and redispersed in fresh ethanol.
After the last centrifugation step, the functionalized hematite–silica
core was redispersed in 3 ml of EtOH for the next synthesis step. For
the synthesis of the deuterated anisotropic nanogels, 1.25 ml of MPS
was used and the cores were redispersed in 5 ml EtOH.

5. Labeling of the samples

The HAN nanogels are identified as SFB985_A3_AN_
M000653. The DAN nanogels are identified as SFB985_A3_AN_
M000656. The DSN nanogels are identified as SFB985_A3_MB_
M000234.

FIG. 7. Transmission electron microscopy image of the dried hydrogenated
anisotropic nanogels after removal of the hematite–silica core.

APPENDIX C: TRANSMISSION ELECTRON
MICROSCOPY (TEM)

Figure 7 shows a transmission electron microscopy image of
the hydrogenated anisotropic nanogel (HAN) in the dry state. Elon-
gated, homogeneously dark structures are visualized. This TEM
image demonstrates the anisotropic shape of the nanogels and the
successful etching of the hard core. Furthermore, the analysis of
these images indicates that the size polydispersity of the nanogels
is ≈15%, and a difference in the size polydispersity of the different
axes is not appreciable within the experimental resolution.

FIG. 8. TEM image of deuterated anisotropic nanogels in dry state shows
anisotropically shaped nanogels.

FIG. 9. Small-angle x-ray scattering structure factor of suspensions composed of
only deuterated spherical nanogels (light blue circles) at cDSN = 3.5 wt. % and a
mixture of the same deuterated spherical nanogels at cDSN = 3.5 wt. % mixed with
protonated ellipsoidal nanogels (green squares) with a concentration of 0.4 wt. %.
Dashed lines highlight the peak positions.
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FIG. 10. Small-angle x-ray scattering structure factor of suspensions composed of a mixture of the deuterated spherical nanogels with protonated ellipsoidal nanogels.
The concentration of the protonated ellipsoidal nanogels is constant and equal to 0.4 wt. %. The concentration of the spherical nanogels is cDSN = 2.4 wt. % (a) and
cDSN = 1.2 wt. % (b). Dashed lines highlight the peak positions.

The TEM image was taken after drying the sample from a dis-
persion in water onto a TEM grid. Figure 7 indicates that solely
the drying of the specimen without any compression leads to an
ordering of the nanogels. Hence, the aspect ratio of HAN is large
enough to induce an ordering based on the anisotropic shape of the
nanogels.34

Figure 8 shows a dry TEM image of DAN revealing an elon-
gated shape and the etching of the hard core. This image makes clear
that these deuterated nanogels provide a suitable matrix of nanogels
for an anisotropic overcrowded environment.

APPENDIX D: SMALL-ANGLE X-RAY SCATTERING

Figures 9 and 10 show the structure factors S(q) = I(q)�PDSN(q), where I(q) is the measured intensity of a sample where
few protonated anisotropic nanogels are embedded in a matrix of

FIG. 11. Hydrogenated anisotropic nanogels mixed with two concentrations of
deuterated anisotropic nanogels with their respective best fits with the one-shell
(dashed red) and two-shell (solid black) ellipsoidal nanogel model. The circles cor-
respond to the sample at c = 4.2 ± 0.1 wt. %, and the triangles correspond to the
sample at c = 5.9 ± 0.5 wt. %.

deuterated spherical nanogels (DSN) and PDSN(q) is the form fac-
tor of the deuterated spherical nanogels measured under diluted
conditions.

APPENDIX E: COMPARISON OF ONE-SHELL
AND TWO-SHELL ELLIPSOID

Figure 11 shows the best fits obtained with the one-shell ellip-
soidal nanogel model (dashed red lines) and the respective fits using
the two-shell model (solid black lines) for HAN at two concen-
trations of DAN. The one-shell model is not appropriate to fit
the intermediate q-region, making evident the need of a two-shell
model. The necessity of a second shell in our model might indicate
an inhomogeneous collapse of the polymeric network, resulting in a
region of the nanogel with a considerably higher polymer fraction.
In the future, computer simulations of realistic nanogels60,61,80 could
be used to fully understand the microscopic meaning of a second
shell to reproduce the SANS data.
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