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The softness of an object can be quantified by one of the fundamental elastic moduli. The bulk modulus
of the particle is most appropriate in the presence of isotropic compressions. Here, we use small-angle
neutron scattering with contrast variation to directly access the bulk modulus of polymeric
nanocapsules — pNIPAM-based hollow nanogels. We show that the size of the cavity is the most
important quantity that determines the softness of hollow nanogels. During initial compression, the
polymer collapses into the cavity and leads to a large change in the particle volume, resulting in a very
small initial bulk modulus. Once the cavity is partially occupied by the polymer, the hollow nanogels
become significantly stiffer since now the highly crosslinked network has to be compressed.
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1 Introduction

One of the most interesting phenomena in soft matter is the
self-assembly of macromolecules or colloidal particles in struc-
tures with high hierarchical order. Such self-assembly might
lead to both phase transition between different phases, e.g
from a liquid to a solid,"* or may result in larger supra-
molecular complexes, such as liposomes,* block copolymer
micelles* and virus®® or virus-like particles.”® Most of these
ordered supra-molecular complexes are characterized by a
solvent-filled cavity and, at first glance, can be approximated
as hollow spheres. Since the presence of a cavity makes these
particles appealing for the targeted delivery of drugs,®° it is
pivotal to unravel their basic chemical and physical properties,
such as their mechanical properties.® We note that the building
blocks of supra-molecular complexes can be both biological
materials®'"'* and synthetic polymers.®'%*3'¢

Hollow nanogels represent an ideal simplified model system
that allows us to investigate the role of the cavity on the
compression of the particle. Hollow nanogels are polymeric
crosslinked networks which are swollen in a good solvent.'”"*
They are characterized by a solvent-filled cavity in their
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centre.’® When the polymer used for the synthesis possesses
a lower critical temperature, such as pNIPAM,*® the resulting
hollow nanogels are thermoresponsive: below the volume
phase transition temperature (VPTT) of pNIPAM in water the
nanogels are swollen. While above the VPTT, they collapse but,
as shown by scattering studies and AFM measurements, the
particles maintain their cavity.'®>' These hollow nanogels are
appealing for both application®” and fundamental studies.>***

For instance, the presence of the solvent-filled cavity makes
hollow nanogels appealing as nanocapsules for drug
delivery,”*>***¢ or as membranes for water purification.?”
Furthermore, the phase behavior of hollow nanogels is differ-
ent from the one observed for hard-sphere and hard or ultra-
soft nanogels which show a liquid-to-crystal phase transition
independently to their softness.’**?° Indeed, crystallisation is
suppressed in bulk solutions of hollow nanogels.>* Also their
2D-phase behavior, once confined at oil-water interfaces, dif-
fers from the one observed for nanogel monolayers. The
absence of a core enables the hollow nanogels to deform more
in the direction orthogonal to the interface with respect to
crosslinked nanogels.>* As a consequence, a continuous com-
pression of the particle is observed and the system does not
show a solid-to-solid transition typical of a monolayer of
nanogels.? It has been shown that the hollow nanogels deswell
much more than regular nanogels once they are embedded in
a matrix of regular ones.*™** The cavity also affects how much
the nanogels spread once adsorbed at an interface, leading
to a particular pancake-like architecture of the adsorbed
particle.”"*** These examples show how the cavity affects
the compressibility and deformability of the nanogels and
ultimately the particle softness.** To quantify this aspect, one

This journal is © The Royal Society of Chemistry 2022
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of the main elastic moduli of the nanogels has to be determined
experimentally. The bulk modulus is the natural candidate to
quantify the changes in compressibility of soft compressible
colloids for isotropic compressions.

Given the sizes of the nanogels of interest - some hundreds
of nanometres in radius - microscopy techniques and capillary
micromechanics and microfluidics are not suitable.®” Sierra-
Martin et al®® have shown that scattering techniques, in
combination with osmotic stress polymers, can be used to
probe the bulk modulus of nanogels. In their approach, the
nanogels were mixed with increasing concentration of a high
molecular weight polymer, dextran, which was large enough to
not penetrate the nanogel networks. As the dextran concen-
tration increases, the nanogels experience increasing osmotic
pressures, 7, which can be measured by means of a membrane
osmometer.>®*” Then, multi-angle dynamic light scattering
(DLS) measurements of dextran solutions and dextran-
nanogel solutions allowed them to decouple the nanogel and
dextran contribution to the scattering signal. In this way, the
nanogel hydrodynamic radius and thus the nanogel volume, v, can
be determined at different . From the slope of the 7 vs. v curve, the
bulk modulus can be extracted considering its definition:

dn
K= vy 1)
The limitation of this method is that the concentration of dextran
has to be relatively high to reach high osmotic stress. In these
conditions, it is not possible to disentangle the dextran and
nanogel contributions to the scattering, and therefore it is impos-
sible to characterise the nanogel size.

Recently, we used small-angle neutron scattering (SANS)
with contrast variation to quantify the bulk modulus of regular
and ultra-low crosslinked nanogels.”® Here, we apply our
method to quantify the compressibility of hollow nanogels.
A partially-deuterated, high molecular weight polymer is used
to exert osmotic stress on the nanogels. The scattering length
density of the deuterated polymer is matched by heavy water.>®
Consequently, the polymer does not contribute to the coherent
scattering signal and the nanogels can be probed at unprece-
dentedly high 7. In addition to the advantage of using contrast
variation, the use of SANS allows us to probe the form factor of
the hollow nanogels. Therefore, not only the total radius but
also the characteristic lengths of the particle, such as the radius
of the internal cavity, can be determined.

The bulk modulus of hollow 5 mol% crosslinked pNIPAM-
based nanogels is probed between 0 and =190 kPa, which
is one order of magnitude higher then the = applied before.*®
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We study two different hollow nanogels with different cavity
sizes to explore the interplay between internal architecture and
compressibility of the nanogels. Our findings show that the
cavity leads to a strong decrease of the nanogel volume for
moderate applied osmotic stress. This results in a very small
value of the initial bulk modulus of the hollow nanogels.
The larger the cavity, the stronger is the initial compression.
Even if the polymeric network of the studied nanogels has
been synthesized using 5 mol% crosslinker agent, the values
of K are comparable with the bulk moduli of ultra-soft
nanogels.>>?%*%3° We rationalise these results with the fact
that the empty cavity allows the pNIPAM to rearrange in its
empty volume leading to a pronounced particle deswelling. Our
study shows that the bare knowledge on the amount of cross-
links incorporated in the network is not enough to predict the
particle compressibility, and that a key role is played by the
internal architecture.**

2 Experimental
2.1 Synthesis

2.1.1 Partially-deuterated PEG. The partially-deuterated
polyethylene glycol (dg;o,PEG) was synthesised according to
previously reported procedure.*® In brief, the initiator, low
molecular weight deuterated polyethylene glycol (d600, M, =
645 g mol ') was metalated to a degree of about 90% with
potassium tert-butoxide in dry benzene. The metalated initiator
was polymerised in toluene, and a 11:2 mixture of ethylene
oxide-d, and hydrogenous ethylene oxide at 50 °C for three days.
The final product had number average molecular weight, M, of
265000 g mol ' and molecular weight distribution, M,/M,, of
1.02. In our previous work, we showed that the very same
deuterated PEG used for this study has a D/H composition of
83% as obtained by "H-NMR spectroscopy. Such a composition
results in a neutron scattering length density of 6.335 x 107° A™2,
which is the same expected for pure D,O. Furthermore, SANS
measurements show that, dgs;,PEG is virtually completely con-
trast matched in pure D,O, see the discussion in the ESI{ of
Houston et al.*®

2.1.2 Hollow nanogels. The synthesis of hollow nanogels
starts from the generation of nanogels with a sacrificial silica-
core and a pNIPAM-shell. The core is then dissolved using
sodium hydroxide (NaOH) solution.'® The sacrificial spherical
cores were obtained by the well-known Stober synthesis®® as
described in the literature.** The silica spheres were surface-
modified with 3-methacryloxypropyltrimethoxysilane (MPS)"

Table1 Chemicals, temperature T, and water volume V used for the synthesis of the core—shell nanogels. Last column: amount of core-shell nanogels
used to obtain the hollow nanogels. The concentrations of chemicals are all given in g mL™t

Sacrificial

Name core Core PNIPAM BIS

T 14

SDS KPS (°C) (mL) Core-shell

HN1 (105 +1)nm (7.50 + 0.04) x  (5.48 =+ 0.03) x

(3.94 + 0.02) x

(3.24 £ 0.02) x (4.30 £0.02) x 70 200  (2.49 =+ 0.02) x

1073 107? 107* 107* 107 1072
HN2 (57 +1)nm  (6.44 +0.03) x (4.53 £0.02) x (3.24 £ 0.01) x (5.77 £ 0.02) x (5.80 £ 0.03) x 60 245  (2.20 % 0.04) x
1073 1073 1074 1074 10°* 102

This journal is © The Royal Society of Chemistry 2022

Soft Matter, 2022, 18, 5750-5758 | 5751


https://doi.org/10.1039/d2sm00680d

Published on 28 July 2022. Downloaded on 12/22/2025 7:52:39 PM.

Soft Matter

and then purified by threefold centrifugation at 5000 rpm and
redispersion in fresh ethanol. The solvent was evaporated for
storage. In Table 1 we report the amount of NIPAM, N,N’-
methylenebisacrylamide (BIS) and SDS used for the synthesis
of the different silica-core and pNIPAM-shell nanoparticles. The
hollow nanogels HN2 are from the same synthesis batch used
in previous studies.***?

The functionalised silica cores were redispersed in 5 mL of
ethanol. To prevent silica aggregates during the shell poly-
merisation, the suspensions of silica core in ethanol were first
ultrasonicated and then transferred to the flask containing the
water, NIPAM, SDS, and BIS. Then the initiator solution was
rapidly transferred into the monomer solution to start the
polymerisation. After 4 hours under constant nitrogen flow
and stirring at T > 60 °C, the reaction was cooled down to
room temperature and stopped. Threefold ultra-centrifugation
at 30000 rpm and redispersion in fresh water was used to
purify the silica-core pNIPAM-shell nanoparticles. Lyophilisa-
tion was performed for storage.

To generate hollow nanogels, the amount of core-shell
nanoparticles reported in Table 1 were redispersed in 50 mL
of water. After complete dispersion, 50 mL of a 0.1 M NaOH
solution was added and allowed to react for 4 days. Dialysis was
applied to remove the remaining silica and neutralise the
suspension. Finally, the resulting hollow nanogels were centri-
fuged at 50 000 rpm to reduce the total volume and lyophilisa-
tion was carried out for storage.

2.2 Small-angle neutron scattering

Small-angle scattering allows us to characterise the shape and
characteristic lengths of colloids with dimensions below a few
hundreds of nanometres. For diluted suspensions of colloids in
a solvent, the intensity measured, I(g), as a function of the
scattering vector g is proportional to the particle form factor
P(q). This quantity contains all the information on the shape
and characteristic lengths of the colloids.*? It can be written
I(g) = nAp®v*P(q), where n is the particle density, v the particle
volume, and Ap the difference in scattering length density
between the solvent and the sample. When concentration rises,
the particles starts to interact with each other. This contributes
to I(q) with the structure factor S(g) which contains information
on the arrangements and interaction between the suspended
colloids.®® In these conditions, it is hard to decouple in the
measured intensity, I(q) = nAp*v°P(q)S(q), which features are
due to the individual particle’s shape and structure, and which
are due to the particle arrangement.** Neutrons and light
interact with the sample nuclei and with the electron clouds
of the atoms composing the sample, respectively. Therefore,
the contrast Ap is different depending on the chosen probe.
Importantly, neutrons have different contrast when interacting
with hydrogen and deuterium atoms.”® This allows us to
change the contrast between the solvent and the sample by
selective deuteration, and choosing the appropriate mixture of
hydrogenated and deuterated solvent. With this approach, it is
possible to access information on individual nanogels in
concentrated samples, for instance mixing few hydrogenated
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particles with a majority of deuterated nanogels that are contrast
matched by a mixture of water and heavy water,>*2%:3244:46-49

Here, the partially-deuterated dgzo,PEG, which is contrast
matched in pure D,O, is used instead of the deuterated
nanogels. In this way, we overcome the problem of using DLS
since the dg;,PEG does not contribute to the coherent neutron
scattering signal. As a consequence, we can reach high 7 and
still get the information on the volume of the nanogel. Furthermore,
performing a static scattering experiment allows us to probe
P(q) and, therefore, get information on both the total radius
and the internal architecture of the nanogel.

2.2.1 Form factor model. The core-shell form factor model
used to analyse the SANS data assumes a spherical core-fuzzy
shell radial distribution for the nanogel. Given the smooth
transition between the different parts of the nanogel, an inter-
penetrating layer of core and shell of the length 20y, and a fuzzy
outer surface with the length o, are considered. The widths of
the core and shell boxes are labelled as R.,, and Wy, respec-
tively. The scattering amplitude of a core-shell particle, A(g), is
expressed as:'®

A(q) = Apsthh(psh(q) Routy Uout) + (Apcore - Apsh)Vcore(pcore
(q; Rin, Gin) (2)

Ap is the difference in scattering length density between the
solvent and the core (or the shell). v,, and vy, are the volumes
of the core cavity and the shell, respectively. The radii are
defined as Rj, = Reore + Oiny Rout = Reay T 20in + W + 0oue and
the total radius is R = Ri, + Rour. D(g, R, o) is the normalised
Fourier transform of the radial density profile:

@(¢,R,0) :L[(R+1)M

Val\a? "o T
.

3sin[g(R—0)] 2Rcos(gR) 6sin(¢qR)
- a2 N g2 a2

where v, = R*/3 + R6?/6.°*°! Then, the model is convoluted with
a Gaussian distribution to account for the particle size-
polydispersity.*> An additional Lorentzian term is also added
to account for the high-g scattering due to the inhomogeneities
coming from the higher material density around the cross-
linking points in the polymeric network.”” Finally, the form
factor is convoluted with a Gaussian function accounting for
the instrument resolution.>

2.2.2 Instrument. The SANS-I instrument at SINQ, Paul
Scherrer Institut (Villigen, Switzerland) has been used to
perform the small-angle neutron scattering measurements.
The g-range of interest is covered using three configurations:
sample detector distances dsp = 1.8, 6 and 18 m, with neutron
wavelengths 4 = 0.9 nm. This instrument is equipped with *He
detectors with 128 x 128 pixels. The A-resolution is 10%.

This journal is © The Royal Society of Chemistry 2022
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3 Results

Samples were prepared by weighing the dg;,PEG, the pNIPAM,
and the D,O to reach the desired concentrations. The concen-
tration of nanogels is kept below 0.3 wt% for all the samples,
allowing only the form factor of the nanogel to be measured, i.e.
S(g) = 1. The concentration of dgzoPEG is between 0 and
7.4 wt%. The osmotic pressure exerted by the dg;0,PEG is
computed using an empirical function of its concentrations,>®
Cd,,,» determined by measuring 7 as a function of ¢4, with
a membrane osmometer: © = 217¢q,, + 3.24 X 10 °cq >

4510483%3. The osmotic pressure exerted lies between 0 and
184.6 + 0.2 kPa. The highest 7 is one order of magnitude larger
than the highest © measured by Sierra-Martin et al*® All
samples were prepared in pure D,O and measured at 20 °C.

Fig. 1(a) shows the SANS data of the hollow nanogels
(squares) resulting from the dissolution of the 105 nm silica
core of the core-shell particle, HN1. The circles in panel 1(b)
are the intensities measured for the hollow nanogels obtained
from the core-shell particles with sacrificial 60 nm silica core,
HN2. In both cases, the bottom curves are samples where the
nanogels were mixed with D,O only, i.e. 7 = 0 and the particles
are in the swollen state. Then, from bottom to top = increases.
The maximum values of = measured are (93.9 £ 0.1) kPa, top
curve in Fig. 1(a), and (184.6 + 0.2) kPa for the top curve in
Fig. 1(b).

The solid lines in Fig. 1 are the fits performed with the
model in eqn (2) and (3). The fitting is performed using the
function fmincon of Matlab, which finds a constrained minimum
of a function of several variables by minimising the y>. The errors
on the fitting parameters are determined from the standard
deviation of the parameters estimated from the Jacobian matrix.

In Fig. S1 (ESIT), we show the values of the y*> and the course
of the residuals of the fits shown in Fig. 1. In some cases, we
note that the oscillations of the residuals might indicate some
overfitting of the data, which might lead to an underestimation of
the errors on the fitting parameters. Nevertheless, the variation of
the course of the measured intensities indicates that the nanogels
are significantly changing architecture once = increases.

As can be seen by the solid line in Fig. 1, the model we used
reproduces well the scattering data of hollow nanogels. To
further verify that our model is not over-interpreting the data,
we also perform a fit of the form factors with a model that does
not assume any pre-defined architecture.>® The results of the
two models, as well as the fit qualities in terms of y*, are
identical. Furthermore, the differences between the final radii
and the characteristic lengths of the particles as obtained from
the two models are comparable - within the experimental error,
see Section S1 of the ESI.T We can therefore conclude that both
the values of the parameters and the associated errors obtained
fitting the data with the model in eqn (2) and (3) are consistent.

The main characteristic lengths determined from the fit are
reported in Table 2. For both the nanogels studied, a decrease
of the total size, R, is observed with increasing =. In the swollen
state, the hollow nanogels present a cavity with a radius of
(81 £2)nm (HN1) and (22 £+ 1) nm (HN2). For both the nanogels

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 SANS intensity, /(q), as a function of the scattering vector, g, for the
hollow nanogels HN1 (squares), obtained from the core-shell particles
with sacrificial 105 nm silica core (a) and for the hollow nanogels HN2
(circles), obtained from the core—-shell particles with sacrificial 60 nm silica
core (b). The osmotic pressure exerted by the dgz%PEG are from bottom to
topin (a) 0, (0.0222 + 0.0004), (0.1649 + 0.0009), (1.040 + 0.002), (5.99 +
0.01), (34.33 £ 0.05), and (93.9 + 0.1) and in (b) O, (0.0220 + 0.0004),
(0.194 + 0.001), (1.012 + 0.002), (5.730 + 0.009), (35.61 + 0.05), (92.4 +
0.1), and (184.6 & 0.2) kPa. The solid lines are fits of the data with the model
in eqn (2) and (3) introduced by Berndt et al°°. Data are shifted in the
y-direction for clarity.

R.,, is smaller than the radius of the sacrificial silica core since
the polymeric network expands into the empty volume after the
core dissolution.'>**"1 At the same time, the cavity also
reduces its size, R..,, With increasing applied osmotic stress.
While our model allows for changing all the characteristic lengths
of the nanogel, including the size and the pNIPAM volume fraction
in the solvent-filled cavity, the shape of the nanogel is assumed to
be spherical. Recent computer simulations, microscopy, osmotic
pressure and scattering measurements show that regular and
hollow nanogels can facet in crowded environments.>*?”>>>%
Furthermore, the combination of SANS data with computer simu-
lations showed that an increase of the fitting parameter related to

Soft Matter, 2022, 18, 5750-5758 | 5753
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Table 2 Values of the radius of the silica sacrificial core, osmotic pressure, =, total nanogel radius, R, cavity radius, Rca,. percentage size polydispersity, p

and mesh size, &

Name Sacrificial core (nm) 7 (kPa) R (nm) Reay (Nm) P (%) ¢ (nm)
HN1 105 + 1 0 206 £+ 4 81+2 21 £3 6.8 £0.7
105 £ 1 0.0222 + 0.0004 206 £+ 3 81+1 20+ 2 7.2 +0.8
105 + 1 0.1649 £ 0.0009 174 £ 3 50 £2 23 £2 5.9 £ 0.9
105 + 1 1.040 £ 0.002 166 + 3 43 +1 21 £2 5.5 £ 0.7
105 £ 1 5.99 £ 0.01 160 £ 4 43 £2 23+ 2 4.9 £ 0.6
105 + 1 34.33 £ 0.05 149 + 2 35+1 21 £3 5.1 £0.8
105 £ 1 93.9 £ 0.1 140 £ 3 38+2 21 £2 4.7 £ 0.4
HN2 571 0 101 + 3 22 +1 16 £ 2 12+1
57+ 1 0.0220 £ 0.0004 101 + 3 22 +1 16 £1 12+ 2
57+1 0.194 £ 0.001 97 £2 17.7 £ 0.9 15 £ 2 12 +1
571 1.012 £ 0.002 95 £1 18.2 £ 0.8 15+ 2 12+1
57+ 1 5.730 £+ 0.009 93 £2 15+1 15+1 12+ 2
57 %1 35.61 £+ 0.05 78 £2 10+1 15+ 2 71
571 92.4 + 0.1 73 £3 8+2 15+1 9+1
57+ 1 184.6 £ 0.2 68 £ 3 9+2 17 £ 2 10+ 2

the size polydispersity is an indication of faceting.”® Indeed, this
parameter is the only one which can be adjusted to compensate
for the potential non-spherical shape of the particle due to
compression,>*?%46:59:60

For instance, for ultra-soft and hollow nanogels in crowded
environments of the same nanogels, a respective increase of
p from 9 to 16%>%*® and from 15 to 22% has been observed.>?
As can be seen in Table 2, this is not the case for our fits for
which the size polydispersities for both the nanogels remain
constant - within the experimental errors. Therefore, within the
experimental error and the SANS resolution, we can neglect
faceting for the further analysis and treat our nanogels as
hollow spheres.

Fig. 2(a) shows the variation of the radius measured at
different = normalized by the radius measured at = = 0 for
HN1 and HN2, squares and circles, respectively. We note that
the hollow nanogels with the larger initial cavity, HN1, present
a significant decrease in size already at very low 7. In contrast,
n 2 4 kPa is needed to have a pronounced deswelling of the
nanogels with a cavity with an initial radius of 22 nm.

In the last column of Table 2, the values of the mesh size
reported are determined from the Lorentzian term added to our
model, and are consistent with the values reported in the
literature.** The qualitative behavior of ¢ for the two nanogels
is similar to the one of their radii. The mash size of HN1 has an
abrupt initial decrease and then it keeps decreasing. In con-
trast, £ for HN2 remains constant at the beginning and then it
decrease for = 2 30 kPa. A more quantitative analysis and
comparison between the course of R and ¢ is not possible due
to the high uncertainty on the values of £. This is due to both
the high incoherent background at high g-values and the
possibility that the fits are trapped in local minima as shown
by Lietor-Santos et al.®* and further discussed in Section S2 of
the ESL.

The values of the total radius of the nanogels are used to
compute the particle volumes at different compressions.
Fig. 2(b) shows the data of = vs. v for the HN1 (squares) and
HN2 (circles). We choose to show the data in this way since it is

5754 | Soft Matter, 2022, 18, 5750-5758

the most suitable representation to determine the particle bulk
modulus. With reference at eqn (1), the local slope between two
points, let’s say i and ¢ + 1, multiplied by —v; allow us to
determine the value of K at the compression of the nanogel
from the volume v, to the volume v;;; with v; > v;;4. The values
of the bulk moduli obtained from the local slopes of the curves
in Fig. 2 are plotted in Fig. 3(a). The squares represents the data
relative to HN1 while the circles are relative to HN2. The errors
on the values of K are affected by the relative error on the
volumes and the error on the pressures and are shown by the
bars in the figure. The x-axes shows the value of 1 — v/v,, where
v is the volume at a given compression and v, is the volume of
the nanogel in the swollen state. This variable represents the
compression with respect to the swollen state, 0 means that the
nanogel is not compressed and 1 represents the non-physical
condition in which the volume of the nanogel at a given =n
goes to 0.

The first trend common to both sets of data is that the bulk
modulus does not remain constant with increasing the com-
pression. Even if the increase of K with particle compression is
well accepted in the literature®® and considered to be one of the
key aspects of the glass-to-jamming transition,*>®® and of the
rheological properties of suspensions soft compressible
colloids,*”®® before our previous work®® and this contribution
it was never determined experimentally for nanogels. Indeed
without the use of SANS with contrast variation, it was not
possible to probe such a wide n-range and resolve the individual
nanogels to extract their volume.

Even if the two hollow nanogels have been synthesised with
the addition of 5 mol% BIS during the synthesis of the core-
shell particles, the values of their initial bulk moduli are two
orders of magnitude smaller compared to the bulk modulus for
nanogels synthesised with the same amount of BIS and shown
by the green triangles in Fig. 3(a). For HN1 and HN2, we obtain
Kuni = (0.36 £ 0.03) kPa (squares) and Ky, = (1.5 £+ 0.4) kPa
(circles) while the value for the 5 mol% crosslinked nanogel is
Ksmolo = (252 £ 65) kPa. In contrast, the initial values obtained
for K of the hollow nanogels are of the same order of magnitude

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Variation of the radius normalized by the radius measured at = =
0, R/Rq, vs. the suspension osmotic pressure, n. (b) = vs. the volume of the
hollow nanogel, v. In both panels, light blue squares represent data relative
to the hollow nanogels HN1 with a sacrificial silica core of 105 nm, orange
circles correspond to hollow nanogels HN2 with a sacrificial silica core of
60 nm.

of the K determined for ultra-soft nanogels synthesised without
the addition of any crosslinker, known as ultra-low crosslinked
(ULC) nanogels.** These nanogels have an initial Kyrc = (1.0 &
0.2) kPa as shown by the red diamonds in Fig. 3(a).

Upon increasing the external osmotic pressure, the bulk
modulus of the hollow nanogels increases and, at the highest
applied = we obtain Kyx; = (612 + 252) kPa (squares) and
Kina = (362 £ 130) kPa (circles). These values are consistent
with the value found for the 5 mol% crosslinked nanogels,
Ksmolo = (252 £ 65), see green triangles. In contrast, the ULC
nanogels, red diamonds, even at the highest compression reach
a value for K of (80 & 34) kPa. The large errors on the values of K
for the higher compressions result from the fact that once the
nanogels collapse, large changes in = lead to small changes
from v; to v;;;. In contrast, the error on the difference between
the volumes, that is the denominator in eqn (1), is the sum of
the absolute errors on the two volumes and therefore, for small
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Fig. 3 (a) Evolution of the nanogel bulk modulus as a function of
compression expressed by the ratio between the volume and the volume
of the nanogel in the swollen state. Light blue squares represent data
relative to the hollow nanogels HN1 with a sacrificial silica core of 105 nm,
orange circles correspond to hollow nanogels HN2 with a sacrificial silica
core of 60 nm. Red diamonds and green triangles correspond to the values
of the bulk modulus for ultra-low crosslinked and 5 mol% crosslinked
nanogels, respectively, as determined in our previous study.*® (b) Relative
variation of the volume of the cavity with respect to the volume of the
cavity in the swollen state, Vcay/Veav,0 Vs the relative variation of the total
volume of the nanogel, v, with respect to the volume of the nanogel in the
swollen state, vo. Same symbols as in (a).

volume variations, it becomes comparable to the values of v; —
Vi1, leading to the large errors on the values of K.

The picture that emerges from our data is that, even if the
polymeric network contains a number of crosslinks comparable to
normal nanogels synthesised with 5 mol% BIS, the hollow nano-
gels show an initial bulk modulus two orders of magnitude smaller.
Their bulk modulus - and so their compressibility - is instead
comparable to the one of ultra-soft nanogels. However, once they
are compressed, the bulk modulus of the hollow nanogels becomes
of the same order of magnitude of the nanogel synthesised with
comparable amount of BIS. To understand this behavior, we
consider now the evolution of the cavity during the compression.
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As mentioned, the values of R.,, in Table 2 show that, with
increasing m the cavity becomes smaller and smaller. In
Fig. 3(b), we show the evolution of the compression of the
cavity, expressed as 1 — Veay/Veay,0 With Veay and veay o the volume
of the cavity at a given = and at = = 0, respectively. The volumes
are computed as 47R.,’/3. The data are plotted vs. the total
compression of the hollow nanogel, 1 — v/v,. The first value of
the bulk moduli for the hollow nanogels is computed from the
change in volumes between the values of 7 (0.0222 £ 0.0004) kPa
and (0.1649 =+ 0.0009) kPa for HN1 and between (0.0220 =+
0.0004) kPa and (0.194 £ 0.001) kPa for HN2. The passage from
low to high n produces a compression in the volume of the
nanogels of 40 and 10% for HN1 (squares) and HN2 (circles),
respectively. These changes in total volume are accompanied by
a more pronounced change in the volume of the cavity that is
compressed by 76 and 54% for HN1 and HN2, respectively. This
is shown by the squares for HN1 and circles for HN2 in Fig. 3(b).
This means that the first significant compression of the nano-
gels corresponding to a small change in 7, and, therefore to a
small initial value of K (see eqn (1)), is due to the collapse of
polymer into the volume of the cavity that is not occupied by
pNIPAM in the dilute state. When larger pressures are applied,
the cavity keeps decreasing in volume, but not so dramatically as
in the first compression. As expected, the data in Fig. 3(b)
indicate that at a large compression of the hollow nanogel, the
volume occupied by the cavity is ~90% smaller than its original
value. In these condition, the inner volume of the nanogel is
virtually inaccessible by the pNIPAM and, therefore, the poly-
meric network must be compressed. Since the amount of cross-
linked points in the networks of the hollow nanogels is, at least,
comparable to the number of crosslinks in the network of the
normal 5 mol% crosslinked nanogel, the values of the bulk
modulus of the hollow nanogels are now comparable to Ksmojos-

However, a closer look at the course of the data in Fig. 3
reveals that for the nanogels with the larger cavity - HN1
(squares) - the initial bulk modulus is smaller than for the
HN2 - circles in panel 3(a). This is a consequence of a larger
change in volume already at the lowest applied n for the
nanogel with the larger cavity, panel 3(b). We note that the
ratio between the core radius and the total radius is ~40% for
HN1 and ~20% for HN2. This difference leads the HN1 to
collapse already to ~84% of their original size when = equals
(0.1649 + 0.0009) kPa. At the same exerted stress, HN2
decreases its size only to ~96% of its initial value. Also, the
nanogel with the smaller cavity has a more smooth variation of
their size and of the cavity volume with increasing =, as shown
by the circles in Fig. 3(b). Such a strong influence on the
particle collapse, especially at the first compression stages,
suggests that a key parameter to control the compressibility
of hollow nanogels is the control of the cavity size. Nanogels
with a larger cavity might results even softer than ULC nano-
gels. It might also be possible that, for very large cavity, or in
other words very thin shells, buckling might become more
significant than isotropic deswelling or faceting as observed
for microgels and hydrogels produced by microfluidics devices
and with dimensions of hundreds of micrometres.**
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4 Conclusions

In this study, we used small-angle neutron scattering with
contrast matching to determine the bulk modulus of hollow
nanogels. A partially-deuterated PEG has been used as an
osmotic stress polymer to progressively compress the nanogels
in solution. The scattering length density of the solvent — heavy
water — matches that of the deuterated PEG and, therefore, does
not contribute to the coherent neutron scattering. This means
that the nanogel radius can be measured, even at the high
concentrations of dgz4,PEG required to reach osmotic pressures
one order of magnitude larger than those previously achieved
by a similar method that used dynamic light scattering.*® From
the local slope of the 7 vs. v curve, the local bulk modulus of the
nanogels and its evolution with compression can be obtained.

Our data shows that the hollow nanogels strongly collapse at
lower osmotic stress with respect to nanogels synthesized with
a comparable amount of crosslinker. The fact that hollow
nanogels have a very small initial bulk modulus, ie. a very
large compressibility, is consistent with their behaviour once
mixed with regular nanogels. We have observed that when few
hollow nanogels are mixed with a majority of regular nanogels,
synthesized with the same amount of BIS, the hollow nanogels
show greater deswelling.*"** Also their increased compressi-
bility has been reported to be responsible for the absence of
crystals in bulk solutions.>® Additionally, our data are consis-
tent with the higher deformability observed once hollow nano-
gels are adsorbed at interfaces.>! The same deformability seems
to be the origin of the absence of the solid-to-solid transition
for a monolayer of hollow nanogels at oil-water interfaces.>*

More in general, our study shows how the particle compressi-
bility - or particle softness - is affected by multiple factors.>**® For
the case of hollow nanogels for instance, even if the polymeric
network is relatively highly crosslinked, the presence of the
solvent-filled cavity defines the first steps of the particle compres-
sion leading to very low values of K. As soon as the cavity is
occupied by the pNIPAM, the amount of crosslinks in the network
determines the further compressibility of the hollow nanogels
which become as stiff as regular nanogels synthesised with a
comparable amount of BIS.

Further study can be performed to explore more these
aspects, for instance by varying systematically the ratio between
cavity and total radius, that is the shell thickness. We expect
that at a critical shell thickness, buckling will become the
dominant mechanism for hollow nanogels experiencing exter-
nal osmotic stress. Such a response has already been reported
for larger microgels — with dimensions of some hundreds of
micrometres,® and might be interesting for application of
these hollow nanogels as synthetic platelets for which an high
deformability is a fundamental prerequisite.®

Our methodology can be further applied to probe the
mechanical properties of other synthetic nanocapsules and
biologically-relevant compounds.*® Probing the mechanical
response to osmotic stress of nanocarriers is pivotal to further
advance the production of synthetic virus-like particles able to
mimic the behavior of viruses. For instance, the capsid of a
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virus has to be resistant to significant mechanical stresses
exerted by the genetic material contained inside.® Our metho-
dology can be used to quantify the bulk moduli of their
synthetic counterpart®'®'**® and verify how their stiffness
relates to the one of the natural systems. Furthermore, the
osmotic stresses we can apply are of the same order of magni-
tude needed to stop the ejection of genetic material at different
infection stages.*®® Therefore, our method can be used to
investigate the arrangement of genetic material within both
viruses and virus-like particles. This might allow us to deter-
mine the internal architecture of these nanocarriers and their
content, i.e. determining its phase, on length scales of the order
of few nanometres in situ and during the infection cycle.

Note

All the data used for this paper have been deposited in the
RADAR4Chem database under https://doi.org/10.22000/681.
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