SCIENCE ADVANCES | RESEARCH ARTICLE

PHYSICS

Resolving the different bulk moduli within individual
soft nanogels using small-angle neutron scattering
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Alexander Valerievich Petrunin®, Urs Gasser’, Ralf Schweins®, Jiirgen Allgaier?,
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The bulk modulus, K, quantifies the elastic response of an object to an isotropic compression. For soft compressible
colloids, knowing K is essential to accurately predict the suspension response to crowding. Most colloids have

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

complex architectures characterized by different softness, which additionally depends on compression. Here, we
determine the different values of K for the various morphological parts of individual nanogels and probe the
changes of K with compression. Our method uses a partially deuterated polymer, which exerts the required isotropic
stress, and small-angle neutron scattering with contrast matching to determine the form factor of the particles
without any scattering contribution from the polymer. We show a clear difference in softness, compressibility,
and evolution of K between the shell of the nanogel and the rest of the particle, depending on the amount of

cross-linker used in their synthesis.

INTRODUCTION

Soft and compressible colloids are often the building blocks of many
of the systems used in soft matter. Due to their softness, an
increase in concentration, which consequently increases the sus-
pension osmotic pressure, m, causes the particles to either change
their volume by isotropically shrinking (I1-3) or change their shape
by faceting (3-6). To disentangle these effects, it is crucial to know
the particle bulk modulus, K = —v%, which quantifies the resistance
of the material to isotropically changing its volume. Another
complication arises from the fact that, often, these nanosized soft
colloids have complex internal architectures. For example, viruses
consist of a viral capsid containing genetic material in different
phases (7). Both the capsid and the DNA phases are expected to
have different softness, and both are expected to play a role in virus
infectivity (8, 9), as well as in how they adhere to host interfaces
(10, 11). Microgels (12) and nanogels (13) are one of the most
commonly-used model systems to study the effects of particle
compressibility on both phase transitions, crowding (2), and flow
behavior (14-16). Similar to viruses, they often also have a core
region that is distinct from a surrounding fuzzy shell (4, 17-19).

In all these cases, it is natural to expect that an overall value of
the elastic modulus is insufficient to predict the deformation behavior
of the particles and that local values of K in relation to their internal
structure are more appropriate. In addition, it is typical that the
more a soft colloid is compressed, the more it stiffens (20). The
associated nonlinear behavior then demands knowing K as a
function of strain. Being able to quantify this dependence, and
doing it locally to account for the internal structure of the particles,
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is challenging, rendering any existent methodology to obtain K
insufficient.

Current methodologies include using osmotic stress polymers to
deswell the particle while measuring its size and shape with optical
microscopy (21, 22). For sufficiently large objects, one could alter-
natively use capillary micromechanics and microfluidics (23).
However, both these methods fail for particles in the size range of
viruses, nanoparticles, colloidal nanogels, and macromolecules.

An alternative strategy that, in principle, allows probing the
compression of nanosized colloids is to use light scattering. In this
case, because the polymer used to osmotically stress the particles must
have a high molecular weight, M, to prevent its penetration inside
the particles (24, 25), both soft colloids and polymers contribute to the
scattering signal in water-based environments, which are particularly
interesting in biologically relevant studies. This often makes it
impossible to disentangle the contribution from each of the two,
thus preventing the determination of the nanogel size (25).

Here, we probe the local bulk moduli and their evolution with
compression for nanogels, which we use as a model system of
compressible nanosized colloids with complex internal architec-
ture. Small-angle neutron scattering (SANS) with contrast variation
is used to probe the form factors of poly-N-isopropylacrylamide
(pNIPAM)-based nanogels and to resolve the changes in their
architecture once compressed by partially-deuterated polyethylene
glycol (PEG) that can be contrast-matched to the solvent. For the
stressing polymer, we synthesized PEG with a number-average
molecular weight M,= 265,000 g/mol and a deuteration degree of
83%, dg30PEG, so that it can be contrast-matched to the solvent
D50 as discussed in section S1 and shown in fig. S1. Therefore, by
using neutrons rather than light, we can disentangle the particle and
ds3%PEG signals, extending the conditions under which the particle
size and, hence, its bulk modulus can be determined. Furthermore,
because we can also determine how the dimensions associated with
the internal particle structure change with osmotic pressure, we can
obtain the bulk modulus of these various parts separately and
how they vary with the imposed stress. We do this with ultralow
cross-linked (ULC) nanogels and with nanogels containing 1 and
5 mole percent (mol %) of cross linker.
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RESULTS
We determine the form factors of single nanogel particles by pre-
paring dilute suspensions in the presence of partially-deuterated
PEG (dg3%PEG) used as stressing polymer at different concentra-
tions. We use both dg3o,PEG (see section S1) and ULC and cross-
linked nanogels (see section S2). The solvent consists of heavy water
that is contrast-matched to dg3oPEG, which, as a result, does not
contribute to the SANS signal. Consistent with this, the overall
shape of the SANS data agrees with that expected from dilute
solutions of spherical objects (see Fig. 1). Note the absence of a peak
in the low-q region, suggesting that the suspension structure factor
is essentially one and that the scattered intensity, I(g), is due to the
nanogel form factor only. We also note that the radius of gyration
of dg3% PEG, measured using light scattering, is 25 nm in agreement
with predictions in the literature for PEG with comparable M,, (see
section S1) (26), which is larger than the largest mesh size of the
nanogels used here and that corresponds to 12 nm; this ensures that
ds3%PEG does not penetrate the nanogel particles. We find that the
shoulder in I(q) shifts to progressively higher g values with increas-
ing ds39,PEG concentration and, thus, increasing osmotic pressure,
7 (see fig. S2 in section S3). Concomitantly, the slope of the scatter-
ing curves in the low-g region decreases with increasing m. Both these
facts indicate that the nanogels are progressively compressing (2).

To quantitatively estimate the size change and gain insight into
the variation of the internal structure of the nanogels as they
compress, we fit the data using a fuzzy sphere model for the form
factor (see eq. S6 in section S4). This model accounts for the inter-
nal architecture of nanogels having a homogeneous core of radius
R, surrounded by a fuzzy shell that is approximated by a Gaussian
of width 26. We note that it is difficult to sharply define a core and
a shell. However, any analysis of scattering data requires a model,
and all reasonable models used to describe nanogels assume some
kind of size for a core and another for a shell (13, 27-29). In the
fuzzy sphere model that we use, the extension of the core region has
aradius equal to R, and the shell has a length of 26. The total radius
of the particle is thus R = R. + 26 (13).

Recently, more complicated models have been developed to fit
the SANS data of nanogels composed of different polymers, or with
a hard incompressible core or a solvent-filled cavity in their center

(19, 27, 28). However, there is unanimous agreement in the literature
that, for pPNIPAM-based nanogels with cross-linking concentration
up to 5 mol %, all these new models lead to virtually the same results
as the fuzzy sphere model (27-29). Therefore, we use the latter to fit
our data.

The fits of the data using this model correctly describe the data,
as shown by the solid curves in Fig. 1; note that this is true for all
three nanogels. In section S6, we show that using a model that does
not rely on a defined internal architecture leads to virtually the same
fits and characteristic lengths. Furthermore, in the same section, we
show that the trend of © with both the fitting parameter associated
with the size polydispersity in the fuzzy shell model and the fitting
of the data with an elliptical model does not show any signs of
asphericity of the nanogel even for the highest compressions.

From the fits, we determine both the core and shell dimensions
and, thus, the nanogel radius, R. Consistent with the shape evolu-
tion of the scattering curves, we find that R, normalized with the
nanogel radius in the absence of free polymer, Ry, monotonically
decreases with increasing m; this is shown for the ULC (circles), the
1 mol % cross-linked nanogels (diamonds), and 5 mol % cross-
linked nanogels (squares) in Fig. 2A. We consider relative varia-
tions of the radii smaller than 2% to be within experimental error
and not due to the effect of the osmotic stress applied by the
ds3%PEG. Therefore, a significant change in size is registered at
7 =(0.1843 £ 0.0007) kPa for the ULC nanogels, at T = (0.839 + 0.002)
kPa for the 1 mol % cross-linked nanogels, and at © = (29.95 +
0.03) kPa for the 5 mol % cross-linked nanogels. These points are
highlighted with arrows in Fig. 2. These values are an approxi-
mate initial estimate of K; the resolution here is limited by the num-
ber of samples we have been able to measure on the SANS beamlines.

We then compute the nanogel volume v = 41R’/3 from the size,
R (table S1), and correlate it with & (see Fig. 2B). The relative slopes
of these curves then provide the bulk modulus, K, which we show as
a function of the relative nanogel volume in Fig. 2C. The values of
the local K are obtained considering only two adjacent points, j and
j+ 1, and the compression of the nanogel with initial volume v;. The
errors, are computed using error propagation. The advantage of
this approach is that we access the local bulk modulus of the
nanogels and study its evolution with compression. However, reliable
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Fig. 1. SANS measurements of soft to harder nanogels with increasing osmotic pressure. SANS intensity, /(g), as a function of the scattering vector, g, of the (A) ULC
nanogels, (B) 1 mol % cross-linked nanogels, and (C) 5 mol % cross-linked nanogels probed at 20.0° + 0.1°C in pure D,0. The osmotic pressure exerted by the dg3oPEG
are from the bottom to top: in (A), 0, 0.0604 + 0.0005, 0.1840 + 0.0007, 0.358 + 0.002, 1.053 £ 0.002, 2.797 + 0.006 28.65 + 0.03, 72.19 + 0.05, and 158.89 + 0.09 kPa; in (B), 0,
0.178 £0.001, 0.839 £ 0.002, 4.753 + 0.009, 32.20 +£0.03, 69.10 + 0.05, and 128.74 + 0.08 kPa; and in (C), 0, 0.184 + 0.001, 1.053 +£0.002, 2.797 + 0.006, 29.95 + 0.03,
71.01£0.05, and 120.17 £ 0.07 kPa. The solid lines are fits of the data with the model for a fuzzy sphere (73). Data are shifted in the y direction for clarity by 10% whereiiis
the number of the curves from the bottom to top starting from 0. The bottom curves in (A) to (C) are unshifted and, therefore, in absolute units.
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Fig. 2. Evolution of the nanogels’ sizes and bulk modauli. (A) Variation of the radius normalized for the radius measured at = =0 kPa, R/R (n = 0) kPa, versus x. (B) Osmotic

pressure of the suspensions, 7, versus nanogel volume, v. (C) Evolution of the nan

ogel bulk modulus as a function of compression expressed by the ratio between the

volume and the volume of the nanogel in the swollen state. Circles represent data relative to ULC nanogels, diamonds correspond to the regular 1 mol % cross-linked
nanogels, and the regular 5 mol % cross-linked nanogels are represented by squares. The arrows indicate the values of K for the initial shrinking we are able to detect.

results are obtained only if the change in volume is large enough
compared to the error in the volume change. This error is of the
order of 1072 m’, which is of the same order of magnitude of the
change in volume for small volume changes. In this case, the error
in the local value of K is very large. In particular, the points relative
to the early compression of the 5 mol % cross-linked nanogels,
and the values corresponding to the highest applied osmotic stress
for the ULC and 1 mol % cross-linked nanogels, are affected by
large errors.

Our results confirm that the ULC nanogels are the softest. We
find Kyic = (1.0 + 0.2) kPa and Kj o1 = (4.9 + 0.3) kPa. In addi-
tion, Ks molo, = (284 + 124) kPa. The large value in K for the 5 mol %
cross-linked nanogels implies that we can only obtain reliable
values for the bulk modulus at higher compressions, where some of
the pNIPAM would already have rearranged in the nanogel volume,
leading to an increased K.

As the osmotic pressure increases, K also increases, indicating
that the nanogels progressively become stiffer. This can be under-
stood from the fact that compressing the particles leads to solvent
expulsion and to a concomitant increase in pNIPAM density (20).
For the 5 mol % cross-linked nanogels, we are able to achieve a
maximum compression of ~67% relative to the volume in the
absence of dg3o,PEG. The local value of K remains almost unchanged
within experimental error. Higher compressions are achieved for
both the ULC and the 1 mol % cross-linked nanogels. In these cases,
the smallest volumes obtained are ~20 to 25% of the volume in the
absence of dg3¢,PEG.

As expected, the values of K for the cross-linked nanogels are
generally larger than those for the ULC nanogels. At the maximum
n applied, the value of K for the ULC nanogels is (80 + 34) kPa,
while it is (403 + 153) kPa for the 1 mol % cross-linked nanogels.
Therefore, even in a highly compressed state, the ULC nanogel
remains the softest. The large value for the bulk modulus of the
1 mol % of cross-linked nanogels might reflect the incompress-
ibility of their cross-linked core.

The values of the initial bulk moduli we determine are consistent
with the values reported in the literature for nanogels with compa-
rable swelling behavior, as determined by dynamic light scattering
(25), capillary micromechanics and microfluidics (23), and osmotic
stress solutions (30) (see section S7). Regarding the increase in
approximately two orders of magnitude of K with compression,
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there are not comparable data in the literature, because only with
the use of SANS with contrast variation and dss¢,PEG, as we propose,
can one reach high-enough = to detect the increases in K. However,
an increase in the Young’s modulus comparable to the one mea-
sured for our 5 mol % cross-linked nanogels is reported in the
literature for nanogels with a comparable swelling degree (see table
S2) (31, 32).

In addition to the local variation in K, we also compute an
average bulk modulus for the whole particle. This is done by
performing a fit on the series of points that vary linearly in Fig. 2B;
these are shown as solid and dashed lines. The slopes of these fits are
multiplied by —v to obtain the value of K, where v is the volume of
the swollen nanogel. The values we obtain can be seen as an average
value of the bulk moduli of the particle. As can be seen, the ULC
nanogels show two compression regimes fitted by the solid and
dashed lines. The initial average bulk modulus is (2.4 + 0.3) kPa,
while, in the second regime, the average bulk modulus becomes
<Kuyrc > = (12 £ 1) kPa. For both the cross-linked nanogel, we can
identify only one main compression regime. The fits of these data
leads to <K moles > = (6.5 + 0.4) kPa and <K5 moi9 > = (30.0 + 0.5) kPa.

Together with the possibility to reach unprecedentedly high m,
thanks to contrast variation, the use of neutron scattering also
allows us to determine the characteristic lengths within the nanogel.
We find that, for low &, the compression of the fuzzy shell, shown in
Fig. 3A, mimics the overall compression of the particles, shown in
Fig. 2A. The first compression detectable (see arrows in Fig. 3B) for
the ULC and 1 mol % cross-linked nanogels happens at the same
values detected in Fig. 2, and, therefore, these values can be considered
as the initial bulk modulus of the shell, K. In contrast, the fuzzy
shell of the 5 mol % of cross-linked nanogels shows a significant
change in size at @ = (2.797 £ 0.006) kPa.

However, for some =, the shell of the ULC nanogels abruptly
collapses, becoming indistinguishable from zero for n 2 4 kPa. For
the 1 mol % cross-linked nanogels, this happens for m > 32 kPa, but
the decrease in ¢ is more gradual compared to the abrupt decrease
seen for the ULC nanogels (see Fig. 3A). This confirms that the fuzzy
shell of these cross-linked nanogels is more cross-linked than that
of ULC nanogels. For the 5 mol % cross-linked nanogels, the shell
shrinks even more progressively than for the 1 mol % cross-linked
nanogels, compressing it to about ~53% of its initial volume at the
highest & we apply (see Fig. 3A).
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Fig. 3. Evolution of the thicknesses and bulk moduli of the nanogels’ shells. (A) Variation of the shell thickness normalized for the shell thickness measured at = = 0 kPa,
20/206 (n = 0 kPa), versus 7. (B) Suspension osmotic pressure, w, versus shell volume, vs. (C) Evolution of the shell bulk modulus as a function of compression expressed by
the ratio between the volume of the shell and the volume of the shell in the swollen state. Circles represent data relative to ULC nanogels, diamonds correspond to the
regular 1 mol % cross-linked nanogels, and the regular 5 mol % cross-linked nanogels are represented by squares.

In Fig. 3B, as we did for the whole nanogel, we correlate n with
the shell volume, vs = 4mt/3(R> - Rg); R and R. are the values of the
radius of the total particle and of the core, as obtained from the
SANS fits and listed in table S1. Then, the bulk modulus of the shell,
K, is obtained from the local slopes of the curves and plotted in
Fig. 3C. Note that K, is a crucial parameter that greatly affects inter-
particle interactions at high packing fractions (16, 33-35); it was
used in advanced multi-Hertzian models for the interaction poten-
tial to reproduce experimental structure factors of concentrated
nanogel suspensions (15). The evolution of K, with particle com-
pression reflects that the more the fuzzy shell is compressed, the
harder it becomes. Note, however, that K; < K. In particular, at low T,
we find K; = (0.7 + 0.2) kPa for the ULC nanogels, K, = (4.4 £ 0.2) kPa
for the 1 mol % cross-linked nanogels, and K = (209 + 163) kPa for
the 5 mol % cross-linked nanogels. This implies that, in all cases,
the initial change in size is due to the compression of the shell,
which is the softest. We note, however, that, for the 5 mol % cross-
linked nanogels, the small change in volumes leads again to very
large values of K with a large uncertainty. Therefore, as before, we
can also make linear fits in Fig. 3B to obtain the average values of
the shell bulk modulus, <K;>. These fits are shown as solid lines.
With this approach, <K uyrc> equals (1.8 + 0.2) kPa for the initial
compression of the ULC and then rises up to (4.2 + 0.3) kPa. For
the 1 and 5 mol % cross-linked nanogels, we find single average
values <K 1 mol% > = (2.6 £ 0.2) kPa and <K 5 molo > = (19 £ 2) kPa,
respectively.

DISCUSSION

Our work presents a method for quantifying the different bulk
moduli, and their evolution with compression, within soft com-
pressible nanosized colloids with complex internal architectures.
We have developed a route to obtain a high molecular weight,
partially-deuterated PEG with a narrow molecular weight distribution.
This process is new to the best of our knowledge. This partially-
deuterated PEG is used to exert osmotic stress on nanogel particles,
which is to be taken as a model system of other soft compressible
colloids. The form factor of the particles was then measured using
SANS. As the partially-deuterated PEG is contrast-matched with the
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solvent, the SANS data are directly related to the size and structure
of the particles, without any contributions from the dg3¢,PEG. This
allowed the bulk moduli of the particles as a whole to be obtained
and that of the different morphological regions within the particles,
especially the external soft shell. Our results indicate that the bulk
modulus of the fuzzy shell is significantly smaller than the overall
bulk modulus of the particles and that both of them increase with
cross-linker concentration.

Our approach can be applied to other soft colloids in suspension.
The use of neutrons has two major advantages: Samples can be
studied in situ in an aqueous environment, with only the addition of
heavy water to contrast-match the partially deuterated PEG. Never-
theless, note that the substitution of water with heavy water may
have an effect on the properties of the system; for instance, it may
shift the volume phase transition temperature of thermosensitive
polymers such as pNIPAM (36) or slow down the rate of chemical
reactions and biological processes (37). This effect, however, should
not significantly modify particle compressibility. Thus, our method
should be applicable to biologically relevant macromolecules and
colloids. For example, because the internal osmotic pressure of the
genetic material within a viral capsid and the stiffness of the capsid
both play a key role in virus infectivity (8, 9), we envision using our
methodology to probe the structure of the capsid and the internal
compressibility of the genetic material, and doing this for both
natural viruses (38) and virus-like colloids (39, 40). In addition, we
expect our methodology to enable determining the stiffness of
macromolecules, such as DNA, and of DNA assemblies or DNA
origami (41, 42). This is of particular interest because DNA stiffness
plays a role in its denaturation (43), as well as in its packing inside
the nucleosome (44).

Last, we emphasize that the use of partially-deuterated high
molecular weight PEGs is not limited to osmotic stress experiments.
High-molecular weight PEGs find important applications in the
biomedical sciences. They are used, for example, in pharmaceutical
formulations, such as therapeutic proteins (45) and as lubricants
(26), e.g., in total joint replacements (46). Therefore, exploiting our
synthetic procedures, we envisage future experiments harnessing
deuterated PEGs and neutron scattering with contrast variation to
isolate in situ the dynamic structure of the material of interest.
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MATERIALS AND METHODS

Partially deuterated PEG (dg3+,PEG)

The partially-deuterated PEG (dg30,PEG) was synthesized according
to the procedure described in section S1.2. Briefly, the initiator, low
molecular weight-deuterated PEG (dPEG600; M,, = 645 g/mol) was
metalated to a degree of about 90% with potassium tert-butoxide in
dry benzene. The metalated initiator was then polymerized in toluene,
and a 11:2 mixture of ethylene oxide-d; and hydrogenous ethylene
oxide for 3 days. A polymer was obtained with a D/H composition of
83%, as determined by 'H nuclear magnetic resonance spectroscopy.
SANS measurements show that, as expected, dg3oPEG is virtually
completely contrast-matched in pure D,O (see section S1.3). The final
product of dg39,PEG had number-average molecular weight, M,,, of
265,000 g/mol and molecular weight distribution, M,/M,, of 1.02.

Suspension preparation

A stock solution of dg39,PEG in pure heavy water is realized with the
dg39PEG at a concentration of c4g3eprg = (8.424 + 0.002) wt %.
Samples are then prepared from this stock solution by dilution with
both heavy water and nanogel solutions at a concentration ¢y, =
0.355 wt % in pure D,0. To minimize the error in the concentration
of all samples, they were prepared by weighing dg3,PEG, pNIPAM,
and D,0 using a balance (Mettler Toledo, XP205) with a resolution
of 107 g. In this way, a series of samples containing the nanogels at
a constant packing fraction $0.03 is realized. The concentration of
ds3%PEG in these samples varies between 6.5 and 0.25 wt %.

Osmotic pressure measurements

The osmotic pressure dgs;¢,PEG solutions with concentrations be-
tween 0.1 and 4 wt % were measured using a membrane osmometer
(Wescor, 4420). Measurements of samples at higher concentration
and, therefore, higher viscosity were not possible. The instrument
consists of two chambers, separated by a semipermeable membrane.
In one chamber, named sample chamber, the sample whose osmotic
pressure we want to know is injected. The other chamber, named
reference chamber, is filled with the solvent used for the solution,
in our case, heavy water. The reference chamber is coupled to a
transducer that converts mechanical pressure into an electrical signal
that is then transformed into a pressure value (47).

Small-angle neutron scattering

The measurements have been performed using two SANS instru-
ments, SANS-I at the Paul Scherrer Institut (Villigen, Switzerland)
and D11 at the Institut Laue-Langevin (Grenoble, France). SANS-I
has been operated using a neutron wavelength A = 1.1 nm for the
sample-to-detector distance dsp = 18 m, and a A = 0.5 nm for dsp = 6 m.
D11 has been operated at a constant A = 0.6 nm for dsp = 28, 5.5,
and 1.7 m. SANS-T has a *He detector with a pixel size of 7.5 mm by
7.5 mm. While D11 has Stokes multitube arrays with pixels of
4 mm by 8 mm. The error in wavelength selection is AA/A = 10%.
All measurements were performed at a constant temperature of
(20.0 + 0.1)°C.

All the suspensions were prepared in pure D,0 to contrast-match
the scattering length density of the dg39,PEG and the solvent. In this
way, the contribution to the scattering signal of dg3¢,PEG is masked
and the scattered intensity depends only on the size and internal
architecture of the hydrogenated nanogels in solution. A similar ap-
proach that uses deuterated nanogels instead of dg34,PEG to create
an “invisible” matrix with a few interspersed hydrogenated nanogels
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that are embedded has been largely used to access the response of
nanogels with different internal architecture and sizes to crowding
(2, 48). These nanogels come from the same batches of the nanogels
used in the literature (19, 49, 50). More information about the pre-
cipitation polymerization synthesis can be found in section S2 and
in (19, 49, 50).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
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