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Soft Matter: 
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Example 1: 
Contrast matching 
& Microgels



Colloids, an excellent model system…
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What are microgels?
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How does softness affect the 
phase behaviour of colloids?

1. Polymeric network swollen in a solvent.
2. Changes in T, pH, P affect the solvent quality.
3. Core: approximated with a hard sphere [1].
4. Polymer density decays as a Gaussian [1].
5. Model system for soft-spheres.

[1] M. Stieger, W. Richtering, J. S. 
Pedersen, and P. Lindner.  Journal 
of Chemical Physics, 120, (2004).



How does this model system behave?
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Ultra-low crosslinked microgels 
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…aka Super Soft microgels

2021-06-01

[1] A. Scotti, S. Bochenek, M. Brugnoni, M.-A. Fernandez-Rodriguez, M. F. Schulte, J. E. Houston,
A. P. H. Gelissen, I. Potemkin, L. Isa and W. Richtering, Nature Commun., 2019, 10, 1418.

ULC microgels shown previously to 
crystallise [1]

AIM: how do these supersoft microgels 
respond to crowding? 



Generalized volume fraction, !
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Small-angle x-ray scattering (microgel-to-microgel arrangement)
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PHASE BEHAVIOR OF ULTRASOFT SPHERES SHOW … PHYSICAL REVIEW E 102, 052602 (2020)

FIG. 2. Values of the plateau of the elastic modulus of solutions
of ultralow cross-linked microgels, Gp, vs generalized volume frac-
tion, ζ (black squares). The red line represents the fit of the data using
Gp ∼ ζ (1+n/3). The dashed, dotted, and dash-dotted lines represent
the increase of Gp as a function of ζ for 10 mol% and 1 mol%
cross-linked microgels and linear polymer, respectively [27,30].

computer simulations in Refs. [1] and [20], the value of nULC
leads to a prediction for the freezing point at 0.70 of the
packing fraction, in excellent agreement with our system that
has ζ f = 0.717 ± 0.09.

nULC = 7.7 ± 0.2 is comparable to the values obtained
for other solutions of ULC microgels [27,30]. This value is
significantly lower with respect to the exponent found for
cross-linked microgels. As a comparison, the dashed and dot-
ted lines represent the course of 10 and 1 mol% cross-linked
microgels, respectively [27,30] that have n ≈ 20. As a fur-
ther comparison to the ULC microgels, the course for linear
polymer is shown by the dash-dotted line, npoly = 2.3 [41].
Figure 2 highlights that the ULC microgels interact with a
microgel-to-microgel potential softer than regular microgels
but still harder than linear polymers.

II. STRUCTURE FACTOR ANALYSIS:
SMALL-ANGLE X-RAY SCATTERING

A more detailed characterization of the structures of the
concentrated solutions, shown in Fig. 1(a), has been achieved
using small-angle x-ray scattering. In these experiments, the
scattered intensity, I (q ), is proportional to the product be-
tween the form factor, P(q ), and the structure factor, S(q ),
which equals 1 in the limit of infinite dilution. The form
factor contains all the information (size, polydispersity, shape,
internal architecture) about the single scattering object. The
structure factor depends on the particle-to-particle arrange-
ment.

A. Detector images

The images of the SAXS detector are shown in Fig. 3.
The different panels correspond to the different generalized
volume fractions of the solutions. The black circle in the

ζ = 0.498 ± 0.004 ζ = 0.639 ± 0.008

ζ = 0.699 ± 0.009 ζ = 0.744 ± 0.009 ζ = 0.80 ± 0.01

ζ = 0.90 ± 0.01 ζ = 1.00 ± 0.01 ζ = 1.20 ± 0.02

ζ = 0.619 ± 0.007
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FIG. 3. Detector images acquired by SAXS measuring solutions
of microgels with increasing generalized volume fraction (ζ ) from
panels (a) to (i). All samples have been measured at T = 20.0 ±
0.1 ◦C.

center of all the images is the mask used to cover the forward
scattering of the direct beam in close proximity to the beam
stop. In all the images, a light blue circle is visible. This
corresponds to the values of the scattering vector, q , where
it is most likely to find a microgel; in real space, this is the
nearest neighbor distance, dnn. With increasing concentration
from 0.498 ± 0.004, Fig. 3(a), to 1.20 ± 0.02, Fig. 3(i), the
radius of this circle increases. This corresponds to an increase
of the scattering vector and, therefore, a decrease of dnn.

Two examples of the scattering patterns of crystalline sam-
ples are shown in Figs. 3(e) and 3(f). Yellow spots, which
correspond to higher intensity, are clearly visible over the un-
derlying light blue circles. These dots are due to the scattering
from the ordered lattices formed by the microgels. The pres-
ence of multiple dots relatively close to each other indicates
that the samples present many polycrystalline domains with
different orientations. Furthermore, the absence of a second
ring of Bragg peaks indicates that these crystals are small and
the order is limited to short length scales. Indeed, the absence
of higher Bragg reflections has been reported in the liter-
ature for both microgels and hard sphere suspensions related
to the presence of defects in the crystalline lattice mainly due
to size mismatch between the particles forming the crystals
[13,42].

B. Intensities and structure factors

Figure 4 shows a series of I (q ) for samples at differ-
ent concentrations, from ζ = 0.639 ± 0.008 (bottom) to ζ =
1.20 ± 0.02 (top). Data are shifted in the y direction for clar-
ity. These curves are obtained performing a two-dimensional
(2D) integration of the images shown in Fig. 3 and have been
background subtracted. The first observation is that in all the
curves there is a clear peak corresponding to the light blue

052602-3

2D detector images



Small-angle x-ray scattering (microgel-to-microgel arrangement)
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FIG. 2. Values of the plateau of the elastic modulus of solutions
of ultralow cross-linked microgels, Gp, vs generalized volume frac-
tion, ζ (black squares). The red line represents the fit of the data using
Gp ∼ ζ (1+n/3). The dashed, dotted, and dash-dotted lines represent
the increase of Gp as a function of ζ for 10 mol% and 1 mol%
cross-linked microgels and linear polymer, respectively [27,30].

computer simulations in Refs. [1] and [20], the value of nULC
leads to a prediction for the freezing point at 0.70 of the
packing fraction, in excellent agreement with our system that
has ζ f = 0.717 ± 0.09.

nULC = 7.7 ± 0.2 is comparable to the values obtained
for other solutions of ULC microgels [27,30]. This value is
significantly lower with respect to the exponent found for
cross-linked microgels. As a comparison, the dashed and dot-
ted lines represent the course of 10 and 1 mol% cross-linked
microgels, respectively [27,30] that have n ≈ 20. As a fur-
ther comparison to the ULC microgels, the course for linear
polymer is shown by the dash-dotted line, npoly = 2.3 [41].
Figure 2 highlights that the ULC microgels interact with a
microgel-to-microgel potential softer than regular microgels
but still harder than linear polymers.

II. STRUCTURE FACTOR ANALYSIS:
SMALL-ANGLE X-RAY SCATTERING

A more detailed characterization of the structures of the
concentrated solutions, shown in Fig. 1(a), has been achieved
using small-angle x-ray scattering. In these experiments, the
scattered intensity, I (q ), is proportional to the product be-
tween the form factor, P(q ), and the structure factor, S(q ),
which equals 1 in the limit of infinite dilution. The form
factor contains all the information (size, polydispersity, shape,
internal architecture) about the single scattering object. The
structure factor depends on the particle-to-particle arrange-
ment.

A. Detector images

The images of the SAXS detector are shown in Fig. 3.
The different panels correspond to the different generalized
volume fractions of the solutions. The black circle in the

ζ = 0.498 ± 0.004 ζ = 0.639 ± 0.008

ζ = 0.699 ± 0.009 ζ = 0.744 ± 0.009 ζ = 0.80 ± 0.01
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FIG. 3. Detector images acquired by SAXS measuring solutions
of microgels with increasing generalized volume fraction (ζ ) from
panels (a) to (i). All samples have been measured at T = 20.0 ±
0.1 ◦C.

center of all the images is the mask used to cover the forward
scattering of the direct beam in close proximity to the beam
stop. In all the images, a light blue circle is visible. This
corresponds to the values of the scattering vector, q , where
it is most likely to find a microgel; in real space, this is the
nearest neighbor distance, dnn. With increasing concentration
from 0.498 ± 0.004, Fig. 3(a), to 1.20 ± 0.02, Fig. 3(i), the
radius of this circle increases. This corresponds to an increase
of the scattering vector and, therefore, a decrease of dnn.

Two examples of the scattering patterns of crystalline sam-
ples are shown in Figs. 3(e) and 3(f). Yellow spots, which
correspond to higher intensity, are clearly visible over the un-
derlying light blue circles. These dots are due to the scattering
from the ordered lattices formed by the microgels. The pres-
ence of multiple dots relatively close to each other indicates
that the samples present many polycrystalline domains with
different orientations. Furthermore, the absence of a second
ring of Bragg peaks indicates that these crystals are small and
the order is limited to short length scales. Indeed, the absence
of higher Bragg reflections has been reported in the liter-
ature for both microgels and hard sphere suspensions related
to the presence of defects in the crystalline lattice mainly due
to size mismatch between the particles forming the crystals
[13,42].

B. Intensities and structure factors

Figure 4 shows a series of I (q ) for samples at differ-
ent concentrations, from ζ = 0.639 ± 0.008 (bottom) to ζ =
1.20 ± 0.02 (top). Data are shifted in the y direction for clar-
ity. These curves are obtained performing a two-dimensional
(2D) integration of the images shown in Fig. 3 and have been
background subtracted. The first observation is that in all the
curves there is a clear peak corresponding to the light blue
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2D detector images Crystals, but which lattice?
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Small-angle x-ray scattering (microgel-to-microgel arrangement)
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FIG. 2. Values of the plateau of the elastic modulus of solutions
of ultralow cross-linked microgels, Gp, vs generalized volume frac-
tion, ζ (black squares). The red line represents the fit of the data using
Gp ∼ ζ (1+n/3). The dashed, dotted, and dash-dotted lines represent
the increase of Gp as a function of ζ for 10 mol% and 1 mol%
cross-linked microgels and linear polymer, respectively [27,30].

computer simulations in Refs. [1] and [20], the value of nULC
leads to a prediction for the freezing point at 0.70 of the
packing fraction, in excellent agreement with our system that
has ζ f = 0.717 ± 0.09.

nULC = 7.7 ± 0.2 is comparable to the values obtained
for other solutions of ULC microgels [27,30]. This value is
significantly lower with respect to the exponent found for
cross-linked microgels. As a comparison, the dashed and dot-
ted lines represent the course of 10 and 1 mol% cross-linked
microgels, respectively [27,30] that have n ≈ 20. As a fur-
ther comparison to the ULC microgels, the course for linear
polymer is shown by the dash-dotted line, npoly = 2.3 [41].
Figure 2 highlights that the ULC microgels interact with a
microgel-to-microgel potential softer than regular microgels
but still harder than linear polymers.

II. STRUCTURE FACTOR ANALYSIS:
SMALL-ANGLE X-RAY SCATTERING

A more detailed characterization of the structures of the
concentrated solutions, shown in Fig. 1(a), has been achieved
using small-angle x-ray scattering. In these experiments, the
scattered intensity, I (q ), is proportional to the product be-
tween the form factor, P(q ), and the structure factor, S(q ),
which equals 1 in the limit of infinite dilution. The form
factor contains all the information (size, polydispersity, shape,
internal architecture) about the single scattering object. The
structure factor depends on the particle-to-particle arrange-
ment.

A. Detector images

The images of the SAXS detector are shown in Fig. 3.
The different panels correspond to the different generalized
volume fractions of the solutions. The black circle in the

ζ = 0.498 ± 0.004 ζ = 0.639 ± 0.008
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FIG. 3. Detector images acquired by SAXS measuring solutions
of microgels with increasing generalized volume fraction (ζ ) from
panels (a) to (i). All samples have been measured at T = 20.0 ±
0.1 ◦C.

center of all the images is the mask used to cover the forward
scattering of the direct beam in close proximity to the beam
stop. In all the images, a light blue circle is visible. This
corresponds to the values of the scattering vector, q , where
it is most likely to find a microgel; in real space, this is the
nearest neighbor distance, dnn. With increasing concentration
from 0.498 ± 0.004, Fig. 3(a), to 1.20 ± 0.02, Fig. 3(i), the
radius of this circle increases. This corresponds to an increase
of the scattering vector and, therefore, a decrease of dnn.

Two examples of the scattering patterns of crystalline sam-
ples are shown in Figs. 3(e) and 3(f). Yellow spots, which
correspond to higher intensity, are clearly visible over the un-
derlying light blue circles. These dots are due to the scattering
from the ordered lattices formed by the microgels. The pres-
ence of multiple dots relatively close to each other indicates
that the samples present many polycrystalline domains with
different orientations. Furthermore, the absence of a second
ring of Bragg peaks indicates that these crystals are small and
the order is limited to short length scales. Indeed, the absence
of higher Bragg reflections has been reported in the liter-
ature for both microgels and hard sphere suspensions related
to the presence of defects in the crystalline lattice mainly due
to size mismatch between the particles forming the crystals
[13,42].

B. Intensities and structure factors

Figure 4 shows a series of I (q ) for samples at differ-
ent concentrations, from ζ = 0.639 ± 0.008 (bottom) to ζ =
1.20 ± 0.02 (top). Data are shifted in the y direction for clar-
ity. These curves are obtained performing a two-dimensional
(2D) integration of the images shown in Fig. 3 and have been
background subtracted. The first observation is that in all the
curves there is a clear peak corresponding to the light blue
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For hard 
spheres and 
crosslinked 
microgels
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Small-angle x-ray scattering (microgel-to-microgel arrangement)

Coexistence of
face-centred cubic
and body-centred 

cubic

Found in the literature but 
metastable:

• Gasser et al., Phys. Rev. E, 
2013, 88, 052308

• Mohanty & Richtering, J. Phys. 
Chem. B, 2008, 112, 14692



Neutrons and contrast matching

LECTURE 10:  APPLICATIONS OF SANS I I :  SOFT MATTER & L IFE SCIENCES 132021-06-01

Selective deuteration in 
combination with neutrons 
lets us investigate selected 
parts of complex assemblies.

Combining X-Ray and Neutron 
measurements provides more 
information



Let’s consider microgels in crowded environment
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Deuterated particle

Hydrogenated particle



Microgels in crowded environment
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Courtesy of Andrea Scotti (RWTH)



Microgels in crowded environment
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Deuterated particle

Hydrogenated particle



Microgels in crowded environment

LECTURE 10:  APPLICATIONS OF SANS I I :  SOFT MATTER & L IFE SCIENCES 172021-06-01

Courtesy of Andrea Scotti (RWTH)



Phase behaviour (of protonated & deuterated)
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A. SCOTTI et al. PHYSICAL REVIEW E 102, 052602 (2020)

cross linker is confirmed by measurements of their elec-
trophoretic mobility shown in the Supplemental Material [29].
For these reasons, we can consider ultralow cross-linked mi-
crogels as almost neutral soft spheres. Details on the synthesis
and the characterization of the swelling behavior of the ul-
tralow cross-linked microgels used in this study with dynamic
light scattering can be found in the Supplemental Material
[29].

Because of their poorly cross-linked network, ULC mi-
crogels show a more pronounced deswelling behavior when
embedded in a matrix of regularly crosslinked, stiffer mi-
crogels [28]. Furthermore, their bulk rheological properties
present features in common with both hard spheres and
flexible macromolecules, depending on the concentration of
the solution [30]. This particle-to-polymer transition is also
prominent when these ULC microgels are confined to an inter-
face: The dominance of their polymeric or particle-like nature
depends on both their concentrations [27] and the adsorption
procedures [31].

In this study, we use solutions of ULC microgels to explore
the phase behavior of soft spheres. The liquid-to-solid phase
transition is shifted to higher generalized volume fraction
with respect to both hard spheres and conventionally cross-
linked microgels. Furthermore, the phase behavior shows a
stable body centered cubic (bcc) lattice, which is not observed
for other colloids. The coexistence of bcc lattice with face
centered cubic (fcc) lattice, expected for hard spheres and
other microgels, is rationalized by means of small-angle scat-
tering experiments. We probe both the microgel-to-microgel
arrangement in solution [x rays, small-angle x-ray scatter-
ing (SAXS)] and the structure of the single microgels as
a function of concentration [neutrons, small-angle neutron
scattering (SANS) with contrast variation]. The comparison
between the results of these techniques shows that bcc crystals
appear in the concentrations area where the collapse of the mi-
crogels competes with their capability to interpenetrate their
neighbors.

I. PHASE BEHAVIOR

At constant temperature and pressure, the quantity that
determines the phase behavior of solutions of microgels is
the volume occupied by the microgels in the solution; this is
the volume fraction. In contrast to hard spheres that have a
well-defined border and, therefore, volume, microgels have a
fuzzy periphery that makes it hard to define their volume. It is
well accepted that a generalized volume fraction can be used
to describe the packing density of soft microgels [32–35]:

ζ = NVsw

Vtot
, (1)

where Vtot is the volume of the solution and N and Vsw are the
number and the volume of the microgels in diluted solution,
respectively. ζ is connected to the weight concentration via
a constant that can be obtained by measuring the viscosity
of highly diluted solutions of microgels [19,36]. This method
is also valid to determine the generalized volume fraction of
ULC microgels [30].

A series of samples have been realized by successive dilu-
tion, starting from a microgel solution with ζ = 1.50 ± 0.02.

ζ
0.72 0.75 0.79

(a) (b)

FIG. 1. (a) Solutions of ultralow cross-linked microgels with
increasing generalized volume fraction, ζ , from left to right. (b) So-
lution composed by a mixture of deuterated and hydrogenated (ζH =
0.080 ± 0.003) ULC microgels at ζ = 0.750 ± 0.009. The irides-
cence due to the Bragg peaks is visible in crystalline samples. All
samples were stored at 20.0 ± 0.5 ◦C.

The starting solution was prepared adding bidistilled water to
the microgel powder obtained from the lyophilization of the
purified solution resulting from the synthesis (Supplemental
Material [29]). The weight concentrations have been con-
verted into generalized volume fractions using the conversion
constant obtained from viscosity measurements, K = 44.9 ±
0.01. The series of samples covers a range of ζ between
0.354 ± 0.006 and 1.50 ± 0.02.

The crystals formed in the solutions of ULC microgels are
clearly visible by eye as green spots in Fig. 1(a). Crystals
are not visible up to a concentration of ζ f = 0.717 ± 0.09
where they appear at the bottom of the vials and coexis-
tence between crystals and liquid is observed. ζ f is known
as freezing point. With increasing ζ , the volume fraction of
the solutions occupied by crystals increases linearly [12] until
ζm = 0.744 ± 0.009. For this volume fraction, crystals are
present in the entire volume of the solution. ζm is called the
melting point.

The values of ζ f and ζm are significantly larger than
the values usually observed for the freezing and melting
points of solutions of microgels synthesized with the addition
of cross-linker agents (referred to as regular microgels in
the following): 0.56 and 0.61, respectively [13,19,35,37,38].
Computer simulations have shown that the shift of the bound-
aries of these phase transitions is related to a softer interaction
potential acting between the microgels in solution [1,20].

The fact that ζ f and ζm are at values larger than those
for regular microgels indicates that the interaction between
ULC microgels is softer. This fact is further confirmed by
the increase of the elastic modulus of the solutions of ULC
microgels with ζ . The black squares in Fig. 2 are the values
of Gp, the plateau of the elastic modulus, measured with
oscillatory frequency sweep. Recently, it has been shown that
a correct description of the microgel-to-microgel interaction
can be achieved using a phenomenological multi-Hertzian
model [39] that depends on the concentration regime and,
therefore, on the different length scales that characterize the
microgels [33,40]. However, a simple but instructive method
to compare the softness of the microgel-to-microgel interac-
tion is to assume a potential of the form U (r) ∼ r− n. When
the potential has this form, the dependence of Gp on ζ is
Gp ∼ ζ (1+n/3).

For the ULC microgels used here, a fit of the data in
Fig. 2 leads us to estimate nULC = 7.7 ± 0.2. Following the

052602-2
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di↵erent temperatures to determine the swelling curves.

The process is reversible without any hysteresis, there-

fore, in Figure S1 only the data from 20 to 50
�
C are

shown.

FIG. S1. Variation of the hydrodynamic radius, Rh, as a
function of temperature, T , for the hydrogenated ultra-low
crosslinked microgels (blue squares) and the deuterated ultra-
low crosslinked microgels (black circles).

Figure S1 shows the hydrodynamic radii, Rh, of the hy-

drogenated ultra-low crosslinked microgels (blue squares)

and the deuterated ultra-low crosslinked microgels (black

circles) as a function of the temperature, T . In the

swollen state the two microgels have almost the same

radius: 138.3± 0.6 and 135± 1 for the hydrogenated and

the deuterated microgels, respectively. At 50
�
C, the col-

lapsed radius of the deuterated microgels, 53.5± 0.4 nm,

is larger than the collapsed radius of the hydrogenated

ULC microgels, 42.2± 0.2. If we consider the ratio Q =

Rh(T = 20
�C)/Rh(T = 50

�C) for the hydrogenated mi-

crogels we obtain 3.28 ± 0.03, while Q = 2.52 ± 0.04 for

the deuterated microgels. The di↵erence in the value of

Q reveals that the deuterated ULC microgels are slightly

harder (they swell less with respect to their collapsed

state). Furthermore, the comparison between the D3-

ULC and ULC microgels in Figure S1 shows that the

VPTT is shifted of ⇡ 1 K as consequence of the use of

deuterated monomers during the synthesis. This e↵ect is

known in the literature [1, 6, 7]. Anyhow, since we will

work at 293 K where both the microgels are swollen and

have approximately the same size and softness the shift

in the VPTT does not represent a problem.

IV. VISCOSITY OF DILUTED SOLUTIONS OF
MICROGELS

The viscosity of highly diluted microgel- and ultra-low

crosslinked microgel solutions can be described by the

Batchelor-Einstein equation [8]:

⌘r = 1 + 2.5⇣ + 5.9⇣2 ; (S1)

where the packing fraction for hard spheres, �, has been
substituted by the generalized packing fraction ⇣. The

generalized volume fraction is proportional to the mass

concentration via a conversion constant K: ⇣ = Kc with
c the mass fraction of microgels in solution. Substituting

⇣ = Kc in Equation S1 we obtain:

⌘r = 1 + 2.5Kc+ 5.9(Kc)2. (S2)

This equation can be used to fit the data at low weight

concentrations c . 0.004 to obtain the value K. The val-

ues of the relative viscosity, ⌘r, for ultra-low crosslinked

microgel solutions (blue squares) and for deuterated

ultra-low crosslinked microgel solutions (black circles) are

shown in Figure S2. The solid lines represent fits of the

experimental data with Equation S2 from which we de-

termine K. For ultra-low crosslinked microgel solutions

K = 44.9 ± 0.01 while for solutions of deuterated ultra-

low crosslinked microgelsKD = 22.5±0.5. The di↵erence
in the conversion constant is consistent with the di↵erent

swelling ratio shown by DLS.

FIG. S2. Variation of the relative viscosity, ⌘r, as a function
of the weight concentration of microgel in solution, c, for the
hydrogenated ultra-low crosslinked microgels (blue squares)
and the deuterated ultra-low crosslinked microgels (black cir-
cles).

V. SMALL-ANGLE X-RAY SCATTERING
(SAXS)

The small-angle X-ray scattering (SAXS) measure-

ments were performed on the cSAXS instrument at the

Swiss Light Source, Paul Scherrer Institut (Villigen,

Switzerland) using an X-ray wavelength � = 0.143 nm

with an error of 0.02% over � resolution. To cover the

Identical phase behaviour (phase transitions at same) 
and

very similar swelling ratio (softness)



Small-angle neutron scattering with contrast variation
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Deuterated ULC made from (C6D3H8NO)n

2021-06-01

A. SCOTTI et al. PHYSICAL REVIEW E 102, 052602 (2020)

(a) q 1 q 2 q 3 q 4 q 5

(b)

FIG. 6. (a) SANS intensity, I (q ), as a function of the scattering
vector, q , of the deuterated-ULC microgels probed at 20.0 ± 0.1 ◦C
suspended in D2O/H2O mixtures with 100 wt.% D2O (upward-
pointing triangles), 80 wt.% D2O (left-pointing triangles), 60 wt.%
D2O (circles), 50 wt.% D2O (diamonds), 20 wt.% D2O (right-
pointing triangles), and 0 wt.% D2O (squares). The colored vertical
solid lines represent fixed q used to extract the contrast in panel
(b). (b) Scattering length density contrast, !ρ, as a function of the
wt.% of D2O in the solvent. The different colors corresponds to the
different q chosen in panel (a) to extract the contrast. The solid lines
represent linear fits of the data. The dashed black horizontal line
shows the zero contrast line. The black solid vertical line represent
the match point of the deuterated ULC microgels: 55.7 ± 0.3 wt.%
D2O.

q i ) ≃ !ρ2]. These values are plotted in Fig. 6(b). For the
mixtures with 60, 80, and 100 wt.% of D2O, the negative
solutions for the contrast has been selected since the sign of
!ρ changes when the scattering length density of the solvent
crosses the match point.

For every selected q , the variation of the values of I (q )
depends on the variation of !ρ. For all the chosen q , a linear
fit is performed. All the fits cross the zero axes (dashed black
line) in the very same point: 55.7 ± 0.3 wt.% D2O, that is,

TABLE I. Generalized volume fractions, ζ , and fitting param-
eters as obtained from the fit of the SANS data. All the samples
reported in the table have been measured at constant temperature
(20.0 ± 0.01 ◦C). The corresponding fits and radial distributions are
shown in Fig. 7 and the Supplemental Material [29].

ζ RSANS (nm) Rc (nm) 2σ (nm) ξ (nm) σp (%)

0.080 ± 0.003 136 ± 3 48 ± 1 88 ± 2 12 ± 2 9.5 ± 0.7
0.593±0.007 135 ± 3 53 ± 1 81 ± 2 12 ± 2 11 ± 1
0.661±0.008 133 ± 4 59 ± 2 74 ± 2 13 ± 1 10.9 ± 0.9
0.697±0.009 132 ± 4 58 ± 1 74 ± 3 13 ± 1 10.1 ± 0.6
0.750±0.009 116 ± 4 78 ± 2 38 ± 2 12 ± 1 14.0 ± 0.9
0.79±0.01 105 ± 4 88 ± 1 16 ± 3 12 ± 1 13.4 ± 0.9
0.86±0.01 98 ± 2 97 ± 1 7 ± 1 14 ± 1
0.91±0.01 98 ± 1 97 ± 1 6 ± 2 14 ± 1
0.98±0.01 94 ± 2 93 ± 1 5 ± 2 15 ± 1
1.10±0.02 92 ± 1 92 ± 1 6 ± 1 16 ± 2
1.29±0.02 90 ± 3 90 ± 1 5 ± 1 18 ± 2
1.66±0.02 72 ± 3 72 ± 1 4 ± 1 17 ± 2
2.22±0.03 70 ± 4 70 ± 1 4 ± 1 16 ± 1

the scattering length density of the deuterated ULC microgels.
The samples for SANS with contrast variation have been pre-
pared in this solvent. The scattering length density obtained
experimentally is 3.137 × 10−6 Å−2. The experimental value
is very close to the theoretical value of 2.949 × 10−6 Å−2

calculated from the scattering lengths of the atoms composing
the deuterated monomer [58]. The difference between the
two values can be due to the incorporation of fragments of
the initiators or to impurities in the deuterated monomer or
solvent.

B. Form factor analysis in crowded environments

The volume fraction of the hydrogenated ULC micro-
gels, ζH , is kept constant and equals 0.080 ± 0.003 in all
the samples measured with SANS with contrast variation.
The generalized volume fraction of the deuterated microgels
composing the matrix where the hydrogenated ULC microgels
are embedded, ζD, covers a range of concentrations between 0
and 2.14 ± 0.03. Consequently, the total generalized volume
fraction, ζ = ζH + ζD, covers a concentration range between
0.08 and 2.22 ± 0.03.

The data in Fig. 7(a) (and in the Supplemental Material
[29]) are proportional to the form factors of the hydrogenated
ULC microgels measured by SANS. The I (q )s in Fig. 7 are
shifted in the y direction for clarity. The data are fitted using
the model for a fuzzy sphere [59,60] (black solid lines), which
has been shown to reproduce the form factors of ULC micro-
gels [27,28]; therefore, this model has been chosen instead
of newly developed routine for the data fitting [61,62]. The
characteristic lengths of the microgels (total radius, RSANS;
core radius, Rc; and length of the fuzzy shell, 2σ ) obtained
from the fits of the data are used to plot the radial distribution
of the relative polymer volume fraction within the microgel
shown in Fig. 7(b) (and in the Supplemental Material [29]).
The parameters obtained from the fits, together with the mash
size ξ and the size polydispersity σp , are shown in Table I.
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FIG. 6. (a) SANS intensity, I (q ), as a function of the scattering
vector, q , of the deuterated-ULC microgels probed at 20.0 ± 0.1 ◦C
suspended in D2O/H2O mixtures with 100 wt.% D2O (upward-
pointing triangles), 80 wt.% D2O (left-pointing triangles), 60 wt.%
D2O (circles), 50 wt.% D2O (diamonds), 20 wt.% D2O (right-
pointing triangles), and 0 wt.% D2O (squares). The colored vertical
solid lines represent fixed q used to extract the contrast in panel
(b). (b) Scattering length density contrast, !ρ, as a function of the
wt.% of D2O in the solvent. The different colors corresponds to the
different q chosen in panel (a) to extract the contrast. The solid lines
represent linear fits of the data. The dashed black horizontal line
shows the zero contrast line. The black solid vertical line represent
the match point of the deuterated ULC microgels: 55.7 ± 0.3 wt.%
D2O.

q i ) ≃ !ρ2]. These values are plotted in Fig. 6(b). For the
mixtures with 60, 80, and 100 wt.% of D2O, the negative
solutions for the contrast has been selected since the sign of
!ρ changes when the scattering length density of the solvent
crosses the match point.

For every selected q , the variation of the values of I (q )
depends on the variation of !ρ. For all the chosen q , a linear
fit is performed. All the fits cross the zero axes (dashed black
line) in the very same point: 55.7 ± 0.3 wt.% D2O, that is,

TABLE I. Generalized volume fractions, ζ , and fitting param-
eters as obtained from the fit of the SANS data. All the samples
reported in the table have been measured at constant temperature
(20.0 ± 0.01 ◦C). The corresponding fits and radial distributions are
shown in Fig. 7 and the Supplemental Material [29].

ζ RSANS (nm) Rc (nm) 2σ (nm) ξ (nm) σp (%)

0.080 ± 0.003 136 ± 3 48 ± 1 88 ± 2 12 ± 2 9.5 ± 0.7
0.593±0.007 135 ± 3 53 ± 1 81 ± 2 12 ± 2 11 ± 1
0.661±0.008 133 ± 4 59 ± 2 74 ± 2 13 ± 1 10.9 ± 0.9
0.697±0.009 132 ± 4 58 ± 1 74 ± 3 13 ± 1 10.1 ± 0.6
0.750±0.009 116 ± 4 78 ± 2 38 ± 2 12 ± 1 14.0 ± 0.9
0.79±0.01 105 ± 4 88 ± 1 16 ± 3 12 ± 1 13.4 ± 0.9
0.86±0.01 98 ± 2 97 ± 1 7 ± 1 14 ± 1
0.91±0.01 98 ± 1 97 ± 1 6 ± 2 14 ± 1
0.98±0.01 94 ± 2 93 ± 1 5 ± 2 15 ± 1
1.10±0.02 92 ± 1 92 ± 1 6 ± 1 16 ± 2
1.29±0.02 90 ± 3 90 ± 1 5 ± 1 18 ± 2
1.66±0.02 72 ± 3 72 ± 1 4 ± 1 17 ± 2
2.22±0.03 70 ± 4 70 ± 1 4 ± 1 16 ± 1

the scattering length density of the deuterated ULC microgels.
The samples for SANS with contrast variation have been pre-
pared in this solvent. The scattering length density obtained
experimentally is 3.137 × 10−6 Å−2. The experimental value
is very close to the theoretical value of 2.949 × 10−6 Å−2

calculated from the scattering lengths of the atoms composing
the deuterated monomer [58]. The difference between the
two values can be due to the incorporation of fragments of
the initiators or to impurities in the deuterated monomer or
solvent.

B. Form factor analysis in crowded environments

The volume fraction of the hydrogenated ULC micro-
gels, ζH , is kept constant and equals 0.080 ± 0.003 in all
the samples measured with SANS with contrast variation.
The generalized volume fraction of the deuterated microgels
composing the matrix where the hydrogenated ULC microgels
are embedded, ζD, covers a range of concentrations between 0
and 2.14 ± 0.03. Consequently, the total generalized volume
fraction, ζ = ζH + ζD, covers a concentration range between
0.08 and 2.22 ± 0.03.

The data in Fig. 7(a) (and in the Supplemental Material
[29]) are proportional to the form factors of the hydrogenated
ULC microgels measured by SANS. The I (q )s in Fig. 7 are
shifted in the y direction for clarity. The data are fitted using
the model for a fuzzy sphere [59,60] (black solid lines), which
has been shown to reproduce the form factors of ULC micro-
gels [27,28]; therefore, this model has been chosen instead
of newly developed routine for the data fitting [61,62]. The
characteristic lengths of the microgels (total radius, RSANS;
core radius, Rc; and length of the fuzzy shell, 2σ ) obtained
from the fits of the data are used to plot the radial distribution
of the relative polymer volume fraction within the microgel
shown in Fig. 7(b) (and in the Supplemental Material [29]).
The parameters obtained from the fits, together with the mash
size ξ and the size polydispersity σp , are shown in Table I.
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Small-angle neutron scattering with contrast matching
Fitting with core-fuzzy shell model…

Increasing conc. 

of microgels

• Increasing conc. of microgels (mostly deuterated, a few hydrogenated) 

• Solvent of 55 wt% D2O to match-out the majority of deuterated microgels



Comparison between SANS and SAXS
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PHASE BEHAVIOR OF ULTRASOFT SPHERES SHOW … PHYSICAL REVIEW E 102, 052602 (2020)

Interpenetration

Deswelling

FIG. 10. Particle diameter 2RSANS (measured with SANS, blue
circles) and nearest neighbor distance dnn (measured with SAXS,
black solid squares) vs generalized volume fraction ζ for ultralow
cross-linked microgel solutions. Red curve is a fit of the dnn data for
0.60 ! ζ ! 1 to the function cζ−1/3 with fit parameter c.

Figure 10 compares the nearest neighbors distance ob-
tained from SAXS, dnn (black squares), with the diameter
of the hydrogenated ULC microgels embedded in the matrix
of deuterated ultralow cross-linked microgels measured by
SANS with contrast variation, 2RSANS (blue circles).

Let us consider first the behavior of dnn as a function of
the generalized volume fraction ζ . For ζ " 0.60, the nearest
neighbor distance is constant: The red horizontal line is drawn
at the average value ⟨dnn⟩ = 256 nm. For 0.60 ! ζ ! 1, the
data decrease as a function of ζ−1/3. This behavior is consis-
tent with an isotropic deswelling of the particles as reported
in the literature [13,18,32,57]. The red line in Fig. 10 is a
fit of the data 0.60 ! ζ ! 1. For ζ ! 1, the data show a
compression that has a stronger dependence on ζ . This can
be explained by the deformation of the particles in response
to the overcrowding.

Now let us focus on the values of the diameter of the
ULC microgels. The blue circles that lie in the yellow area
of Fig. 10 represent concentrations for which the ULC micro-
gels have a diameter larger than the center-to-center distance
between the microgels in the solution: At these concentra-
tions, the microgels interpenetrate each other and maintain an
external fuzziness (Fig. 7(b), Table I, and the Supplemental
Material [29]).

In contrast, the blue circles in the green area of Fig. 10
represent solutions at ζ where the diameter of the ultralow
cross-linked microgels is smaller than the center-to-center dis-
tance between two neighbors; i.e., the microgels are deswollen
and in contact with each other without (or with very limited)
interpenetration and external fuzzy shell (Fig. 7(b), Table I,
and the Supplemental Material).

As mentioned above, when microgels with different bulk
moduli are mixed together the softest microgels deswell first
with respect to microgels with slightly larger bulk moduli
[18]. This mechanism allows for crystals to form at higher
polydispersity with respect to hard spheres [13,21,65]. Ul-

tralow cross-linked microgels do not have a well-defined
crosslink distribution, due to the absence of cross-linking
agent during the synthesis. Consequences of this are the
observed large differences in stretching of ULC microgels
once adsorbed at the interfaces which reveal a significant
variation of bulk moduli between different ULC microgels
[24,25,27,68].

The red rectangular area in Fig. 10 represents the range of
concentrations where the coexistence between stable bcc and
fcc lattices has been observed. As can be seen in this region,
we register the passage from interpenetration to deswelling.
The two mechanisms are competing. In this region, ULC
microgels with softer bulk moduli have a collapsed fuzzy shell
while ULC microgels with a larger number of cross links or
with a different topology of the network maintain a fuzzy
periphery. This fact can be used to explain the variation of
σp versus ζ in Fig. 8 but also to understand the coexistence
between bcc and fcc lattices.

Deswollen ULC microgels are similar to spheres with-
out fuzziness. These systems obey the maximum packing
fraction rule: To increase the configurational entropy of the
system, they maximize the packing fraction due to pure
excluded-volume interactions. For spheres in bulk, the max-
imum packing fraction is reached in a fcc lattice [48,69].

In contrast, particles with a less defined—fuzzy—
periphery, such as the swollen ULC microgels, maximize their
configurational entropy by increasing the contacts between
neighbors [70]. This criterion has to be fulfilled since the
particle-to-particle interaction for these systems scales with
the contact area. In this scenario, the most efficient structure
to maximize the contact area between neighbors is the bcc (or
A15) lattice [70,71].

In the region of transition between fuzzy and collapsed ul-
tralow cross-linked microgels, in the red area of Fig. 10, there
are (deswollen) microgels which maximize their configura-
tional entropy following the maximum packing fraction rule
and other microgels (with external fuzziness) which maximize
their configurational entropy, thus maximizing the contact
area with their neighbors. The collapsed microgels form fcc
crystals while the still fuzzy microgels form bcc crystals.

The coexistence in the solutions of microgels with slightly
different sizes, due to the more or less pronounced collapse of
their external fuzzy shell, is also consistent with the absence of
higher Bragg reflections observed in the SAXS experiments.
The crystals that these microgels form have different struc-
tures, fcc or bcc, but also incorporate a significant number of
defects, due to the size mismatch. These defects have been
recognized as the reason for the absence of a second ring of
Bragg reflection [13,42].

V. CONCLUSIONS

In this study, the phase behavior of supersoft spheres has
been characterized. Our model system for supersoft spheres
consists of solutions of ultralow cross-linked microgels. These
microgels incorporate the lowest number of charges compared
to microgels synthesized with the addition of cross-linker
agents. Therefore, the effects of the counterions on the so-
lution osmotic pressure [12,18,68] and, consequently, on the
microgel phase behavior [13,24], are limited. This allows us
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Low conc: partially swollen ULC 
microgels, still with fuzziness 

Higher conc: collapsed harder 
spheres 

SAXS: nearest neighbour distance
SANS: dia. of individual microgels

In the red area there is 
transition between 

deswelling and 
interpenetration 

à mixed BCC and FCC
crystals
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Example 2:
RheoSANS



What is rheology?
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“The study of flow”

2021-06-01



Essential Elements 
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What controls a material’s rheological properties? 

2021-06-01

1. Inner Structure: 

• how is it built? 

• what is it molecular make-up? 

2.  Morphology:  

• what is the shape and size of the components? 

• e.g. small needle-like structure, or bulky cotton-like structure 

3. External Forces:

• What are the forces causing the system to flow or deform? 

4.   Ambient Conditions:

• what environment is the stressed materials in? 

• e.g. temperature  



Rheology and materials
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Liquids  Solids  

Viscous Liquids

Viscoelastic   

Viscoelastic Liquids Viscoelastic Solids Elastic Solids



Viscosity 
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e.g. Honey 
à large viscosity 
à restricted motion due to its molecular 

make-up and morphology which cause 
internal friction

• A measure of a fluid’s resistance to flow by an applied deformation force
• Internal friction of a moving fluid

e.g. Water 
à low viscosity 
à flows easily, very little internal 

friction 



Deformation forces
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What are the type of deformation forces we can apply? 

2021-06-01

Tension Compression 

Bending
Torsion 

Shear 



Viscosity: Shear Stress & Shear Rate  
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Shear rate ~ shear stress

• High shear stress we can expect a higher shear rate 

• Higher the viscosity higher the shear stress required to 

flow at the same rate of less viscous liquids  

Viscosity (V) =
Shear Stress (SS) 

Shear Rate (SR) 

Distance
Difference in velocity 

Distance 
Shear Rate =  

Force 

Area
Force
Area 

Shear Stress =  



Flow Profiles 
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Let’s consider the different types of flow… 

2021-06-01

1. Newtonian
• viscosity doesn’t change with shear rate 
• e.g. water

Shear rate 

Vi
sc

os
ity



Flow Profiles 
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Let’s consider the different types of flow… 

2021-06-01

1. Newtonian
• viscosity doesn’t change with shear rate 
• e.g. water

2. Non-Newtonian 
i. Pseudo plastic (shear-thinning)
• Viscosity decreases with increasing shear rate
• e.g. mayonnaise 

Shear rate 

Vi
sc

os
ity



Flow Profiles 
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Let’s consider the different types of flow… 

2021-06-01

1. Newtonian
• viscosity doesn’t change with shear rate 
• e.g. water

2. Non-Newtonian 
i. Pseudo plastic (shear-thinning)
• Viscosity decreases with increasing shear rate
• e.g. mayonnaise 

Force

Force



Flow Profiles 
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Let’s consider the different types of flow… 

2021-06-01

1. Newtonian
• viscosity doesn’t change with shear rate 
• e.g. water

2. Non-Newtonian 
i. Pseudo plastic (shear-thinning)
• Viscosity decreases with increasing shear rate
• e.g. mayonnaise 

ii. Dilatent (shear-thickening)
• Viscosity increases with increasing shear rate 
• e.g. quick sand or cornstarch

Shear rate 

Vi
sc

os
ity



Flow Profiles 
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Let’s consider the different types of flow… 

2021-06-01

1. Newtonian
• viscosity doesn’t change with shear rate 
• e.g. water

2. Non-Newtonian 
i. Pseudo plastic (shear-thinning)
• Viscosity decreases with increasing shear rate
• e.g. mayonnaise 

ii. Dilatent (shear-thickening)
• Viscosity increases with increasing shear rate 
• e.g. quick sand or cornstarch

Shear rate 

Vi
sc

os
ity



Flow Profiles 
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Let’s consider the different types of flow… 

2021-06-01

1. Newtonian
• viscosity doesn’t change with shear rate 
• e.g. water

2. Non-Newtonian 
i. Pseudo plastic (shear-thinning)
• Viscosity decreases with increasing shear rate
• e.g. mayonnaise 

ii. Dilatent (shear-thickening)
• Viscosity increases with increasing shear rate 
• e.g. quick sand or cornstarch

iii. Thixotropic
• shear-thinning but time dependant 
• e.g. ketchup, coatings, paints, inks   

Shear rate 

Vi
sc

os
ity



Flow Profiles 
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Let’s consider the different types of flow… 

2021-06-01

1. Newtonian
• viscosity doesn’t change with shear rate 
• e.g. water

2. Non-Newtonian 
i. Pseudo plastic (shear-thinning)
• Viscosity decreases with increasing shear rate
• e.g. mayonnaise 

ii. Dilatent (shear-thickening)
• Viscosity increases with increasing shear rate 
• e.g. quick sand or cornstarch

iii. Thixotropic
• shear-thinning but time dependant 
• e.g. ketchup, coatings, paints, inks   

Shear rate 

Vi
sc

os
ity

Degree of 
hysteresis 



Flow Profiles 
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Let’s consider the different types of flow… 

2021-06-01

1. Newtonian
• viscosity doesn’t change with shear rate 
• e.g. water

2. Non-Newtonian 
i. Pseudo plastic (shear-thinning)
• Viscosity decreases with increasing shear rate
• e.g. mayonnaise 

ii. Dilatent (shear-thickening)
• Viscosity increases with increasing shear rate 
• e.g. quick sand or cornstarch

iii. Thixotropic
• shear-thinning but time dependant 
• e.g. ketchup, coatings, paints, inks   

Anti-
settling 

Stirring 

Application 

Flow/leveling

Anti-
sag 

e.g. paint



Structure-Property relationships
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The rheology of a complex 
fluid is directly linked to 

the structure

We need to understand:
• structural reorganization 

due to flow 
• the relationship between 

flow and stress which 
govern the bulk 
rheological properties of a 
system



Small-angle scattering
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High conc.:

I(q) ≈ P(q)*S(q)

Low conc.:

I(q) ≈ P(q)

S(q) ≈ I(q)/P(q)

Form factor: 

Shape, size 

Structure factor: 

Arrangement

Experimental technique which uses elastic scattering at small angles to 

investigate the structure of substances at length scales of ~1–300 nm
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Rheology SANS
RheoSANS experiments help us understand: 
i) structural reorganization of fluids as a result of flow;
ii) the relation between flow and stress governing the bulk rheological 

properties of a system. 

e.g. Couette cell

Newbloom et al., Soft Matter, 2012, 8, 8854



Planes of interest
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What information can we get?

2021-06-01

Each plane offers specific and unique 

information for describing the 

structure/property relationships

Eberle & Porcar, Curr. Op. Coll. Inter. Sci., 2012, 17, 33



Planes of interest
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For simple shear flow:

• flow-vorticity (1-3) 

• flow-gradient (1-2) 

• gradient-vorticity (2-3)

M.A. Calabrese, N. Wagner New insights from RheoSANS, RSC pre-print



Planes of interest
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For simple shear flow:

• flow-vorticity (1-3) 

• flow-gradient (1-2) 

• gradient-vorticity (2-3)

M.A. Calabrese, N. Wagner New insights from RheoSANS, RSC pre-print



Planes of interest
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For simple shear flow:

• flow-vorticity (1-3) 

• flow-gradient (1-2) 

• gradient-vorticity (2-3)

M.A. Calabrese, N. Wagner New insights from RheoSANS, RSC pre-print



Example: Body armor
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Flow-SANS show a shear-induced structure near 
the shear thickening transition - consistent with 
the hydrocluster mechanism of shear thickening 
colloidal dispersions



Example: Polymer solar cells
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e.g. studying the structural properties of polythiophene for organic photovoltaics 

Newbloom et al., Soft Matter, 2012, 8, 8854-8864

Static SANS:
Gelation of the P3HT 
microgel in toluene 

SANS show the structural features evolve through the gelation process and can be 
controlled by (i) partially redissolving, (ii) judicious selection of the aromatic solvent  



Example: Biomaterials, e.g. Lecithin
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e.g. to untangle the branching behaviour in water-swollen reverse worm-like micelles

2021-06-01 Riley et al., Soft Matter, 2018, 14, 5344 

The electrical properties of these WLMs are independently sensitive to their topology and dynamics 

Ø Branched WLMs show fast breakage times 
Ø Unbranched WLMs show only subtle changes in their electrical properties.

Small-angle neutron scattering: 

Rheology: steady-sheer flow sweep 

Conductivity

Dielectric spectroscopy:



Example 3: 
Proteins …centre for competence development, 

innovation and development of 
formulations and process technologies for 

biologically based pharmaceuticals. 

https://www.ri.se/en/nextbioform



Proteins & Surfactants
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Adrian Sanchéz-
Fernandéz (LU)

Proteins and surfactants in formulated products (drugs, cosmetics, 

food, detergents…) and analytical techniques (SDS-PAGE) 

The interactions between protein and surfactants play an important 

role in the stability and performance of formulated products. 

OUR GOAL: 
Develop integrative approach to understand the conformational and 

colloidal stability of protein-surfactant systems.

Model system:

§ Human growth hormone (hGH) in 10 mM, pH 7 phosphate buffer.

§ Anionic surfactant (SDS)

Implementation of advanced characterisation techniques:

§ Contrast variation small-angle neutron scattering – constrained 
structural modelling.

Source: RCSB-PDB

SDS



Small-angle neutron scattering with contrast variation
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1. Surfactant-solvent matched – protein backbone.
2. Protein-surfactant matched – complex.
3. Protein-solvent matched – surfactant.
4. Zero-average contrast condition – ZAC.

Component SLD / ×10-6 Å-2

C12H25 -0.39
C12D25 6.98
SO4 4.32
D2O 6.37

SANS2D, ISIS (UK) 
D11, ILL (FR)

Probing hGH-SDS complexes…

d25-SDS 
(93 %D)



Structural characterisation of hGH
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Pure hGH (0.154 mM) in buffered D2O

2021-06-01

Globular protein:

• Dmax= 51.7 Å

• Rg = 18.4±0.3 Å

• I(0) = 0.079±0.012 cm-1

• Monomer in solution

• Contrast match point: 60.1±2.1% H2O.



Contrast variation and SANS 
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Changes in structure and interactions
between complexes.

Surfactant phase – various complexation
stages: pre-CAC, pre-CMC and post CMC.
Model-based fitting:
§ Low SDS/hGH mode – unfolded protein
with sparsely adsorbed surfactants.

§ High SDS/hGH mode – decorated
micelle morphology.

SDS/hGH = 18 SDS/hGH = 56 



Different interaction stages 
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Connecting molecular origin and mesoscopic structure

Complex mechanismSequential

Parallel

Hydrophobic

Electrostatic

A. Sanchéz-Fernandéz, C. Diehl, J. E. Houston, A. E. Leung, J. P. Tellam, S. E. Rogers,

S. Prevost, S. Ulvenlund, H. Sjogren and M. Wahlgren, Nanoscale Adv., 2020, 2, 401
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