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Spontaneous Structuration of Biohydrogels by

Membrane-Free Osmosis

Emilie Guilbert, Clément de Loubens,* Alice Vilotte, Christophe Schmitt, Deniz Gunes,

and Hugues Bodiguel*

Many bio-hydrogels are prepared thanks to the addition of divalent ions.
These gels usually exhibit partial ionic selectivity, a feature is leveraged to
instigate an osmotic flow during the gelation process across a range of
bio-hydrogels. A simple experimental setup consisting a glass capillary filled
by the reactant solution is taken as an advantage, brought into contact with a
reservoir of calcium chloride. Direct observation allows to characterize the
gelation kinetics, the permeability and the selectivity of several gels, including
some made of protein aggregates, pectin, and alginate. It is shown that these

science. In biological tissues, biohydrogels
serve as scaffolds for cells and have the par-
ticularity of presenting chemical and physi-
cal gradients, which are essential for organ
development. [12]

Consequently, transport mechanisms
relevant to the micro- and mesoscale struc-
turing of hydrogels are highly relevant for
tissue regeneration technologies,** e.g., to
produce perfusable vessels or multilayered
solid filaments. Moreover, the interest

intrinsic properties, coupled with appropriate gelation kinetics, intricately
govern the osmotic flow induced by the chemical potential difference of the
calcium chloride ions imposed during gel formation, consistent with the
Kedem—Kashalsky equation. The forming gel acts as a semi-permeable
membrane for calcium chloride ions. The consequences of this osmotic flow
are of potentially great interest since it triggers an increase of the gel
concentration close to its boundary, opening the road to their spontaneous
structuration. The formation of this dense shell is well accounted for the

combination of a mass balance and a kinetic model.

1. Introduction

Biohydrogels are an assembly of low-volume fraction bio-based
polymers or colloidal particles, which are widely used in material
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in gradient hydrogels is broader than re-
generative medicine.>®) Among others,
microencapsulation technologies rely on
the possibility to control the microstructure
of biohydrogels with applications as diverse
as flexible electronics!”! or food science.®?]
Gradient polyelectrolyte hydrogel (i.e., a gel
exhibiting a spatial concentration gradient
and as a result a gradient of related prop-
erties) membranes were as well developed
to overcome technological limitations of
asymmetric ionic membranes for osmotic
energy generation.['”) The main limitation for the development
of these new materials is the associated technical complexity of
the structuring processes which are generally based on several
sequential steps.[®!

In biological organisms, one specific role of the hydro-
gel is to control the exchange of molecules between differ-
ent compartments.['!! This is achieved thanks to their partial-
selectivity. In this respect, hydrogel membranes(!?! are used
for water desalination!®] or energy conversion.'*] For exam-
ple, electric-eel-inspired power sources were designed by us-
ing a repeating sequence of cation- and anion-selective hydrogel
membranes.[®] Partial selectivity can be seen as an energy bar-
rier that must be overcome for solute molecules to diffuse into
or through the material.['®! This energy barrier is due to charge
interactions at nanometric scales between the solute and the
material.['’] Consequently, efficient selectivity can be achieved for
hydrogel if its structure can be controlled at the nano-scale to
overcome its low pore density.[1*18]

In this paper, we show that even for low macromolecular
concentration hydrogels, where significant selectivity is not an-
ticipated, an osmotic flow can occur as a result of partial se-
lectivity in ions. This flow induces the spontaneous formation
of gradient biohydrogels. In the framework of semi-permeable
membranes,['®?] membrane selectivity to solute molecules is
characterized by the reflection coefficient o; we have ¢ — 1

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Schematic diagram of spontaneous structuring due to an os-
motic flow, during gelation of colloidal suspensions. Top: A solution of
calcium chloride (in pink) is put into contact with a colloidal suspension
(in green) at an initial concentration Ay in a glass capillary. Bottom: Cal-
cium chloride ions diffuse inside the suspension (pink gradient) and in-
duce their gelation over a distance x5, which increases with time. The gel
being partially selective to calcium chloride (white arrows), the osmotic
pressure difference between the suspension and the CaCl, solution in-
duces an osmotic flux v. This osmotic flux advects the non-gelled colloids
with a velocity v, = v. v, decreases in the transition zone between the gel
and liquid phases wy up to the complete gelation of the colloids (v, = 0
when x < x), whereas the water permeates through the gel. Consequently,
the concentration in colloids increases in the region of transition between
the gel and the liquid, leading to a concentration gradient in colloids.

for fully selective membranes and 6 — 0 for non selective
ones. In the dilute regime for the solute, the Kedem—Katchalsky
equation!?*2!] links the osmotic flux v (per unit area) to the to-
tal pressure difference across the membrane (AP — o AIl), where
AIT and AP are the osmotic and mechanical contributions, re-
spectively. The Kedem—Katchalsky equation reads

v= n—L(AP—aAH) (1)

where 7 is the solvent viscosity viscosity, L the thickness of the
membrane, and « its permeability.

Our aim is to show that the partial selectivity of biohydrogels to
ions causes an osmotic flux of their solvent during their gelation.
By transporting the biomacromolecules while they are not yet
gelled, this flux spontaneously creates gradients hydrogel. These
phenomena are quantified in a shallow cell with a 1D flow in
which a suspension of protein aggregates is put into contact with
a droplet of calcium chloride, Figure 1-top. The kinetics of gela-
tion of the aggregates during the diffusion of calcium chloride is
observed using brightfield microscopy. These experiments reveal
the emergence of a flux of solvent through the gel in formation,
which depends on the calcium chloride concentration, Figure 1-
bottom. By controlling the pressure difference between the sus-
pension of protein aggregates and the droplet of calcium chlo-
ride, we show that this phenomenan is due to the partial selec-
tivity of the hydrogel to calcium chloride. We extend this analysis
to two others systems, namely pectin and alginate. In addition,
these experiments allow a direct determination of the reflection
coefficient ¢ and the permeability « of the gel. Finally, we exper-
imentally investigate and model a striking consequence of this
osmotic flux: the spontaneous formation of a concentration gra-
dient, Figure 1-bottom.
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2. Results

2.1. Osmotic Flow During Gelation

The kinetics of gelation of a suspension of whey protein aggre-
gates is studied by creating a flat front between a solution of
CaCl, and the suspension in a thin rectangular glass capillary,
Figure 2A. The physico-chemical conditions of preparation of the
aggregates lead to a suspension composed of sub-micrometric
and non-gelled aggregates of 70 nm radius. It is well established
that the addition of CaCl, to such a suspension induces a sol-
gel transition.[?223] Gelation results from both screening of elec-
trostatic interactions and specific binding of calcium ions to the
aggregates.[)] A drop of CaCl, solution is gently put into con-
tact with a thin glass capillary which contains the suspension of
aggregates. The gelation is followed by bright-field microscopy
which is possible due to a small decrease in the transmitted light
intensity due to the gelation of protein aggregates (see details
in Supporting Information). Figure 2B shows a spatio-temporal
map of the light intensity, which allows us to define the posi-
tion of the gelation front x; in the zone where the gradient of
light intensity is maximal (red dashed line). Several experiments
are performed by varying the CaCl, concentration in the drop C,
while the protein concentration A, is kept constant. The insert
in Figure 2C shows that the front position x;appears with a time
delay that decreases from 1 to 10 s when C, is increased from
0.37 to 5.57 M. Then, x; increases sharply, which is a signature of
a reaction-limited kinetics. At long time scales, x,increases more
slowly and asymptotically follows a growth as /2, which is char-
acteristic of diffusion-limited kinetics.

These gelation kinetics are crudely simple with a simplified
reaction-diffusion model (see Supporting Information for de-
tails). We consider that calcium ions diffuse in the suspension
of protein aggregates with a diffusion coefficient D, and cross-
link the protein aggregates. Each protein aggregate has n reaction
sites for calcium ions (n being typically between 5 and 10[2%)).
Despite the complexity of cold-set gelation of protein aggregate
by ionic interactions,?*! we make the first-order approximation
that the calcium consumption rate is given by nkAC, k being the
kinetic constant of the reaction. The kinetics of gelation is de-
scribed by the following a dimensionless set of reaction-diffusion
equations (see details in Supporting Information)

0c — dlc = —%ac ()

00 — ed’a = —ac 3)

where ¢ = C/C, and a = A/A, are the reduced concentrations of
CaCl, and proteins, respectively, which are normalized by their
boundary values (C = C, for x < 0 and A = A, for x > o),
% = x/4/Dy/kC,and t = tkC, are the non-dimensional space and
time variable. r = C,/A, and € = D,/ D, are the concentration and
diffusion coefficient ratios.

Since the experiments are carried out in the limit where € and
n/r are much smaller than unity, the dimensionless position of
the front of gelation %; () is given by a single mastercurve which
is determined numerically as detailed in the Supporting Informa-
tion (dashed line in Figure 2C). We observe that the experimental
data (symbols in Figure 2C) overlap very well on this mastercurve,
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Figure 2. A) Sketch of the experimental set-up. A droplet of calcium chloride solution is put into contact at time t = 0 with a glass capillary that contains
a suspension of protein aggregates. The gelation front position x¢ is tracked by monitoring the changes in light intensity. The flux of the solvent trough
the gel is measured thanks to the position of the meniscus x,,. B) Spatio-temporal image of the normalized grey-scale intensity along the length x of
the capillary; the dotted red line represents the gelation front position x¢ for a CaCl, concentration of C, = 5.57 M. C) Non-dimensional front position

X¢ = xr/ /Dy /kCy versus non-dimensional time = tkC, for various C,. Dots: experimental data. Dotted lines: solution of the reaction-diffusion model
(Equations 2 and 3). Inset: same data in physical units. D) Osmotic flux v versus the ratio of the osmotic pressure of the calcium chloride solution IT by
the length of the formed gel at a given time, x(t). v is determined from the velocity of the rear meniscus. The dashed line is the best linear fit to the data

(slope 1.5 x 107'® m? . s=1 . Pa~). Insert: Same data, plotted as a function of time.

fork=2x10"" Lmol~! s7' and D, =1 x 10~ m? s~!. Note that
the calcium chloride concentration is varied by more than an or-
der of magnitude. The value of D, is very close to the diffusion
coefficient of Ca?* in water at 25°C (=1.16 X 10~ m? s71(24]). We
tentatively conclude that the gelation of protein aggregate is solely
governed by a reaction-diffusion mechanism characterized by a
reaction-limited regime followed by a diffusion-limited one.
Despite its apparent simplicity, the gelation of protein aggre-
gates induces a flow inside the capillary, which is directed toward
the calcium chloride reservoir. Indeed, the meniscus between
the suspension of aggregates and the air inside the capillary
(Figure 2A) move in the direction of the calcium chloride reser-
voir during the gelation. The water flux v is derived by following
the position of the rear meniscus for calcium chloride concentra-
tion ranging from 0.35 to 5.57 M. The insert of Figure 2D shows
that v decreases with time and increases when C, is increased;
from 1 pm s7! for C, = 5.57 M to 0.1 pm s7! for C; = 0.35 M,
at the beginning of gelation. These data are directly accounted
for by the Kedem—Katchalsky equation (Equation 1 with AP = 0),
where the length L over which water permeates corresponds to
the length of the gel, x(t), and where AII is the osmotic pres-
sure II of CaCl, in the droplet (calculated from,[?*! see Support-
ing Information Figure S2). Indeed, as shown in Figure 2D, data
from different C, collapse on a linear relationship with respect to
I1/x;. From the slope we find that the product of the permeability
and the reflection coefficient k¢ equals 1.4 x 107 m?. This im-
plies that this product is constant in time and independent of the

Adv. Funct. Mater. 2024, 2400838 2400888 (3 of 8)

calcium concentration. The flatter trend observed at the lowest
tested concentration may stem from some evolution of these pa-
rameters over time, but the data in question suffer from greater
uncertainty compared to other data, limiting their ability to fully
support such an interpretation.

This first set of experimental investigations of the gelation
of protein aggregates through the diffusion-reaction of calcium
chloride highlights the emergence of an osmotic flow during the
gelation that we attribute to the partial selectivity of the gel to
calcium chloride. This partial selectivity has for a consequence a
flux of water through the gel in formation whose magnitude is
proportional to the osmotic pressure of the calcium chloride. To
go further, we impose a pressure difference AP in the capillary
to determine simultaneously the values of the gel permeability «
and the reflection coefficient 6.

2.2. Permeability and Reflection Coefficient of Hydrogels

In order to determine independently the permeability x and the
reflection coefficient o, the capillary is connected to a reservoir
which allows us to impose a mechanical pressure difference AP
between the two sides of the gel. One side of the capillary is in
contact with the droplet of CaCl, solution, whereas the other side
is connected to the reservoir, which is filled by the suspension
of aggregates doped with fluorescent particles (5 um diameter).
The two solutions are brought into contact without applying any

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. A) Flux v as a function of the relative pressure P in the suspen-
sion (P = —AP), for the gels of protein aggregates at different C; (see leg-
end). The lines are the best linear fits to the data. B) Reflection coefficient
of gels of alginate, pectin and protein aggregates for different C; values. C)
Permeability of gels of alginate, pectin and protein aggregates for different
C, values. D) Product ko for protein gels, the dotted line corresponds to
the value found during the gelation (see Figure 2D), ko = 1.4 X 107° m2.

pressure. We wait until the gel is 1 cm long. Then, we measure
the flux v for various negative applied pressures. v is determined
by averaging the velocities of tracer particles located far from the
gel front. As shown in Figure 3A, an affine relation is found, in
agreement with the Kedem—Katchalsky equation (Equation 1).
For the lowest calcium chloride concentration studied, it was
even possible to cancel out the total flux, meaning that the me-
chanical pressure balances the effective osmotic one oIl. ¢ and
k are determined by fitting the experimental data with (1). The
values of the two coefficients are approximately independent of
C,, circles in Figure 3B,C. This observation is probably due to the
fact, that, in the condition studied where the calcium is in large
excess as compared to the proteins, the cross-linking density of
the gel is in a first approximation independent of the calcium
concentration. The mean value of the permeability ¥k = 2.8 X
1071 m?, which is consistent with previously reported values.[2°]
The reflection coefficient is very low, ¢ = 5.3 x 107, which
means that gel is poorly selective. The product ko remains con-
stant with C,, Figure 3D. xo is #1.5 X 107" m?, which is in full
agreement with the value found during the gelation (see previous
section).

The same experiments are carried out with solutions of pectin
and alginate which can be cross-linked by calcium ions,[#-? sim-
ilarly to the protein aggregate suspensions. For these systems,
the fluorescent particles also move towards the solution of CaCl,
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when AP is zero. We also observe linear trends between v and AP
which allows us to measure x and o for these hydrogels. Sim-
ilarly to the gels of protein aggregates, these coefficients are al-
most independent on C,, Figure 3B,C. The reflection coefficients
are also small compared to unity: 6 =7 X 1073 and 6 =4 x 10~*
for alginate and pectin gels, respectively. The permeabilities are
~8 X 1071% and 3 x 10717 m?. For alginate gels, the value is of
the same order of magnitude that previously reported ones (e.g.,
k =~ 2 X 107 m? in ref. [30)).

To sum up, by combining a mechanical and osmotic pressure
difference, we made it possible to determine independently both
permeabilities and reflection coefficients of different hydrogels.
The selectivity of hydrogels to ions appear to be a generic phe-
nomenon, while the value of ¢ could be very small.

2.3. Spontanenous Formation of Gradient Hydrogels

The osmotic fluxes evidenced and characterized above during
gelation are advecting the coloids before they gelate, i.e., for x >
x;. One can therefore expect an increase in their concentration in
the gel phase. Due to their lower diffusion coefficient, this effect
is simpler for protein aggregates than for the other systems tested
since, given the order of magnitude of the osmotic flux, concen-
tration gradients could be established over length scales greater
than D,/v ~ 10 um. In order to characterize this phenomenon,
protein aggregates are covalently labeled with a fluorescent probe
(see Experimental Section for details). Gelation experiments are
carried out in an open glass capillary (Figure 2A) and the profile
of protein concentration is measured by fluorescent microscopy
imaging, the fluorescence intensity being proportional to the to-
tal protein concentration.

Figure 4A,B shows two examples of the temporal evolution of
the normalized total protein aggregates concentration w along
the length of the capillary, for calcium chloride concentrations
of 1.7 and 5.57 M. As time elapses, w progressively increases,
especially in the vicinity of the inlet. The profiles then stabilize
as the gelation phenomenon finishes. Two zones can be distin-
guished. The first is located near the interface with the CaCl, so-
lution (% <5, corresponding in the physical unit to ¥ < 150 —
350pm, depending on the calcium chloride concentration). At the
end of the gelation period, the concentration in aggregates in this
region, namely the sell, is highly localized and increasing by 3.5
and 1.5-fold for C, = 5.57 and 0.77 M, respectively. In the second
zone, the concentration profile is almost flat and the increase in
concentration is much more moderate than in the shell. At low
C,, the aggregate concentration in the gel is almost equal to the
concentration in the solution A, (w ~ 1). However, the concen-
tration is multiplied by 1.5 for the largest C; values investigated.

We propose a simple deterministic model based on the fol-
lowing physical aspects and contributions: i) the aggregates are
advected homogeneously by the osmotic flow far from the front
of the gel, ii) they are trapped by the gel in the width of the
gelation front and do not move as soon as the gel is formed,
iii) the osmotic flow is described by the Kedem and Katchasky
equations (Equation 1), iv) the gelation front position x; is mod-
eled by reaction-diffusion equations, which are not coupled to the
osmotic flow (Equations 2 and 3). Introducing these contribu-
tions and conditions in a mass balance equation (see details in
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Figure 4. A—C) Normalized protein concentration w profiles for different times. In inset, the full spatio-temporal image of w is shown. The white dashed
line represent the front position X (t), which was determined independently. Subfigures A and B are experimental results (for Co = 1.7M and Cy = 5.57M,
corresponding to @ = 1.7 and 6.0), subfigure C displays the numerical results obtained for @ = 4, see Supporting Information for details. The dashed
line is the asymptotical analytical solution, w = 1+ %X¢. D) Normalized protein concentration w estimated in the shell close to % = 0 (circles) and in the
uniform gelled region (squares) as function of a. Dashed and dash-dotted lines correspond to the numerical results at ¥ = 1 and ¥ = 50.

Supporting Information) leads to the following governing equa-
tion for the total protein concentration w:

ow + %@(aw) =0 (4)
% (7)

where a is the reduced concentration of free aggregates intro-
duced in the protein flux to account for the mobility of the ag-
gregates, and where

o= koll (5)
nD,

The resolution of the above equation leads to establishing evi-
dence for the development of concentration gradients which are
very similar to the experimental ones: a dense shell is formed
close to % = 0, adjacent to a uniform region where the aggregate

Adv. Funct. Mater. 2024, 2400888 2400888 (5 of 8)

concentration is slightly greater than the initial one. The model
introduces a single non-dimensional parameter @ which com-
pares the osmotic flux to the gelation kinetics. According to the
model, the relative concentration increment (w — 1) in the gel
phase is proportional to « (more details are given in Support-
ing Information). This is in agreement with the experimental
results obtained for various osmotic pressure values, as shown
in Figure 4, both in the core at long distance and in the denser
shell. Moreover and despite the simplicity of the approach, the
model accounts semi-quantitatively for the experimental data,
taking values of the concentration increment at¥ = 1and ¥ = 50.

Some differences remain to be understood, e.g., the progres-
sive increase of the protein concentration in the shell and the
overestimation of the shell concentration for the largest values
of a (see Figure 4). In fact, when the osmotic flux is large (a >
1), the model is no longer valid since one would need to add
this convective flux to the reaction-diffusion set of equations,
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making the problem fully coupled. The model also introduces
an ill-defined question at short times (and also distances), in
the reaction-limited regime, since the gel is not formed yet and
thus cannot trigger an osmotic flow. The description finally
suffers from the hypothesis that @ remains constant in time.
In particular, the product o, though independent of the cal-
cium chloride concentration, probably depends on the protein
concentration. Addressing these limitations would demand a
significant improvement of the theoretical description, which
falls out of the scope of the present paper which aims to provide
a first order description of the phenomenon and experimental
data on the basis of a simplified physical model.

With a few simplifications detailed in the Supporting Infor-
mation, the model also has a long-time asymptotic analytical
solution, simply given by w = 1+ a/%,X, where ; is the non-
dimensional time derivative of the front position. This result,
shown in the dashed line in Figure 4, requires about the phys-
ical causes. The inverse proportionality with respect to the front
position simply comes from the slowing down of the osmotic
fluxes due to water permeation through the gel. The aggregates
only accumulate in the vicinity of the reaction front, since they
are simply advected at a larger distance and do not penetrate
the gel phase. Thus, apparent front position velocity 9ch also lim-
its the concentration increase, since the aggregates do not have
the time to accumulate when it is large. Interestingly, the exis-
tence of a uniform region (w = cst) comes from the fact that
both effect compensate each other: %X = cst in the diffusion-
limited regime where the front position increases asymptoti-
cally as the square root of time. On the contrary, we could inter-
pret the existence of a shell as the consequence of the reaction-
limited regime at short times, since the front position increases
more rapidly than its velocity decreases in between the two
asymptotic regimes.

The theoretical framework proposed has important practical
consequences as it allows to predict the formation of a shell, i.e.,
the establishment of a concentration gradient near the interface
of a gelified material. It provides a comprehensive description
that could be used to enhance or limit this spontaneous struc-
turation. Two main features are relevant. The first one is the non-
dimensional parameter a = koIl/nD,, which compares the or-
der of magnitude of the osmotic flux with ionic diffusion. The
concentration increase in the shell layer is indeed proportional
to this parameter. It can thus be enhanced by increasing the os-
motic pressure, the gel selectivity and permeability. The a param-
eter is inversely proportional to the product of the ionic diffu-
sion coefficient with the solvent viscosity. Since both are related
to each other (D,x1/#), their product cannot be varied signifi-
cantly. The second relevant feature is related to the gelation ki-
netics. As explained in the previous paragraph, the width of the
shell, where the concentration gradient develops, is directly con-
trolled by the gelation front dynamics. The gel concentration de-
creases until the transition between reaction-limited regime and
the diffusive one. More precisely, the width of the shell was found
to be a few units (typically 5) in the non-dimensional coordinates
%. Coming back to physical quantities, the shell width is a few
times the characteristic distance of the reaction-diffusion phe-
nomenon, i.e., 1/Dy/kC,. One thus needs to limit the reaction
rate in order to obtain large shells, and vice versa.
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3. Discussion and Concluding Remarks

It is evidenced in this work that different hydrogels act as semi-
permeable membranes to ions. It is not surprising from a phys-
ical point of view because of the presence of charges on the gel
constitutive elements. More striking is the observation that this
selectivity - though small in the system studied - is effective dur-
ing the gelation phenomenon itself, which is induced by calcium
ions. As a direct consequence, an osmotic flow competes with
the diffusion process and is quantitatively accounted for by the
Kedem-—Katchalsky equation. The simple experimental setup and
protocol used in this study is of great interest for the characteri-
zation of hydrogels permeability and selectivity.

Let us emphasize the consequence of the simultaneity of the
gelation and of the osmotic flow: it results in the spontaneous
establishment of a concentration gradient in the gel. The con-
centration increase is predicted by using a simple mass balance
equation, where colloids are advected by the osmotic flow in the
non-gelled region, and kinetically arrested in the gelled one. De-
spite requiring refinements for more accurate predictions, the
proposed model accounts for the gelation kinetics, the osmotic
flux and the concentration increases. It highlights that the for-
mation of a shell at the boundary of the gel is directly controlled
by the gelation kinetics. More precisely, its width is controlled
by the kinetics, and its concentration is by the osmotic flux. In
this study, calcium chloride is used to induce both gelation and
osmosis. It would be interesting to use another type of ions in
order to be able to control both the width and concentration of
the shell independently.

Concentration gradients in alginate-based hydrogels have been
reported in many studies.*'-**) It has been proposed and mod-
eled by several authors®**35] that the dense layered formed
near calcium (or other bounding ions) reservoir was due to a
rapid binding of biomacromolecules by the ions, leading to a
depletion zone. This depletion zone then drives the diffusion
of free oligomers which increase the gel concentration. Coupled
reaction-diffusion models indeed allow to account for concentra-
tion gradients. The mechanism proposed in this paper is very dif-
ferent since it is based on an osmotic flux driven by ion concen-
tration difference between the two ends of the systems, without
the need of a complex interplay between reaction rates and dif-
fusion differences between species. While it is possible that the
reaction-diffusion mechanism could be responsible for concen-
tration gradients in alginate gels, it cannot apply to gels of protein
aggregates due to their small diffusion coefficient. Furthermore,
the quantitative consistency of the osmotic mechanism detailed
in the present work strongly support this scenario for gels formed
by low-diffusivity colloidal precursors. Regarding alginate gels,
we report here that they exhibit a small but non negligible selec-
tivity to calcium chloride (o = 7 x 107%), greater than measured
for the gels of protein aggregates. It is therefore possible that in
some cases, osmotic fluxes which have been neglected in pre-
vious work, could play an important role in addition to mecha-
nisms based on reaction kinetics and on the difference in diffu-
sion coefficients.

The gels used in this study exhibit a very low selectivity,
and it was necessary to use very concentrated calcium chloride
solutions to trigger an important concentration gradient. The
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phenomenon described here can be directly transposed to more
selective gels and lower ionic concentrations.

It offers promising perspectives in terms of biomaterials struc-
turation, as the dense shell is formed spontaneously. For ex-
ample, in a recent communication, using the same material,
we reported about the fabrication core-shell fibers at high cal-
cium chloride concentrations,® but not at low ones. It is clear
that those previous observations directly correspond to the self-
filtration phenomenon described here. Beyond material applica-
tions, the findings could also have implications in biological pro-
cesses where hydrogels (e.g., mucosal barrier layers) are natu-
rally building.

4. Experimental Section

Solutions:  The solution of whey protein aggregates was prepared from
WPI Prolacta 95, purchased from Lactalis Ingredients as a dry white pow-
der with the following composition (in g/100g): protein 88.5 (65% p-
lactoglobulin, 20% a-lactalbumin, 10% soluble caseins, 5% bovine serum
albumin, and immunoglobulin), moisture 5.6, ash 1.9, fat 0.5, carbohy-
drates 0.14, Ca 0.35, K 0.35, P 0.21, Na 0.15, Mg 0.06, and Cl 0.01. A pro-
tein stock solution of 15% w/w was prepared by stirring the powder in
deionized water at 4°C until complete dissolution, 0.02% of sodium azide
(Sigma—Aldrich, CAS 26628-22-8) was added to prevent bacterial growth.
The stock solution was then diluted to 8% w/w with 10 mM NacCl and the
pH was adjusted at 7.0 pH with a 1 mol L' sodium hydroxide (NaOH)
solution. Aggregates were obtained by heat treatment of the protein so-
lution into 10 mL Pyrex tubes at 92°C for 30 min. The solution was then
immediately placed in ice and kept at 4°C until use. These conditions led
to the formation of aggregates with a hydrodynamic radius R, of 70 nm,
as measured by dynamic light scattering (Vasco Cordouan Technologies,
A =658 nm).

Beforehand, pectin with 35% deesterified carboxyl groups (Cargill,
Malchin, Allemagne) was purified to remove any traces of calcium chlo-
ride or magnesium ions. Pectins (5-10 g) were solubilized at 1% in dis-
tilled water. An ethylenediaminetetraacetic acid solution (EDTA, Sigma—
Aldrich, CAS number 60-00-4, 0.5 mol L1, pH 8.0) was added once the
pectin was solubilized to had 0.035 mol L™" in the pectin solution. The pH
of the pectin solution was adjusted to 8.0 with a 1 mol L~! NaOH solu-
tion. It was then dialzsed, with a 14 000 Da retention threshold membrane,
against distilled water for 10 days until a low and stable conductivity was
reached. The solution was filtered through a cellulose nitrate filter with a
pore size of 5 um before freeze-drying. Finally, a 3% w/w solution of pectin
was obtained by dissolving purified pectin in pure water.

The solution of alginate was prepared by dissolving alginate powder
(CAS number 9005-38-3) in pure water to obtain a final solution of 3% al-
ginate.

A 6 M stock solution of Ca?* was prepared by dissolving calcium chlo-
ride powder (CaCl,, 2H,0) (Sigma—Aldrich, CAS number 10035-04-8) in
distilled water and diluted from 5.6 M to 21 mM.

Labeling Procedure: Proteins were covalently labeled by Rhodamine
B isothiocyanate (RITC) according to the procedure used by [37-39].
RITC (CAS number 36877-69-7) as well as the solvent Dimethyl sulfoxide
(DMSO, CAS number 67-68-5) are purchased from Sigma—Aldrich. RITC
was dissolved at 2.4 x 1073 M in DMSO. This stock solution was then
mixed with a 15% protein solution to obtain final concentrations of RITC
of 1M and WPl A= 15.7 x 1073 M. The pH was then adjusted to 9.5 be-
fore wrapping the bottle in aluminum foil and let to incubate for 10 h under
slow agitation at room temperature. Then, the reaction was stopped with
a solution of ethanolamine at 1.14 x 10™* M (Sigma-Aldrich CAS num-
ber 141-43-5) and dialyzed to remove the unbound fluorescent dyes. Final
WPI concentration was measured by UV absorption at 280 nm using an
extinction coefficient of 1.0061 L g~' cm~'. Then the concentration of WPI
and the pH were adjusted as described in the previous section before the
thermal treatment to obtain fluorescent aggregates.
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Experimental Set Up: Suspensions were gelled in a glass capillary of
rectangular cross-section (1x 0.1 mm) and 50 mm length, Figure 2A. The
capillary was filled by capillarity, which results in two free interfaces, one at
the end of the capillary being flat and which was put into contact with the
calcium chloride solution, while the other end forms a meniscus inside the
capillary, whose position is used to measure the flow rate. In the experi-
ments where a pressure difference was imposed, the capillary was filled by
connecting it to a reservoir containing the suspension of colloids. It was
tested that the shell formation process is independent of the thickness of
the capillary.

In both cases, the filled capillary was fixed on a glass slide and placed
under a fluorescent microscope (Zeiss Axiovert 200M, lens x4). A drop of
calcium chloride was placed on the same glass slide. At t = 0 the capillary
was carefully approached to the drop until they come into contact. The
gelation front then propagated inside the capillary inducing a change in
luminosity which allows to track its position over time. Gelation was ob-
served by bright-field or wide-field fluorescence imaging and a black and
withe camera Basler a2A1920-160umPRO.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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