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Abstract

Using fractal protein aggregates as building
blocks, porous fibers were produced. The sus-
pension of aggregates was co-injected with a so-
lution of calcium chloride. Sol-gel transition of
the suspension was induced by diffusion of cal-
cium ions in the jet. The production of these
fibers required a precise control of both hy-
drodynamic and physicochemical conditions as
hydrodynamic instabilities competed with the
gelation kinetics. By increasing the calcium
concentration, several regimes were observed:
swollen, dispersed and shrunk fibers. In the first
regime, homogeneous fibers were obtained. In
the last one, osmotic phenomena led to a spon-
taneous core-shell structure with a dense shell.
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Hydrogel microfibers have attracted interest
in a wide range of fields: bio-engineering,®
food science? or microelectronics.® The high
surface-to-volume ratio of fibers makes them
an asset for tailoring the rheological proper-
ties of suspensions® and for the controlled re-
lease of molecules.® Nature also offers examples

of protein-based fibers with unique mechanical
strength.% The control of fiber morphology also
opens up new perspectives in term of applica-
tions.” For example, alginate core-shell fibers
were used as scaffold for cells! or for the design
of flexible electronic systems.?® Lipid digestion
was also controlled by encapsulation of lipid in
biopolymers fibers. 2

By taking advantage of the control of multi-
laminar flows, microfluidics is becoming the
method of choice for producing fibers with con-
trolled shapes.” For example, the production of
hollow fibers is generally achieved by the co-
injection of at least three different phases.® The
inner phase contains the compound to be en-
capsulated in the core; the middle phase con-
tains the biopolymer and the external phase
contains the cross-linker which diffuses to form
the shell.? However, these multi-phase reactive
flows of complex fluids are prone to hydrody-
namic instabilities,, '°'? which makes them dif-
ficult to scale-up.

To control not only the shape but also the
structure of the fibers, protein-based colloidal
objects were also used as a building block.” In-
deed, proteins can form colloidal objects with
various structures depending on the physic-
ochemical conditions of aggregation. Nano-
fibrils of proteins were oriented inside the fibers
using microfluidic technologies. 1314 Their ori-



entation and entanglement enabled modulation
of the mechanical strength of the fiber.!® Here,
we went a step further in the formation of
protein-based fibers with a hierarchical struc-
ture by using sub-micrometric fractal aggre-
gates as the building block. The interest of us-
ing fractal aggregates instead of homogeneous
particles lies in the fact that their density p de-
creases as their size R increases, as p oc R4 3
where dy is the fractal dimension. Since, size,
fractal dimension and density of aggregates are
controllable, '17 it should be possible to tune
the physical properties of such fibers (density,
elasticity), if these sub-micrometric aggregates
can be assemble into micrometric fibers.

In this Letter, we focused on the spinning
of edible whey protein isolate (WPI) derived
from cow’s milk which is mainly composed of
two globular proteins, g-lactoglobulin and a-
lactabulmin. At temperatures higher than 65-
70°C, proteins lose their native structure and
form aggregates. Depending on the balance
between repulsive and attractive forces, nano-
fibrils, microgels or fractal aggregates are ob-
tained by changing the pH from 2.0 to 7.0 and
adjusting the ionic strength.'®!® Using frac-
tal aggregates as building blocks, we produced
porous fibers. Gelation was triggered by the
addition of calcium chloride!® in a core-annular
flow. Although this process was simple, obtain-
ing porous fibers required a precise control of
both hydrodynamic and physicochemical condi-
tions. Surprisingly, these fibers spontaneously
exhibited a core-shell structure, triggered by os-
motic phenomena.

The suspension of fractal aggregates was ob-
tained by heat-induced denaturation and aggre-
gation at 92°C for 30 min of a solution of WPI
(17.5 x 10® g/mol) at pH 7.0. The initial dis-
persion used to produce fibers just below the
sol-gel transition, i.e. 8 wt% WPI at 10 mM
NaCl (Fig. 1-a). These conditions led to the
formation of aggregates'” with a fractal dimen-
sion of about 2 and a hydrodynamic radius R,
of 70 nm, as measured by dynamic light scat-
tering (Vasco Cordouan Technologies, A=658
nm). The concentration of the aggregates, Cag,,
was then varied from 6.6 to 10.1 wt%, either
by dilution or by gentle evaporation at 30°C

for several hours. The viscosity of these sus-
pensions was measured using standard rheom-
etry and increased exponentially from 6.9 to 38
mPa.s when the concentration of the aggregates
was increased from 6.6 to 10.1 wt%, in agree-
ment with Ref.?Y By adding calcium chloride
at room temperature, the suspensions of aggre-
gates gelled for calcium concentrations higher
than 5 mM. It resulted from both screening of
electrostatic interactions and specific binding of
calcium ions to the aggregates. Above 30 mM,
syneresis was observed. 2!

As depicted in Fig. 1-b, the shaping of con-
tinuous gelled fibers requires two key steps: hy-
drodynamic spinning with a core-annular flow
between the suspension of aggregates (inner
phase) and a solution of calcium chloride (outer
phase); maturation of the fibers in a bath of a
calcium chloride solution at the same concen-
tration as that used for the outer flow. This
concentration ranged from 35 mM to 5.9 M and
is expressed as a molar ratio, R,,, between cal-
cium ions and WPI (R,, = 7.8 - 1560).

The core-annular flow was established by a
coaxial needle (Ramé-Hart Instruments), with
inner and outer radii r;, = 178 pm and
ro = 356 pum, respectively. A syringe pump
(Nemesys, Cetoni) was used to control the
core and annular flow rates, Qug and Qc,2+.
The needle was embedded into a fluorinated
ethylene-propylene flexible tube (Fluigent) im-
mersed in a water-bath (27°C). The tube length
L was adjusted from 11 to 225 c¢m in order to
keep the residence time 7, = L/v unchanged
when flow rates were varied, where v = (Qage +
Qa2+ )/7r? is the mean velocity. To avoid long
tube length, 7. was set to 6 s, which was al-
most two orders of magnitude lower than the
characteristic time of calcium ions diffusion in
the core of the flow 74 ~ r?/D =~ 300-500 s.
However this short first step was sufficient to
stabilize the fiber by ionic cross-linking of the
aggregates at the periphery of the inner jet, Fig
1-e. In order to induce a complete gelation of
the fibers, they were stored for 20 min in a cal-
cium bath, Fig 1-b, f. Afterwards, a suspension
of fibers with diameter of 100 ym and a few cen-
timeters in length, was obtained, Fig 1-c. Fig
1-d shows a fiber that was strained up to 100 %



a 10 1°°
(@) gleves o 9 (b)
S ee o~ o Qca2+—
S e ~ e )
R O =2
g4 e e o o o>~ o
© 2 | solution
0
0 20 40 60 80 100
[NaCl] (mMm)

WPI fractal
aggregates

Figure 1: a: Sol-gel diagram of suspensions of fractal WPI aggregates obtained by heating at 92°C
and for 30 min a solution of WPI at pH 7.0. b: Solutions of fractal aggregates were spun in a
core-annular flow with a solution of CaCl, to initiate the sol-gel transition at the periphery of the
fiber. During the maturation step, fibers were kept for 20 min in a solution of CaClsy to completely
gel the fibers. c: Photograph of WPI aggregate fibers. d: Snapshots of a fiber being manually
stretched up to break-up. Scale-bar 1 mm. e-g: Fibers were gelled by diffusion and ionic cross-
linking of Ca?". f: At low ionic strength, the gelation was uniform in the fibers. g: At high ionic
strength, an osmotic water flux from the fiber to the CaCl; solution concentrated the aggregates
at the periphery of the fiber and spontaneously generated a core-shell structure.

of its initial length before break-up. Images of
the gelled fibers were systematically taken by
bright field microscopy (Olympus I1X-72) with
a x4 objective just after the production, and
all along the maturation step.

We will first consider results on the role con-
cerning the role of the hydrodynamic parame-
ters. Depending on the flow rates, either long
fibers or some pieces of gel were observed at the
outlet of the tube (see examples displayed in
Fig. 2-b). The state diagram of fiber formation
(Fig. 2-a) shows that fibers were only obtained
in a narrow range of mean velocity, v; < v < v,
for a given flow rate ratio ¢ = Qca2+/Qage-
When ¢ was increased, the fiber diameter de-
creased but the range of existence was reduced
further as vy increased and vy decreased simul-
taneously.

In core-annular laminar flows of Newtonian
fluids, and after an entrance region of the order
of a few tube diameters, the diameter D of the
inner phase is predicted by solving momentum
balance and mass conservation equations.!! It
reads D = 2r, [(a — 1) / (@ — 1+ m)]"’?, where

m is the viscosity ratio m = ngg2+ /Nag, and
a = /1+m/q. Since we focused on regimes
where ¢ > 1 and m < 1, a« = 1, and the
diameter could be more simply expressed as
D = 2rq/v/T+2q. In Fig. 2-c, this predic-
tion is plotted together with the experimental
data as a function of ¢, and for several molar
ratio R,,. A good quantitative agreement was
found. This was expected since the diffusion of
the protein aggregates was negligible. Note that
a small but significant decrease of the diameter
was observed when the calcium concentration
was increased. This point will be discussed, fur-
ther in this paper.

The two critical velocities vi(¢q) and vs(q)
likely have two different physical origins.

For v < vy, direct observation at the inlet of
the tube revealed the formation of a clog on
the needle that was regularly evacuated. By
introducing a characteristic gelation time 7,, we
can tentatively write that a plug is formed when
the distance travelled by the aggregates during
7, is smaller than the entrance region (=~ r,), i.e.
when 7, < r3/Q,4,- This condition is equivalent
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Figure 2: a: State diagram of fiber production in the v — ¢ plane, for Cyy, = 8%, t = 6 s and
Ca®" = 1.5M. The dashed line is a guide-for the eye corresponding to the high velocity limit v,.
Solid line is the vy criterion given by (1 + q)/7, with 7, = 0.4 s (see text). The dash-dotted line
is the inertial instability threshold determined in Cubaud and Notaro'?. b: Image examples of the
three regimes. Experimental conditions are (from left to right): v = 0.018, 0.0739, and 0.3359 m/s;
q = 40, 10 and 5. c: Fiber diameter measured just after the production, for v = 7.5 x 1072 m/s,
Cage = 8% and t = 6 s. For each calcium chloride concentration, the thinnest fiber produced is
highlighted using a full symbol. At higher ¢, the fibers were cut into small pieces. The solid line
is the model prediction, D = 2r, (1 + 2q)71/ ?. d: Examples of fiber images obtained using bright

field microscopy.

to v < vy, where vy =r,(q+ 1) /7,. It provides
a good description of the low-velocity limit of
the diagram with 7, = 0.4 s (Fig. 2-a, plain
line). This characteristic time is consistent with
the fact that a droplet of WPI dropped in 1.5 M
CaCl; solution gelled almost instantaneously.
Conversely, the high velocity limit, vy, is
likely to arise from flow instabilities, which are
common in core-annular flows of miscible flu-
ids.?? Thread destabilization is triggered by
diffusion or inertia depending on the Péclet
(Pe) and Reynolds numbers (Re).? Our experi-
ments were carried out in flow conditions which
were stable with respect to diffusive instabili-
ties, since Pe = vr,/Dcg2+ ranged from 0.5 to
10 x10*, whereas diffusive instabilities are trig-
gered for Pe smaller than ~ 0.5 x 10.'? Inertia-
driven instabilities were observed for miscible
(and non-reactive) fluids above a critical value
of Reynolds number Re. = 900/q for a vis-
cosity ratio of 10 (Fig. 2-a, dashed-dotted

line). The order of magnitude of Re, matches
the high velocity limit vy, especially for ¢ > 10.
A discrepancy is found at lower ¢, and the
scaling is not consistent, since we found vy ~
q~®. This apparent disagreement might origi-
nate from the fact that in the work of Cubaud
and Notaro,!'? the investigated range of ¢ was
typically 10-1000. Other experimental or theo-
retical work have also been reported on misci-
ble core-annular flow instabilities, 23 2® but only
scarce data as a function of ¢ are available, in
particular for the viscosity ratio range consid-
ered in this Letter. Therefore, it seems diffi-
cult to draw conclusions concerning the low-q
regime (¢<10), but the qualitative agreement
found at higher ¢ with the work of Cubaud
and Notaro supports the idea that the vy limit
of fiber formation was due to inertial hydrody-
namic instabilities.

Since cold-set gelation of WPI is a slow and
complex process (the shear modulus of the gel



(a)
10 - o o O orv® ® ® & o O o O
9 o o O o BB I3 O 00 o]

— swelling dispersed shrunk
S fibers fibers fibers
078' X o O RBRR B B 8 ® ® o 00

j=2
©
O
7 -
X X O X X X XX (e} (e}
no fibers
6- X X X X XX X X X X X X X
10* 102
(b swelling  dispersed shrunk
%00 fibers fibers fibers
250 -‘-
S S A ©
2200 e n
o & O — " Lo
150 | © e o
. C,=92% &°
100 A C, =10.1% o0
10t 10° g 10°
m
(c)
3501 R,=53
v
_300¢ R =28
S m" A
52507 i Lo aa fn
ﬁ A
0200 prn 0 g ljRm=551
150 ¢ R =8.2
OOOOOOOOOOOOOOOO&"OOOO
100
0 500 1000

t(s)

Figure 3: a: State diagram of fiber forma-
tion and maturation for various calcium con-
centrations (converted in molar ratio R,,) and
injected protein aggregate concentration Chgg.
Flow conditions were v = 7.4 x 1072 m/s and
g = 10. Circles stand for stable fibers within
20 min of maturation step. Crossed circles
for cases where a fiber was initially formed
but then was dispersed during the maturation
step. Crosses are for cases where no fibers were
formed. b: Final fiber diameters (after 20 min
maturation). c: Examples of fiber diameter
measured during the maturation step and plot-
ted as a function of time (Chge = 9.2%). d:
image sequence during the maturation step in
the dispersed fibers regime (R,,, = 53, Cage =
9.2%).

increases slowly over several decades in time?!)
and the residence time is short compared to the

time of Ca?* diffusion, a maturation step was

required to consolidate the fibers.

We observed rather complex phenomena dur-
ing this maturation step, summarized in Fig.
3-a.

At low calcium chloride concentration (e.g.
R,, = 28), the fibers tended to swell (Fig. 3-c).
In contrast, the diameter of the fibers produced
at very high calcium concentration remained
steady. In these two regimes, as cross-linking
by calcium ions is irreversible, fibers could be
stored during several days without any signif-
icant change in size or strength. More sur-
prisingly, in between these two regimes (e.g.
R,, = 53), we observed that the fibers eventu-
ally broke up and dispersed after being swollen
(Fig. 3-c,d). We were not able to produce fibers
at protein concentrations below 6 wt%, Fig. 3-
A. At 8 wt% and above, the three regimes were
systematically observed. Final diameters of the
fibers were roughly independent of protein con-
centration (Fig. 3-b). In the swelling regime,
the final diameter increased from 180 pm up
to 260 pum when the calcium concentration
was increased. In the stable regime, a rather
strong decrease of the diameter was observed
when the calcium concentration was further in-
creased, suggesting a shrinkage occurring dur-
ing the production step.

These observations are puzzling since the in-
crease of the calcium concentration led suc-
cessively to a swelling, then to a dispersion,
and finally to a shrinkage of the fibers. Such
a non-monotonic behavior was reported for
calcium-induced gelation of whey proteins:2°
both the gelation rate and the Young’s mod-
ulus of the gel exhibited a maximum when the
calcium concentration was increased.?6?” Con-
comitantly, the fractal dimension of the aggre-
gates was seen to increase. This phenomenon
might result from a balance between inter- and
intra-aggregate bridging by the calcium ions,
the latter being dominant at high concentra-
tion. This led to a micro-phase separation, as
the density of the aggregates increased due to
intra-aggregate bridging of carboxylate groups.
Similar behavior was reported in globular pro-
tein/polyelectrolyte mixtures as a function of
the charge neutralisation ratio.?®

One macroscopic consequence of this phe-



nomenon is syneresis, which is observed in gels
at high calcium concentration.?! It can explain
both the swelling and the dispersion of the
fibers observed during the maturation step. In-
deed, swelling or dispersion of the fibers were
rather slow, typically 10% s, an order of mag-
nitude which coincides with the diffusion time
of the aggregates over the fiber radius, 75 ~
72/Dygg ~ 8 x 10? s with r ~ 50 pum and
Dygg ~ 3 x 1072 m?/s. The range in calcium
concentration where fiber dispersion occurred
(typically 100 mM) was also compatible with
the onset of macroscopic syneresis?! (30 mM)
for similar initial protein aggregates.

The shrinkage regime observed at even higher
calcium concentration remains to be elucidated
as it does not match this physical picture. In-
deed, shrinkage occurred during the 6 s of the
production step.

An additional physical phenomenon must
therefore be considered. In a forthcoming com-
munication, we proved that gelled biopolymers
such as WPI or alginate very partially act
as a semi-permeable membrane.we proved that
gelled biopolymers such as WPI or alginate very
partially act as a semi-permeable membrane.
The consequence of this behaviour is the spon-
taneous generation of an osmotic flux from the
solution of biopolymer towards the solution of
calcium through the gel at high osmotic pres-
sure difference. This osmotic flux tends to con-
centrate the aggregates in the gel under forma-
tion. Transposing this osmotic flow in the case
of fibers, one can expect, as observed, a shrink-
age of the fibers, together with an increase of
the protein concentration at its periphery, as
shown in Figure 1-g.

To check this assumption, electronic (SEM)
and confocal fluorescence microscopy (Leica
TCS SP8) were used. The apparent porosity
seen on SEM images was due to freeze-drying
(Fig. 4-a,b, see Supp. Mat.). Fibers produced
in the low calcium concentration regime exhib-
ited a uniform inner structure (Fig. 4-a). In
contrast, those obtained in the high concentra-
tion regime showed a dense shell surrounding a
core (Fig. 4-b). This core-shell structure of the
shrunk fibers was further confirmed more quan-
titatively using confocal microscopy by imaging

the fibers mid-plane Fig. 4-c,d. As WPI were
labelled with a fluorescent dye,* the fluores-
cent intensity is approximately proportional to
the protein concentration. The shrunk fibers
exhibited an intensity gradient along the ra-
dial direction, whereas the fluorescent intensity
was constant for the fibers produced at low cal-
cium concentration (Fig. 4-d). The excess pro-
tein concentration in the shell was about 20%
for the shrunk fibers. This order of magnitude
might appear moderate, but it represents a sig-
nificant increase in terms of mechanical proper-
ties?!. These observations are consistent with
the scenario proposed above: an osmotic flow
occurred from the inside to the periphery of
the fiber, leading to an increase of the aggre-
gate concentration in the shell, and a decrease
of its radius.

In conclusion, fibers made of whey protein
aggregates were shaped by hydrodynamic spin-
ning. Fiber diameter was simply tuned by the
hydrodynamic conditions. The velocity range
where long and uniform fibers could be pro-
duced, was relatively narrow because the ve-
locity needed to be sufficiently high to delay
gelation near the inlet, and sufficiently low to
prevent hydrodynamic instabilities. The con-
centration of calcium ions had important con-
sequences. At low concentrations, fibers with
uniform inner structure were produced. Then,
fibers were not stable. At very high calcium
concentrations, fibers shrunk and exhibited a
dense shell. Although the intermediate regime
is probably specific to the particular interac-
tion between the whey proteins and the calcium
ions, the concentration gradient observed in the
high concentration regime is likely to be generic
to other systems. It was interpreted as a con-
sequence of an osmotic flow taking place from
the inside to the outside of the fiber. The pos-
sibility of obtaining a composition gradient or
a core-shell structure spontaneously paves the
way to controlling the structure of fibers or mi-
croparticles made of colloidal particles.
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Figure 4: Imaging of freeze-dried fibers by scanning electron microscopy at low (a, R,, = 17)
and high (b, R,,= 145) calcium concentrations. The apparent porosity was due to freeze-drying.
Confocal scanning microscopy of the mid-plane of fibers made of WPI labelled with a fluorescent in
distilled water at low (c, R,, = 17) and high (d, R,,= 145) molar ratios. e: Fluorescent intensity
profile along the radial direction r of the fiber (red lines) at high and low molar ratios and for
fibers of different diameters. For each sample, the fluorescent intensity is an averaged over 4-5
cross-sections and was rescaled by the mean intensity.

Supporting Information Avail-
able

A table of the notations and a description of the
experimental procedure for scanning-electron
microscopy are given in supplementary mate-
rial.
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