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Wet spinning and radial self-assembly of a carbohydrate low
molecular weight gelator into well organized hydrogel filaments

A single biocompatible small molecule, the N-heptyl-p-
galactonamide can be spun into well-defined hydrogel filaments.
A solution of this molecule in dimethylsulfoxide is injected in
water, resulting in the formation of a continuous filament. The
counter-diffusion of water and dimethylsulfoxide triggers the
self-assembly of the molecule into supramolecular nanofibers. A
radial organization of the fibers was observed in the gel filaments.
This method could be used for making well-defined cell culture
scaffolds.
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Introduction

Wet spinning and radial self-assembly of a
carbohydrate low molecular weight gelator
into well organized hydrogel filaments¥

Anais Chalard,®® Pierre Joseph,® Sandrine Souleille,® Barbara Lonetti, (2
Nathalie Saf‘fon—Mﬂe\rceron,C Isabelle Loubinop’lx\,d Laurence Vaysse,®
Laurent Malaquin @ ® and Juliette Fitremann @ *@

In this work, we describe how a simple single low molecular weight gelator (LMWG) molecule -
N-heptyl-p-galactonamide, which is easy to produce at the gram scale — is spun into gel filaments by a
wet spinning process based on solvent exchange. A solution of the gelator in DMSO is injected into water
and the solvent diffusion triggers the supramolecular self-assembly of the N-heptyl-p-galactonamide
molecules into nanometric fibers. These fibers entrap around 97% of water, thus forming a highly
hydrated hydrogel filament, deposited in a well organized coil and locally aligned. This self-assembly
mechanism also leads to a very narrow distribution of the supramolecular fiber width, around 150 nm. In
addition, the self-assembled fibers are oriented radially inside the wet-spun filaments and at a high flow
rate, fibers are organized in spirals. As a result, this process gives rise to a high control of the gelator self-
assembly compared with the usual thermal sol—gel transition. This method also opens the way to the
controlled extrusion at room temperature of these very simple, soft, biocompatible but delicate hydrogels.
The gelator concentration and the flow rates leading to the formation of the gel filaments have been
screened. The filament diameter, its internal morphology, the solvent exchange and the velocity of the jet
have been investigated by video image analysis and electron microscopy. The stability of these delicate
hydrogel ropes has been studied, revealing a polymorphic transformation into macroscopic crystals with
time under some storage conditions. The cell viability of a neuronal cell line on the filaments has also
been estimated.

and result in the formation of gels (Fig. 1). Since the self-
assembly results from low energy interactions (hydrogen

In the context of tissue engineering, we are interested in the
development of Low Molecular Weight Gelators (LMWGSs or
simply molecular gelators) based on saccharides as scaffolds
for cell culture. They form a family of materials currently emer-
ging for cell culture, opening the way to innovative approaches
in this field. These soft materials are not based on polymers
but on the self-assembly of small molecules. The self-assembly
phenomenon provides fibrillary structures that entrap water
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bonds, hydrophobic interactions, n—r stacking, etc.), the stabi-
lity, the mechanical properties, the amount of molecules
released and the clearance are different from those of poly-
mers. Also, the self-assembly leads to a wide diversity of fibril-
lary organizations that are not observed with polymers. Yet it
has been shown that the structure of these fibers at the micro-
metric/nanometric scale has an impact on the behavior of the
cells seeded in these gels."” Several LMWGs are suitable for
cell culture.>® Most of them are based on peptides, but other
families of LMWGs are also promising for these applications,
based on carbohydrates,”*'® nucleosides'”>* or other build-
ing blocks.>* Our objective was to explore some of the simplest
members of this family, for cell culture applications and also
for other applications in materials chemistry.

In this context, we recently showed that a very simple syn-
thetic molecule of a low molecular weight, the N-heptyl-p-
galactonamide (Gal-C7, M.W. 293) - which is easy to produce
at the gram scale - provided good results for the culture of a
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Fig. 1 Structure of the Gal-C7 molecule and the self-assembly mechanism.

neuronal cell line (Neuro2A) and adult human neural stem
cells (hNSCs).” It has been related notably to the very low rigid-
ity of these gels, which is known to be suitable for the growth
and differentiation of neuronal cells.* Still in the context of
it has been shown that oriented
scaffolds are able to guide the development of neurites and

neuronal cell culture,

axons in one preferential direction and can help in a suitable
tissue reconstruction.”®® Thus, for the scaffolding purpose,
and also more generally for extending the scope of LMWG
applications, our objective was to explore how fluidics (or
microfluidics) can drive the self-assembly of the gelator into
well-defined structures and shapes.

In the context of LMWGs, examples that tackle the control
of self-assembly by using external fields still remain scarce.
Applying well-controlled external triggers should bring inter-
esting self-assembling effects and may result in new kinds of
self-assembled materials with more controlled properties.

26,29-33 o1

Some studies described the use of shear stress,
trolled reagent exchanges in microfluidic devices,
cal®® or magnetic fields,*®*" surface effects®>™** or ice growth®
to control self-assembly. While microfluidics is often used to
control the self-assembly of micelles, particles, liquid crystals
and some polymers,*®*” it is scarcely the case for molecular
gels. Concerning the Gal-C7 hydrogel, the direct shearing of
the gel to promote alignment was not possible because this
kind of gel undergoes strong synaeresis when a mechanical
stress is applied. For this reason, we explored a different way
to work with this hydrogel.

Despite its galactonamide polar head and a quite short
alkyl chain, the Gal-C7 molecule has very low solubility in
water. It appeared that it might be possible to take advantage
of this low solubility to trigger the self-assembly of the mole-
cules by precipitation in water under controlled conditions.
This principle is used for polymers in the technique of wet
spinning. It consists in dissolving a polymer in a good solvent

34738 electri-
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(this solution is called the “dope”) and extruding it into a non-
solvent (called the “coagulation bath”) that triggers the precipi-
tation of the polymer by counter diffusion. Wet spinning has
regained interest recently for the production of fibers made
out of biocompatible polymers such as collagen,*® poly(i-lactic
acid)* or polycaprolactone,®® alginate,”* chitosan,’*>* silk-
worm®® or spider silk,*” and notably for tissue engineering
applications. Another advantage of wet spinning is that it can
be scaled down to microfluidic systems in order to form micro-
metric or even nanometric yarns; and also to achieve different
structures and organizations of the fibers: hollow, multi-com-
ponent, grooved or even coded fibers can be fabricated by
using the right types and layout of channels.”® Furthermore,
wet spinning can be adapted to additive manufacturing and
3D printing techniques, through the precise deposition of the
wet-spun fibers in three dimensions.’>®® Despite the use of
the solvent exchange principle for preparing “bulk” molecular
gels,®" very scarce examples describe the use of this physico-
chemical principle to spin fibers of supramolecular materials
and non-polymeric “small” molecules while triggering their
self-assembly. One study deals with the self-assembly by wet
spinning of emulsion droplets charged with a copolymer.®
Otherwise few studies implemented electrospinning tech-
niques for spinning small molecules without a polymer carrier
(and without a coagulation bath), such as non-polymer
liquid crystals,® self-assembling peptides,®"®> tannic acid,®®
cyclodextrins®”®® or lipids.®® In these cases, fibers made of the
pure compound, thus, which are not gels, are obtained.

In this work we report the production of highly hydrated gel
filaments, resulting from the self-assembly of a small molecule
by solvent exchange, the N-heptyl-p-galactonamide under wet
spinning conditions. The influence of the spinning parameters
on gelation such as the flow rate, the dope concentration (i.e.
the concentration of the gelator solution in DMSO) or the
needle gauge is studied. The internal microscopic organization

This journal is © The Royal Society of Chemistry 2019
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of the gel filaments was investigated by electron microscopy
and scattering techniques, showing a well-defined organiz-
ation of the self-assembled nanometric fibers. The diameters
of the dope jet and of the resulting filament, and the velocity
of the jet in the coagulation bath have also been investigated.
Finally, the stability and the lifespan of the gel filaments were
determined under different conditions, revealing polymorphism.

Since the gel itself is formed by the self-assembly of the
molecule into nanometric fibers, for the sake of clarity,
throughout the rest of the paper, the terms “filament” or
“rope” will be used for the fibers of the gel resulting from the
wet spinning process. The term “fiber” will stand exclusively
for the nanometric fibers resulting from the self-assembly
process of the Gal-C7 molecule, structuring the core of the gel
filament.

Results and discussion
Application of wet spinning to N-heptyl-p-galactonamide

The N-heptyl-p-galactonamide (Gal-C7) hydrogels are usually
prepared by cooling a 100 °C-heated solution of the gelator, at
a typical concentration around 0.5 wt%. Upon cooling, the
supramolecular fibers self-assemble (Fig. 1), resulting in a very
wide size distribution (see Fig. 7g).> Some of these fibers reach
a millimetric length and several microns of width. The sol-gel
transition occurs at high temperature, around 65 °C, preclud-
ing notably the introduction of living matter before setting. In
addition, these gels are known to be mechanically very deli-
cate. When a shear stress is applied, the gel undergoes synear-
esis, leading to water expulsion and the formation of a
compact fiber mat. For this reason, this gel cannot be injected.
To solve both problems, and also to study in a larger context
different ways to self-assemble these molecules, we were
looking for solutions to trigger the formation of the hydrogel
at room temperature by fluidic methods.

The Gal-C7 molecule is soluble in a few organic solvents,
including DMSO (dimethylsulfoxide), hexafluoropropanol or
methanol, and it is very poorly soluble in water at room temp-
erature. DMSO was first selected because it is the most suited
solvent for further biological applications: even though it can
be detrimental for cells at high concentrations, it is non-toxic
at lower ones and can be easily washed from the gel since it is
miscible with water. By dissolving Gal-C7 in DMSO and inject-
ing the solution in water, interestingly, we observed that a con-
tinuous filament of gel was produced (Fig. 2). This result was
not really expected, since most of the time, the precipitation of
a solute into a non-solvent bath leads to discontinuous aggre-
gates. In the case of the Gal-C7 solution, both the properties of
the solvent and the self-assembly mechanism promoted the
formation of a continuous filament instead of discrete precipi-
tation. As a matter of fact, DMSO is denser than water and it
dives into the bath forming a continuous string instead of
quickly mixing with water (Fig. 2d).

When extruding the DMSO gelator solution in the water
bath, coagulation occurs by solvent exchange by counter

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 a. Experimental setup used for the generation of a continuous
gel filament. b. Coiled filament of the gel obtained after the extrusion of
a 4 wt% Gal-C7 solution in DMSO (50 pl min~, 20G needle, ID
600 pm). c. Principle of the wet spinning technique: the gelator solution
in DMSO is extruded through the syringe and a counter diffusion between
DMSO and water occurs, resulting in the progressive gelation of the
jet. d. Observation of the DMSO jet after the needle exit (30 pl min™).

diffusion. When water meets the gelator molecules, it triggers
their self-assembly into nanometric fibers that retain water
and thus form the hydrogel. Due to a simple effect related to
the mechanics of ropes,”® the gel falling in the solution often
wraps in a coil, giving in those cases spontaneously locally
aligned filaments.

Conditions for the formation of a continuous filament of the gel

In order to determine the most suited conditions to obtain
Gal-C7 filaments, and also to check the robustness of the
process, phase diagrams were established by setting the follow-
ing parameters: the applied flow rate, the concentration of the
Gal-C7 solution and the needle gauge. The bath temperature
was kept constant at 22 °C (room temperature). The flow rates
applied by the syringe pump varied from 0.5 to 200 pL min™",
the solution concentrations from 1.25 to 5 wt% and the needle
inner diameters (ID) from 160 to 600 pm (30G to 20G). The
phase diagrams were then based on simple visual observations
and are presented in Fig. 3 (the different experiments at a
given concentration have been slightly shifted from each other
for clarity). Three regimes were identified (with a color code
given on Fig. 3), separated by two transition regions: (i) the gel
forms a clog directly after exiting the needle (red); (ii) a stable

Nanoscale, 2019, 11, 15043-15056 | 15045
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Fig. 3 Flow rate/concentration phase diagrams for the Gal-C7 wet spinning. The different needle inner diameters (see inset for “Needle ID") are rep-
resented by different marker shapes (squares, diamonds, stars, etc.). On the X-axis is represented the different concentrations of the gelator solution
in DMSO. All the experiments were performed at precise concentrations (1.25/2.5/4 and 5 wt%), but for displaying the results of these experiments in
the same diagram, the markers were slightly shifted from each other. Photographs of the different states of the gel are given on the top (from left to
right): gelation at the bottom of the tank; filament of the gel; clog at the exit of the needle.

continuous filament is obtained (purple); and (iii) the gelation
does not occur before reaching the bottom of the bath and no
filament is formed (light blue). Between these well defined
regimes, two transition regions were observed: (iv) a filament
is formed but the needle is clogged after a few seconds (pink);
and (v) the gelation occurs but to a rather lower extent in the
bath (blue).

The main information we extracted from this diagram is as
follows. First, it provides the conditions of the concentration
and flow rate to obtain the desired continuous gel filaments.
They can thus be formed with Gal-C7 concentrations between
2.5 and 5 wt% and flow rates between 5 and 50 pL min™".
When the concentration was too low (1.25 wt%), we were not
able to find any condition for which a continuous filament
was formed. This result illustrates the fact that a continuous
gel filament can be obtained only when the supramolecular
fibers are dense enough to be more or less intertwined (see
part 4). If the concentration of the molecule is too low, the
supramolecular fiber network is too sparse to sustain a con-
tinuous string. Secondly, when the concentration increases, a
higher flow rate must be applied to avoid clogging. More gen-

15046 | Nanoscale, 2019, 11, 15043-15056

erally, at any concentration, if the flow rate is too low, a clog
tends to form at the exit of the needle. Conversely, when the
flow rate is too high, the solution does not have time to gel
before reaching the bottom of the bath. These results are
directly explained by the contact time of the DMSO/Gal-C7
solution with water. If the flow rate is too slow, water can
diffuse early in the DMSO/GalC7 solution, resulting in clog-
ging. If the flow rate is too high, the water does not have the
time to diffuse inside the DMSO liquid rope before it reaches
the bottom. It means that there is an optimal flow rate window
within which the jet speed and the water diffusion match to
trigger the gelation into a continuous filament. Concerning
the needle diameter, surprisingly, this parameter does not
seem to influence much the position of the limits in the
diagram.

Characterization of the spinning process

The gelation mechanism and the solvent exchange occurring
in the wet spinning process were investigated with different
methods.

This journal is © The Royal Society of Chemistry 2019
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Characterization of the solvent exchange and the gelation
mechanism. In order to highlight the solvent exchange occur-
ring during the extrusion, fluorescence markers were intro-
duced into the GalC7/DMSO solution and tracked with a
microscope camera adapted to fluorescence observations. The
DMSO diffusing out of the jet throughout the fall and the gela-
tion were characterized with fluorescent beads (1 pm diameter)
introduced into the GalC7/DMSO solution. The fluorescent
beads are big enough so that they do not diffuse with the
DMSO and stay with the gelator inside the jet. Fig. 4a shows
the white light (Fig. 4a1), the fluorescence (Fig. 4a2) acqui-
sitions and the resulting image when the two are superim-
posed (Fig. 4a3). The latter reveals the DMSO surrounding the
fluorescent jet (a grey-brown layer) where the gelator and the
beads are, especially at the bottom of the picture. This shows
that indeed the DMSO diffuses out of the jet into the water
bath, and this occurs rather early in the process (1 cm after the

1mm 1mm 1mm

Fig. 4 al-3: Characterization of the DMSO diffusing out of the forming
gel filament ~1 cm after the needle exit. White light (al) and fluor-
escence (a2) observations of the jet and the superimposition of the two
pictures (a3). b1-3: Characterization of the water diffusion throughout
the fall of the DMSO solution. The pictures were taken at the following
distances: 0 cm (b1), ~#3 cm (b2) and ~6 cm (b3) after the needle exit.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

exit of the needle). The second experiment aimed at character-
izing the diffusion of water inside the jet and the subsequent
gelation of the solution. For this purpose, salicylaldehyde
azine, which has the ability to form fluorescent aggregates in
the presence of water (“aggregation induced emission” or AIE),
was used. A fluorescent layer was observed at the edges of the
jet and progressively thickened towards the center (Fig. 4b).
Since the fluorescence only occurs when the salicylaldehyde
azine is exposed to water, this highlights the diffusion of water
inside the DMSO jet, and thus the progressive gelation of Gal-
C7 from the edges towards the center of the jet. At the end of
the fall, the fluorescence is homogeneous in the filament and
the gelation is complete.

Jet velocity. The velocity of the DMSO jet after exiting the
needle was measured. This piece of information is crucial for
the potential application of the process to 3D printing, since
the printing speed has to be in accordance with the extrusion
velocity. These data cannot be simply calculated with the
needle section and the flow rate set because the composition
of the jet changes along the fall in the bath, due to solvent
exchange. To measure the jet velocity, 15 um fluorescent poly-
styrene beads were incorporated into the gelator solution and
the extrusion was observed with the microscope camera
adapted to fluorescence observations (Fig. 5a and c). The
beads were big enough to be easily observed with the camera
and diluted enough so that they did not disrupt the flow. Only
low flow rates were analyzed in order to be able to clearly dis-
tinguish the beads individually and measure their velocity
while flowing. The jet velocity was measured in the case of a
5 pl min™" flow rate with a 20G needle and a 2.5 wt% gelator
solution containing the beads. The measured velocities are
presented in Fig. 5b. The jet diameter along the Z axis, namely
the profile of the jet, was extracted from the superimposed
images of the fluorescent beads (such as the one presented in
Fig. 5a) and is reported in Fig. 5d.

What can be seen in Fig. 5b and d is that the velocity of the
beads is consistent with the shape of the DMSO jet since the
velocity increases as the diameter of the jet decreases. This
thinning of the jet is actually due to gravity that pulls the
DMSO jet, making it take this hyperbolic shape at the exit of
the needle. After a few millimeters, the jet velocity is quasi con-
stant as well as the jet diameter, probably due to a balance
between the gravitational force and viscous friction that estab-
lishes between the jet and the resting solution surrounding it.
The mean jet velocity for a 5 pl min~" flow rate is of 8.3 +
0.5 mm s~ (see Table SI-11). The effective flow rate (Qcs) was
then calculated from the measured velocities and diameters,
thanks to eqn (1):

Qeff =V X S (1)

(where Q. is the effective flow rate, v is the mean measured
speed and S is the jet section. The section of the jet was
measured from Fig. 5d at the plateau: mean diameter of the jet
=176 pm). As a result, the mean effective flow rate is thus Qe
=12.6 ul min~?, instead of 5 pl min~'. This difference high-

Nanoscale, 2019, 11, 15043-15056 | 15047
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Fig. 5 a. Snapshot of the video acquired to measure the jet speed. b. Speed of the fluorescent beads along their fall with a 5 ul min* flow rate and
a needle ID of 600 pm (20G). c. Mean flow profile obtained from the flow of fluorescent beads in the DMSO/Gal-C7 solution at 5 ul min~ (needle
ID: 600 pm, 20G); different frames from the video were superimposed resulting in this image. d. Diameter along the jet measured on the same

photograph as c.; three different experiments were performed.

lights that matter is somehow added in the jet during the
process, revealing the fact that there is an exchange of the
solvent during the spinning and that the composition of the
DMSO jet changes along its fall into the bath.

Analyses of the jet and filament diameters. To characterize
the wet spinning of Gal-C7 hydrogels, the relationships among
the set conditions, the diameters of the DMSO jet and the
ones of the final filament were investigated. To do so, the dia-
meter of the DMSO jet and that of the obtained filament were
measured under various conditions. The influence of the flow
rate and of the needle gauges (20G, ID = 600 pm, orange
markers and 27G, ID = 210 pm, blue markers) was evaluated.
The solution concentrations also varied, since it was necessary
to select conditions of the concentration where a filament is
obtained at the flow rate selected (see the phase diagram in
Fig. 3). Indeed, at low flow rates, only the less concentrated
solution forms a filament and at higher flow rates, a more con-
centrated one is needed. For each condition, the filament dia-
meter was measured by optical microscopy, as well as the jet
diameter at 2.3 mm after the needle exit (maximum distance
on the acquired images), thanks to the microscope camera.
The results are reported in Fig. 6.

15048 | Nanoscale, 2019, 11, 15043-15056

The first thing to note is that, the higher the flow rate, the
wider the diameters. Moreover, the resulting gel filament dia-
meter is much smaller than that of the DMSO jet after the
needle exit. The needle gauge (orange versus blue curves) has a
significant influence on the jet diameter (Fig. 6a) but it does
not affect the gel filament diameter (Fig. 6b). Actually, the jet
diameter is measured very close to the needle exit (2.3 mm
after, whereas the total fall height is 80 mm) and at this dis-
tance, it is mainly set by the needle size. Different phenomena
occur between 2.3 mm and 80 mm: the jet thinning continues
slightly after 2.3 mm (Fig. 5d) and the progressive solvent
mixing and gel formation may change the volume of the jet.
These phenomena may explain the difference in diameters
between the jet measured early during the fall and the final
gel filament.

What is also noticeable is that the solution concentration
does not significantly influence the diameter of the jet since it
is possible to build a continuous curve out of the two concen-
tration conditions, 2.5 and 4 wt%. This result tends to show
that, at these concentrations in DMSO, Gal-C7 does not induce
viscoelastic effects. In the case of the gel filament, this one is
slightly thinner with a lower concentration (2.5 wt%) when the

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The jet (a) and the resulting filament diameters (b) were measured for different flow rates and for different needle internal diameters. Two
needle gauges were used: 20G (orange) and 27G (blue). Two gelator concentrations in DMSO were also used: 2.5 wt% (circles) and 4 wt% (squares).

smaller needle is used (27G). This difference is amplified
when the large needle (20G) is used: a discontinuity between
the curves at 2.5 wt% and the curves at 4 wt% is observed. In
this case, the more the gelator, the larger the gel filament.
However, the effect of the concentration is quite small,
showing that the filament and jet diameters seem to be mainly
set by the flow rate and by gravity.

Microscopic characterization and composition of the
filaments

The microscopic structure of the gel filaments and their com-
position were studied by optical and electron microscopy and
by thermogravimetric analysis.

Optical and electron microscopy observations. The gel fila-
ments can be easily observed with transmission optical
microscopy because their size is of several hundreds of
micrometers and they are translucent enough to see through
(Fig. 7a and b). The constituting fibers of the gel can even
sometimes be outlined, especially on the edges of the fila-
ments, and a radial fiber organization is suspected (Fig. 7b).
The diameters of the filaments were measured by this tech-
nique. For example, in Fig. 7a, the resulting diameter of the
fibers is 205 pm and in Fig. 7b it is 180 pm.

The microscopic structure of the wet-spun filaments was
further analyzed by cryo-SEM, highlighting the internal organ-
ization of the wet-spun gel filaments of Gal-C7 (Fig. 7c-e).
They are sustained by a network of supramolecular fibers orga-
nized in radially oriented clusters. Interestingly, when the flow
rate is high (100 pL min™"), fibers organized in spirals are
observed, with a spiral size around 200 pm, matching the fila-
ment section (Fig. 7e). The gelator acts as a tracer of the
diffusion mechanism during the spinning process. The gel
network is also very different from the one obtained in “bulk
gels” prepared by cooling down a hot gelator solution in water
(Fig. 7g).> First, the size of the constituting fibers is much
reduced in the case of wet-spun gels compared to that of the
bulk ones (Fig. 7g): the mean fiber width is around 140 nm for

This journal is © The Royal Society of Chemistry 2019

wet-spun hydrogels whereas the median width for bulk Gal-
C7 hydrogels is 1.5 pm. Secondly, the width distribution of the
supramolecular fibers: 136 + 37 nm, is rather narrow in the
wet-spun filaments, while in the “bulk gel” a very large distri-
bution: 1.46 + 2 pum is observed (see Fig. SI-2}). This result
shows that the wet spinning enables a high control of the
supramolecular fiber formation. Finally, the spatial organiz-
ation of the fibers in the core of the filament is also striking.
There seems to be a general radial organization of the fibers
inside the filaments, which can be outlined on the cross
section (Fig. 7c) or on the axial section (Fig. 7d), even if not all
the fibers follow this pattern. Indeed, this organization results
from the radial diffusion of water inside the liquid rope. In
Fig. 7d, the edges of a filament can be outlined: the fibers
mostly grew perpendicularly to the edge of the filament and go
towards its center. As a consequence, the fibers are locally
aligned at a microscopic level by this process. The wet spin-
ning techniques thus enable obtaining radially organized
supramolecular fibers with a narrow size distribution.

Cryo-SEM also confirmed the filament diameters on some
pictures, such as that in Fig. 7a with a diameter around
120 pm, which matches the optical observations.

Thermogravimetric analysis. The ratio of water, DMSO and
the gelator in wet-spun Gal-C7 gel filaments was determined
by thermogravimetric analyses (TGA) (Fig. SI-3t). The results
show that the filament is composed of 3 wt% of Gal-C7 and
97 wt% of water. No remaining DMSO could be detected since
no corresponding signal was observed in the thermogram.
This result was promising for cell culture applications because
the diffusion in the bath during the wet spinning process
already significantly decreases the amount of DMSO in the
filament.

Lifetime of the wet-spun filaments

Morphological transformation of the filaments into crystals.
We earlier observed that the gel filaments formed by the wet
spinning process are rather delicate. Actually, they are made of
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Fig. 7 (a and b) Optical microscopy of gel filaments (4 wt%, 50 ul min~, 20G needle ID = 600 pm). (c—e) Cryo-SEM observations of gel filament
sections. (c) Cross section of a filament (4 wt%, 50 pl min~, 20G needle). The dotted circle shows the section of the rope. The resulting diameter is
around 120 um. (d) Axial section of a gel filament (5 wt%, 50 pl min~?). The dotted lines show the edges of the filament. The radial arrangement of
the supramolecular fibers can be seen. (e) At a higher flow rate (5 wt%, 100 ul min™), fibers organized in spirals are observed:; (f) Supramolecular gel
fibers at a higher magnification (5 wt%, 100 ul min™). (g) For comparison: cryo-SEM of a bulk Gal-C7 gel prepared by cooling down a hot gelator
solution in water (0.45 wt%) and not by wet spinning (see ref. 2). Some fiber widths can reach 15 um.

a hydrogel containing 97% of water, itself sustained by nano-
metric supramolecular fibers in equilibrium with water. They
are resistant when they are manipulated very delicately with a
spatula inside the water bath. But they collapse if they are with-
drawn out of the bath. Two phenomena were observed: a fast
dissolution of the filaments with time when they are kept in a
large volume of water (200 mL) and a morphological trans-
formation of these gel filaments into crystals. The lifetime of
the filaments and their transformation into crystals were thus
determined under different conditions. Their stability in pure
water was studied. Also, because of the potential use of these
wet-spun filaments for cell culture applications, their lifetimes

15050 | Nanoscale, 2019, 11, 15043-15056

in DMEM/FBS (Dulbecco’s modified Eagle’s medium sup-
plemented with 10% of fetal bovine serum) or PBS (Phosphate
Buffer Saline) were also studied. For DMEM/FBS, the filaments
were kept either at room temperature or at 37 °C. We also
observed that the gel ropes, less dense than water, tended to
float on top of the liquid and that the contact with air activated
the morphological transformation from gel to crystals. The
impact of the water-air interface in gel aging has been
described for other LMWGs.”! For this reason, the lifetime was
also studied with a cover slip that was placed on top of the
liquid. These two different immersion conditions were thus
assessed: one with and one without a cover slip on top.

This journal is © The Royal Society of Chemistry 2019
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Filaments were spun with a 4 wt% Gal-C7 solution in DMSO,
at a flow rate of 50 pl min~" and with a 20G needle. The results
are displayed in Table 1 (see also Table SI-47).

Throughout the days, the filaments vanished progressively
and the gelator recrystallized to form macroscopic translucent
crystals (Fig. 8). This phenomenon occurred whatever the
solution used, except for DMEM/FBS at room temperature
where crystals were not observed even after more than a
month. Interestingly, DMEM/FBS seems to stabilize the gel
filaments for a long time, perhaps because of the numerous
solutes of DMEM/FBS, but only at room temperature.
Between these two states, spikes on the edges of the fila-
ments can also be observed after some time, as seen in
Fig. 8c.

The morphological transformation of low molecular weight
gelators into crystals is a phenomenon already known.”>”””
Notably, it has been described for similar molecules belonging
to the family of N-alkyl-aldonamides.”® For example N-octyl-p-
gluconamide, which has a different stereochemistry of the
polar head, crystallizes readily. Interestingly, in the case of

Table 1 Time for the transformation of the wet-spun Gal-C7 gel
filaments into crystals, in days (RT: room temperature)

Conditions Exposed to air Under a coverslip
Water (RT) 2 3
PBS (RT) <1 2
DMEM/FBS (RT) >34 >34
DMEM/FBS (37 °C) <1 4

Fig. 8 Evolution of the morphology of Gal-C7 filaments with time in
water, without a coverslip: (a) just after extrusion, (b and c) 2 days after
extrusion and (d) 3 days after extrusion. Scale bars: 100 um (a and d) and
50 ym (b and c).

This journal is © The Royal Society of Chemistry 2019
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N-heptyl-p-galactonamide, the gels prepared by cooling the hot
gelator solutions are stable for months, while the wet-spun
gels offer a way to observe this transition.

X-Ray analysis of the morphological transformation. The
organization of the Gal-C7 molecules in the two morphologi-
cal states has been studied by small angle X-ray scattering
(gel and crystals) and X-ray diffraction (crystals). The SAXS
curve for the wet-spun gel is reported in Fig. 9a (see also
Fig. SI-5at) and is indicative of a well defined lamellar organ-
ization. The long period spacing of the lamellar structure is d
= 35.1 A and a fiber thickness of 60 nm can been estimated.
In the “bulk gel” produced by cooling hot aqueous solutions
of the gelator, we described in a preceding paper that the
dominant molecular organization of the gelator is also lamel-
lar with a spacing of 35 A, but a second, less abundant, mole-
cular arrangement with an interaction distance of about 38 A
was also observed.” Thus, these results show that the mode of
self-assembly of Gal-C7 is mainly the same for the bulk gels
and the wet-spun gels, but the wet spinning leads to a better
control of the self-assembly since it produces only one kind
of spacing.

The crystals obtained from the morphological transform-
ation were also analyzed by SAXS, WAXS and X-ray diffraction.
SAXS highlights a lamellar order with a smaller spacing of
30.5 A (peak position, 0.204 A™") (Fig. 9a and SI-5bt). The crys-
tallographic structure was determined from X-ray diffraction of
bigger crystals (SI-71). The N-heptyl-o-galactonamide (Gal-C7)
crystallizes in a monoclinic system (space group P2,). The
molecular packing is a symmetric tail-to-tail bilayer sheet com-
parable to that of the gulonamide” and talonamide® ana-
logues (Fig. 9b), but is in contrast to the head-to-tail packing
observed in the gluconamide analogue.®’ All fatty chains run
parallel to each other but quite intriguingly an angle of ~120°
is observed between the packed chains at the junction of the
tail-to-tail arrangement. An angle of 90 °C has also been
described previously in the case of N-octyl-p-talonamide.® The
occurrence of an angle in the packing of the hydrophobic
chains has also been been modeled in the case of Fmoc-
derived gelators.®® In the crystal, intermolecular O-H---O and
N-H---O hydrogen bonds link the molecules into a three-
dimensional network (Fig. SI-7b and Table SI-7}). The stereo-
chemistry of the galactonamide polar head enables the devel-
opment of a strong hydrogen-bond pattern between hydroxyl
groups of adjacent crystal sheets that drives the tail-to-tail
molecular packing. In the case of gluconamide, the stereo-
chemistry of the hydroxyl groups is different and leads to a
head-to-tail packing. Still for crystals, the WAXS region looks
like a powder diffraction spectrum with well defined peaks,
while in the case of the gel filament, the same region of the
spectrum shows much larger peaks with peak positions
different compared with crystals (see Fig. SI-67). This obser-
vation indicates a probable difference in the molecular confor-
mation of the Gal-C7 molecule between the supramolecular
fibers and the crystals. Together with the difference in the
water content, it may explain the spacing difference between
the two kinds of assembly.
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Fig. 9 (a) SAXS spectra of a fresh Gal-C7 wet-spun gel (red curve) and Gal-C7 crystals (black curve). (b) Molecular packing of Gal-C7 in the crystals

(H atoms have been omitted for clarity).

Fig. 10 (a) Neuro2A cells on a gel filament observed directly by bright-
field microscopy and (b) Neuro2A cells on a gel filament after live/dead
cell staining (3 days of culture). The gel filaments are visible under the
cells. Scale bars: 50 pm.

Biocompatibility and filament lifetime under cell culture
conditions

The suitability of Gal-C7 gels obtained by wet spinning for
cell culture was assessed. For this purpose, the cell viability
of a neuronal cell line (Neuro2A) on this material was
evaluated with a live-dead cell assay. Overall, the majority of
the cells found on the wet-spun gel filament were alive
after 3 days. However in all experiments, some dead cells
were gathered in some places of the gel (Fig. 10). It looks as
if a toxic phenomenon was concentrated in some parts. It
means that a lower cell viability is obtained on the wet-spun
filaments compared with “bulk gels” on which a cell viability
of 98% was obtained.” From thermogravimetric measure-
ments, it is found that there is no DMSO left in the wet-spun
filaments and, in addition, extensive medium washing pro-
cesses are performed before cell culture. Thus, it seems un-
likely that DMSO induced the toxicity. Alternatively, perhaps
other chemical, biochemical or physical factors (fiber size,
surface morphology, rigidity, nutrient diffusion etc.) may
explain this effect. Otherwise, despite the long lifetime
observed for the filaments wet-spun in DMEM/FBS at
room temperature (part 5), at 37 °C, this lifetime is much
reduced. As a consequence, only a few fragments were left
after 3 days of culture. The wet-spun gels obtained from Gal-
C7 alone are thus too fragile to sustain cell culture and the
process has to be improved to get filaments adapted for this
application.

15052 | Nanoscale, 2019, 11, 15043-15056

Conclusion

In this work, we have shown that wet spinning can be used to
organize a low molecular weight gelator into continuous
hydrogel filaments with controlled diameters. Moreover, the
process led to a high degree of organization of the supramole-
cular fibers inside the filament: first, the fibers are very homo-
geneous in size. Secondly, as a result of the radial diffusion of
the water inside the liquid rope, they are oriented radially in
the filament and are locally aligned. It means that the wet spin-
ning process, applied to this LMWG, enabled better control of
its self-assembly as compared to standard procedures based on
the cooling of a hot gelator solution. From the point of view of
the material properties, the filament obtained is mainly com-
posed of water and can be easily dissolved by simple washing
processes. As a consequence, it could be useful as a sacrificial
material. The controlled self-assembly of this gelator could alter-
natively be used in combination with other compounds to
organize them in the space. Finally, wet spinning of Gal-C7
could allow the precise deposition of the gel on a surface,
opening the way to its application to 3D-printing.

Experimental section

N-Heptyl-p-galactonamide was synthesized according to the
procedure described in the study in ref. 2. It can be purchased
from Innov’Orga (Reims, France).

Extrusion of the hydrogel filaments

The dope solutions of N-heptyl-p-galactonamide were prepared
by dissolving the molecule at room temperature in dimethyl
sulfoxide (purchased from Fisher, 99%, non-anhydrous) with
the help of ultrasound and at different mass concentrations
(2.5, 4 or 5 wt%). The solutions were extruded in a bath of
ultrapure water (200 mL, bath height of approximately 8§ cm) at
room temperature (21-23 °C) with a syringe pump (CETONI
neMESYS 290N), controlled by the neMESYS UserInterface
software. Different gauges of blunt-tip needles, flow rates and
concentrations of the solution were used. The videos acquired
during these experiments were acquired with a DinoLite

This journal is © The Royal Society of Chemistry 2019
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digital microscope (model AM4013MTL-FVW) under white
light. Between each condition, the needle was cleaned and the
bath was changed to fresh ultrapure water.

Characterization of the solvent exchange

To assess the diffusion of DMSO out of the jet, 1 pm fluo-
rescent beads (FluoSpheres, Invitrogen, diameter of 1 pm,
1.10"° beads per ml, ref F13080) were dissolved at 10% in
volume in a 4 wt% gelator solution in DMSO. This concen-
tration is sufficient so that the fluorescence is homogeneous
in the jet. This resulting solution was then extruded at 50 pl
min~" according to the usual wet spinning protocol with a 23G
needle (ID of 340 pum). Images were then acquired with two
microscope cameras along the jet at different distances
after the needle exit, one with white light (DinoLite model
AM4013MTL-FVW) and the other with fluorescent light
(DinoLite model AM4115T-GFBW, excitation at 480 nm and
emission filter at 510 nm). Composite images were then
created by overlaying fluorescence images on top of the white
light ones with the Image] software.

To assess the diffusion of water inside the DMSO jet, 5 mg
of salicylaldehyde azine were dissolved into 1 ml of a 4 wt%
Gal-C7 solution in DMSO and this solution was extruded at
50 pl min~" with a 20G needle (ID of 600 pm) into a water
bath. A video was then taken along the falling jet with the
microscope camera suited for fluorescence observations at
different distances after the needle exit (DinoLite model
AMA4115T-GFBW, excitation at 480 nm and emission filter at
510 nm).

Estimation of the jet velocity

For the speed analyses, 15 um diameter fluorescent beads
(purchased from Thermo Fisher Scientific) were used. The
beads were suspended in DMSO to reach a concentration suit-
able for speed analysis (rather low to be able to distinguish the
beads with the naked eye in the videos). The suspension was
then mixed in the solution of Gal-C7 in DMSO. This last solu-
tion was then extruded at 5 or 10 pl min~" and the DMSO jet
was filmed with the DinoLite digital microscope suited for
fluorescence acquisitions (model AM4115T-GFBW, excitation
at 480 nm and emission filter at 510 nm). Three experiments
were performed for each flow rate. The velocity was
analyzed thanks to the ManualTracking plugin from Image].
For 10 ul min™", a total of 23 beads were tracked throughout
the three videos and 30 beads for 5 pl min~". The measured jet
velocity is the mean of the mean velocities of all the analyzed
beads + the associated standard deviation. To obtain the jet
diameter under these conditions, several frames of the
acquired videos were superimposed, while being careful of
taking ones in which the jet was stable. Three different super-
impositions at different times were done. The resulting pic-
tures then allowed the measurement of diameters, which were
then plotted along the Z axis. The error bars are an estimation
of the error made when measuring the diameters (the value of
two pixels in the picture, namely 40 pm). The error in the pre-
dicted velocity was calculated with the formula: Av = v(AQ/Q +

This journal is © The Royal Society of Chemistry 2019
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Ad/d), with v being the calculated velocity, Q the applied flow
rate, AQ the error in the flow rate (= 0.00002 mm?® s~ because
the minimal flow that can be applied by the syringe pump is 1
nl min~" with a 1 ml syringe), d the jet diameter and Ad the
error in the measured diameter (40 pm).

Measurements of the jet diameters

The jet diameters were measured from several snapshots from
the videos of the extrusion. The videos were acquired with the
DinoLite digital microscope (model AM4013MTL-FVW) under
white light and with maximum magnification. The extrusions
were recorded for approximately 2 min and snapshots of the
videos were further taken around every 30 s. The jet diameters
were then measured from these snapshots with Image], at
a distance of 2.3 mm after the extremity of the needle
(maximum distance considering the picture size). The mean
and standard deviation of the measured diameters were then
calculated for each condition.

Optical transmission microscopy of the filaments

For microscopic observations, the wet-spun gel filaments were
retrieved thanks to a sieve in which a circular microscope slide
was placed and plunged into the bath. The diameters of the
wet-spun filaments were measured by transmission optical
microscopy on an Olympus inverted microscope (bright field,
x10). At least three pictures at different points of the filament
were taken for each condition and the mean and standard
error of the diameters (measured with Image]) were calculated.

Cryo-SEM observations

Gel filaments were prepared according to the wet spinning pre-
viously described and retrieved thanks to a sieve placed in the
coagulation bath. The most robust filaments, corresponding to
the conditions: 4 wt%; 50 pl min~" (Fig. 4¢) and 5 wt%; 50 pl
min~" (Fig. 4d), were studied. A part of the gel filament was
then deposited on the cryo-SEM cane and frozen at —220 °C in
liquid nitrogen. The frozen sample was fractured at —145 °C
under vacuum in a cryo-transfer system chamber (Quorum
PP3000 T). The sublimation was performed at —95 °C for
30 min. The sample was metalized with Pd for 60 s and intro-
duced in the microscope. The temperature was kept at
—145 °C. Images were recorded with an FEG FEI Quanta
250 microscope, at 5 kV for the acceleration voltage. Some of
them with a suitable magnification and orientation (around
10 to 20 measures per gel) provided a rough estimation of the
fiber thickness.

Thermo-gravimetric analysis

Gal-C7 gel filaments were prepared by wet spinning: they were
extruded at 50 pul min™"' with a 4 wt% solution of Gal-C7 in
DMSO and a 20G blunt-tip needle. A sieve was placed at the
bottom of the water tank to retrieve the formed filaments. The
filaments were kept in the sieve in a very small volume of water
for one hour before measurement. About ten milligrams of
filaments were then placed in a crucible and the water sur-
rounding the filaments was wiped off before analysis. The
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temperature program was as follows: heating from 30.00 °C to
300.00 °C at 1.00 °C min~", then heating from 300.00 °C to
600.00 °C at 10.00 °C min~" and holding for 10.0 min at
600.00 °C (under nitrogen, 100.0 ml min™"). The composition
of the gel was then calculated as follows: the mass of each
component was measured between the plateaus on the curve
and the percentage of the total initial mass was then calcu-
lated. TGA was also performed with the Gal-C7 solid alone
(Fig. SI-2bt) and with a solution of 1 wt% DMSO in pure water
(Fig. SI-2cT) as references.

Study of the lifetime of the filaments in solutions

30 pl of Gal-C7 in DMSO (4 wt%) were extruded in approxi-
mately 200 ml of ultrapure water (~8 cm of fall), with a 20G
needle at 50 pL min~', and the resulting filaments were
retrieved thanks to a glass slide placed in a sieve at the bottom
of the water tank. After spinning, the glass slide was rapidly
put in a well of a 12-well cell culture plate and 1 ml of the
different solutions (ultrapure water, PBS (Phosphate Buffer
Saline) 10%, or DMEM (Dulbecco’s Modified Eagle’s medium)
supplemented with 10% FBS (Fetal Bovine Serum) and 1%
penicillin-streptomycin) was added inside the well. In some
cases, another glass slide was put on top of the liquid while
being careful to not let it sink in the liquid (an air bubble
keeps the slide from sinking). The plate was then kept either at
room temperature (21-23 °C) or at 37 °C in a stove in the case of
trials with DMEM. The filaments were then observed every day
by optical microscopy (upright Olympus microscope, bright
field, x5 or x10). At least five different pictures were taken for
each well. The diameters of the resulting fibers were then manu-
ally measured with the Image] software and the mean and stan-
dard deviation were calculated for each day.

Small angle X-ray scattering (SAXS)

Scattering measurements were performed on freshly wet-spun
gels of Gal-C7 obtained from a 5 wt% DMSO solution extruded
at 25 pl min~". Crystals were obtained from wet-spun filaments
obtained from a 2.5 wt% DMSO solution extruded at 25 pl
min~" and aged for two weeks. A XEUSS 2.0 SAXS/WAXS labora-
tory beamline equipped with a Cu source (E = 8 keV) and a
pixel detector PILATUS3 1 M from Detrics was used. The
sample-to-detector distance was 0.387 m (beam size: 0.8 mm x
0.8 mm) allowing a g range between 0.022 A~ and 1.6 A™".
Samples were mounted on a sample holder for gels with a
kapton window. Measurements were carried out at 25 °C.

Crystallographic data collection and structure determination
for Gal-C7

The data were collected at low temperature (193 K) on a
Bruker-AXS APEX II QUAZAR diffractometer equipped with a
30 W air-cooled microfocus source, using MoKa radiation (4 =
0.71073 A). Phi- and omega-scans were used. The data were
integrated with SAINT, and an empirical absorption correction
with SADABS was applied.®? The structure was solved by direct
methods (ShelXT)** and refined using the least-squares
method on F* (ShelXL).*® All non-H atoms were refined with
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anisotropic displacement parameters. The H atoms were
refined isotropically at calculated positions using a riding
model, except on oxygen and nitrogen atoms. These H atoms
were located by a difference Fourier map. Selected data for Gal-
C7: C13H,,NOg, M = 293.35, monoclinic, space group P2, a =
4.957(3) A, b = 5.007(4) A, ¢ = 30.60(2) A, p = 92.980(8)°, V =
758.4(9) A%, Z = 2, crystal size: 0.40 x 0.20 x 0.01 mm®, 14 967
reflections collected (3063 independent, R;,, = 0.1024), 204
parameters, 1 restraint, Ry [I > 20(I)] = 0.0784, WR, [all data] =
0.1680, largest diff. peak and hole: 0.345 and —0.294 e A,

Cell culture assays

100 pl of a 4 wt% Gal-C7 solution in DMSO were extruded
according to the previously described protocol in a bath of
sterile water and with a sterile syringe and needle. The gel fila-
ments were transferred into the wells of a 12-well cell culture
plate. The filaments were then rinsed 3 times (for 2 hours,
overnight and 4 hours) with 2 ml of DMEM (Dulbecco’s modi-
fied Eagle’s medium) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin at room temperature.
50 000 cells of a neuronal cell line (Neuro2A, ATCC) were then
seeded on the scaffolds with 2 mL of cell culture medium
and incubated for 3 days at 37 °C under a humidified atmo-
sphere containing 5% CO,. Fluorescence live-dead staining
assay (Molecular probe) was used according to the manufac-
turer’s instructions to visualize the proportion of viable cells
in green (calcein AM) and nonviable cells in red (ethidium
homodimer-1). The samples were observed using a Zeiss
Axioskop microscope equipped with a Cool SNAPfx camera
(Photometrics).
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