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Abstract  

In this work, we demonstrated that the hydrogel obtained from a very simple and single synthetic 
molecule, N-heptyl-galactonamide was a suitable scaffold for the growth of neuronal cells in 3D. We 
evidenced by confocal microscopy the presence of the cells into the gel up to a depth of around 200 
µm, demonstrating that the latter was permissive to cell growth and enabled a true 3D colonization 
and organization. It also supported successfully the differentiation of adult human neuronal stem 
cells (hNSCs) into both glial and neuronal cells and the development of a really dense neurofilament 
network. So the gel appears to be a good candidate for neural tissue regeneration. In contrast with 
other molecular gels described for cell culture, the molecule can be obtained at the gram scale by a 
one-step reaction. The resulting gel is very soft, a quality in accordance with the aim of growing 
neuronal cells, that requires low modulus substrates similar to the brain. But because of its fragility, 
specific procedures had to be implemented for its preparation and for cell labeling and confocal 
microscopy observations. Notably, the implementation of a controlled slow cooling of the gel 
solution was needed to get a very soft but nevertheless cohesive gel. In these conditions, very wide 
straight and long micrometric fibers were formed, held together by a second network of flexible 
narrower nanometric fibers. The two kinds of fibers guided the neurite and glial cell growth in a 
different way. We also underlined the importance of a tiny difference in the molecular structure on 
the gel performances: parent molecules, differing by a one-carbon increment in the alkyl chain 
length, N-hexyl-galactonamide and N-octyl-galactonamide, were not as good as N-heptyl-
galactonamide. Their differences were analysed in terms of gel fibers morphology, mechanical 
properties, solubility, chain parity and cell growth. 

 



Introduction 

 
This last decade, organoid and three-dimensional (3D) culture systems have opened the way of a 
new area of biomedical research. Three-dimensional cultures have proven very useful to expand 
human tissues for basic research and clinical applications. Compared with their two-dimensional 
counterparts, these systems provide a more physiologically relevant environment for cell growth and 
function. They represent more robust in vitro models to study normal or pathological conditions and 
can be used for drug screening 1–3. They could be particularly useful in the context of 
neurodegenerative and neurological disorder studies where animal models are not really relevant, 
hindering the development of new therapies. Three-dimensional scaffolds mimicking tissue's specific 
microarchitectures can also be used in vivo in biotherapy strategy for tissue reconstruction. For all 
these reasons finding optimal scaffolds notably for neural 3D-cell culture remains one of the most 
challenging topics in tissue engineering 4.  

 

Most scaffolds for cell culture, including for neuronal cell cultures, are based on natural proteins (e.g 
collagen) or natural polysaccharides (e.g. hyaluronic acid) of the extracellular matrix 5,6. More 
particularly many studies are using Type-I Collagen or Matrigel 4,7–9. In the case of collagen, 
composites with a more permissive additive such as peptide hydrogels7,10 or silk protein11 are 
designed in order to improve the neurite outgrowth and the cell three-dimensional network 
formation compared with collagen-only scaffolds. In the case of Matrigel9, the development of a 

relevant neuronal cell culture model of Alzheimer disease in 3D, with a robust -amyloid-plaque 
formation has been shown recently using Matrigel 12,13. The formation of an organoid mimicking the 
cerebral region was also demonstrated in Matrigel 14. However, the variability of such biologically 
derived matrices cause sometimes non-reproducible experimental results that may compromise their 
use in clinic for tissue regeneration strategies. The origin of Matrigel also makes it unsuitable for 
clinical uses. For this reason, synthetic peptide scaffolds (e.g. Puramatrix) are also emerging for 
neuronal cell culture applications10,15–17. Besides, synthetic polymers have the advantage of a higher 
control of the origin composition and purity and few of them are currently developed today for 
nervous system regeneration 8,18,19. They also have some limitations, such as possible inflammatory 
response or a limited penetration of the cells in 3D. To modulate their bioactivity and enhance cell 
adhesion, growth or differentiation, several strategies can be used, notably by the association with 
peptides such as RGD or IKVAV, derived from laminin. In the same way, different strategies are used 
to improve their 3D permeability to cells for example by the introduction of porogens or by setting 
up a well-controlled building of the scaffold by electrospinning or 3D-printing 19–21. Despite this 
progress, synthetic matrices fitting all the requirements in terms of purity, reproducibility, 
processing, permeability to cells in 3D, functionalization, degradation and mechanical properties are 
still needed.  
 
In fact, even though hydrogels are among the best materials for 3D tissue engineering, whatever 
their origin natural or synthetic, they do not always provide the right conditions for inducing a three 
dimensional cell growth similar to what is observed in vivo. The criteria for a convenient 3D growth 
are based on the cell penetration, but also on the cell morphology, organization and functionality. In 
gels, the penetration of the cells in depth is not so straightforward. It depends on the network 
density and in many cases, the cells stay and grow only at the surface or close to their seeding place. 
Finding adequate matrices for 3D cell spreading to obtain homogenous tissue construction 
throughout the scaffold with nutriments access and without hypoxia troubles for long-term cultures 
remains thus a key point. In addition, cellular growth is not only influenced by chemical and 
biological cues: physical cues play a major role in stem cell fate determination and tissue 
organization. More especially, the mechanical properties must be considered to select the good 



scaffold in accordance with the cell type and the target tissue 22–26. For neurons, very soft matrices 
are required, as soft as the brain, which modulus is in the range of 0.5 to 2.5 kPa 27. 
 
 
In relation to 3D cell culture, another point deserves attention, related to imaging. Actually, most of 
the current protocols are adapted for a one-cell thickness. For very soft gels, the application of long 
procedures involving numerous washings are often deleterious. In this work, these issues had to be 
addressed, in order to demonstrate the 3D colonization within very fragile gels adapted to the 
neuronal cell growth. 
 
New families of synthetic hydrogels for cell culture have emerged recently in the field of low 
molecular weight supramolecular (or simply "molecular") gelators (LMWG). These soft materials are 
not based on polymers but on the self-assembly of small molecules. The self-assembly phenomenon 
provides fibrillar structures able to entrap the water and to make gels. It has been shown that some 
of them are suitable for cell culture 10,28–34. Most of them are based on peptides, often inspired from 
collagen sequences, but other families of LMW gelators are also promising. They have a variety of 
chemical compositions and also different kinds of fibers. Their size can vary from nanometric to 
micrometric sizes with various shapes, helicity, roughness, local stiffness and cross-link topology. The 
self-assembly is also much easily broken compared with polymers gels. These properties may affect 
bioactivity, biodegradability, cytotoxicity, clearance, immunogenicity differently compared with 
polymers, in a way that deserves to be studied. We focused our interest in carbohydrate-based (or 
"sugar-based" or "saccharide-based") low molecular weight gelators. A quite large number of those 
gelators are now described, but their potential as scaffold for cell culture is nearly unexplored 35–40. 
Some recent studies have shown that an injectable saccharide-nucleoside molecular hydrogel 
successfully supported the growth of stem cells 41–43. Two other carbohydrate derived molecular gels 
were also used with success for cell culture 44,45. Recently, a photosensitive galactose-spiropyran 
based hydrogel has been described for controlled hepatocytes growth 46.  
 
 
In this work, the aim was to explore the potential of one family of very simple galactose-based LMW 
gels, based on alkylgalactonamides, for the growth of neuronal cells. To our knowledge, these 
materials have never been described as scaffold for cell culture. Alkyl amides derived from simple 
sugars (alkylaldonamides) have been recognized early as molecular gelators and can be produced at 
the gram scale by a one-step addition of fatty amines on sugar lactones (e.g. gluconolactone, 
galactonolactone). They are purified by a simple recrystallization 47,48. Advantageously, the synthesis 
does not require coupling agents that may be difficult to remove from the final product, and the very 
simple chemical structure containing only a sugar head, a fatty amine and an amide bond, is 
expected to be non-cytotoxic. Also, despite their amphiphilic structure, they are poorly surface active 
that is an advantage in the prospect of using them as scaffolds for cell culture. Those compounds are 
known to provide quite unstable gels 49. They display an unusual mechanical behavior with 
consistency at rest but undergoing a strong synaeresis under a tiny mechanical stress, retracting in a 
denser gel and expelling a large quantity of water. However, instead of  alkylgluconamides, gels of 
alkylgalactonamides have been described to be more stable 48,50. The galactonamide head may also 
provide a higher resistance to enzyme degradation compared with a gluconamide head and may 
provide a gel that will last a longer time, therefore more suitable for cell culture. Gelation in water 
looks like an abrupt crystallization upon cooling providing an unusual network of very large and long 
fibers that may match well the dimensions and stiffness for supporting neural cells. We anticipated 
that the fibrillar network made of very large fibers separated by very large spaces may be favorable 
for cell settlement in 3D. It prompted us to test further the properties of this matrix for neuronal 
growth in 3D. In this first approach, the objective was to explore biocompatibility of the gel alone and 
also the impact of the hydrogel chemical and physicochemical features (alkyl chain parity, fibers 
structure, network topology, solubility and mechanical strength) on the cell growth. Three gels, 



differing only by a one-carbon increment on the alkyl chain have been compared (hexyl, heptyl and 
octyl galactonamide, respectively named Gal-C6, Gal-C7 and Gal-C8). The impact of this subtle one 
carbon difference on the cell growth has been highlighted using a neuronal cell line to screen rapidly 
the different gels. Finally, the best hydrogel for cellular growth and 3D cells penetration was used in 
combination with human neural stem cells (hNSCs) coming from brain patient biopsies 51,52 to see if 
the hydrogel could also support stem cell differentiation. 
 
 

Results  

Gel preparation and morphology: 
The aldonamide molecules (hexyl galactonamide (Gal-C6), heptyl galactonamide (Gal-C7) and octyl 
galactonamide (Gal-C8)) have been synthesized by a simple addition reaction between a 
galactonolactone and a fatty amine and purified by recrystallization (see SI-1 and Figure S1-S2-S3) 
47,48. To form the gels, the resulting solids were dissolved in water at high temperature and the 
gelation occurred when the solution was cooled down to room temperature. Upon cooling, the Gal-
C7 and Gal-C8 gels formed quite abruptly, and more slowly for Gal-C6 (see DSC, SI-2, Table S1). It 
resulted in coarse white gels that are more or less fragile and that undergo synaeresis when 
mechanically solicited (Figure 1). For Gal-C7 and Gal-C8, the concentrations selected correspond to 
the maximal solubility at high temperature, respectively 0.45 wt% and 0.5 wt%. For Gal-C6, the 
concentration used (1 wt%) was the lowest concentration for which the gel was found resistant 
enough for cell culture.  
 

 
Figure 1: (a) Chemical structure of the gelators: Gal-C8: octylgalactonamide; Gal-C7: heptylgalactonamide; Gal-
C6: hexylgalactonamide. They only differ from each other according to their carbon-chain length. (b) Gels 
obtained after cooling down of the hot solutions. 

 
The macroscopic aspect of the gels was not very reproducible when prepared in small quantities 
directly at room temperature. When prepared in the wells of culture plates, the gels are strongly 
heterogeneous. They formed dense spherulitic gel aggregates dispersed in a less dense gel (see 
Figure 2a, "0-min"). These heterogeneous gels were not suitable gels for cell culture because they 
tended to disintegrate too easily. Because of the analogy of this transition with a crystallization 
process and since several studies have shown that the morphology of the self-assembled structures 
of LMWG is affected by the cooling rate 53,54, the influence of the cooling rate on the gelation process 
was investigated. The hot solutions of the gelators, dispensed in a culture plate, underwent cooling in 

Gal-C8 Gal-C7 Gal-C6

a
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a programmable hoven from 100 °C to 25 °C within different times: either in 15, 30, 60 or 90 minutes 
and were compared to gels prepared from hot solutions directly dispensed in plates at room 
temperature and referred to as “0-min”. At first sight, the gels look more homogeneous when a 
controlled cooling rate is applied (Figure 2a, “90 min”). The gels were then observed with optical 
microscopy. This technique enabled to quantify the differences between the gels, on undisturbed 
gels (Figure 2b). Two parameters were analyzed: the nucleation points and the apparent fiber 
lengths. The nucleation point density has been measured by counting the number of spherulitic 
aggregates per mm2. The mean values of the nucleation point density per mm² for each gel at each 
cooling rate are represented on Figure 2c. There was a significant and strong decrease (p < 0.0005) of 
the nucleation point density when the cooling time was controlled and higher than 15 minutes for all 
the gels. It resulted in more homogeneous and stronger gels. The most decisive effect thus occurred 
as soon as a controlled cooling over 15 minutes was applied. In addition, Gal-C7 always had a lower 
number of nucleation points compared with the two other gels, even for the "0-min" cooling 
condition (p < 0.0005). For Gal-C8, a 90-minute cooling decreased even more the nucleation point 
density compared to a 15-minute cooling (p < 0.0005), that was not observed for the other gels.  For 
this reason, a 90 minutes cooling was applied to the gels used in cell culture.  
 

  
Figure 2: Influence of the controlled cooling rate on the gels aspect. a. Typical macroscopic view of Gal-C7 gels 
prepared with an instantaneous cooling of a hot solution of Gal-C7 ("0-min") or with a 90-min cooling (scale 
bar: 1mm, small white dots correspond to nucleation points). b. Bright-field microscopy observations of the 
three different gels prepared with different cooling rates, from an instantaneous cooling (“0-min”) to slower 
cooling rates (time in min to go from 100 °C to 25 °C) (scale bars: 100 µm). c. The nucleation point density was 



then quantified on each microscopy image and reported as a graph. The data represents the mean +/- SD of the 
number of nucleation points per mm² (n=6 per gel for the different cooling rates). Asterisks represent statistical 
significance between 0 and 15 min cooling or 15 and  90 min for the different gels (***: p < 0.0005).   
 
 
The fiber lengths were also measured for each gel and each condition (Figure 3). They correspond to 
apparent lengths of fibers. Only fibers exceeding the threshold of 4 µm in length, below 550 µm and 
large enough have been counted with this technique. Concurrently to the decrease of the nucleation 
points, a significant increase in the fiber length was observed when a 90 minutes cooling time was 
applied compared to the “0-min” condition, for all the gels (p<0.0005 between the 3 gels), and most 
of the effect occurred between 0 and 15 minutes (Figure 3a). It means that just avoiding a sudden 
cooling of the hot solutions already enables the development of much longer fibers. In addition, 
several features are specific to Gal-C7. First, Gal-C7 has significantly longer apparent fibers than the 
two other gels when cooled over 90 minutes (Figures 3a and 3c). Secondly, the length distribution for 
Gal-C7 is more widespread than for Gal-C8 and Gal-C6. Tertiary, Gal-C8 and Gal-C6 show a much 
higher population of very short fibers, even with a 90-min cooling (Figure 3c), and these gels look 
much denser. Finally, Gal-C7 forms fibers that can reach up to 500 µm and over. The combination of 
these factors – the nucleation point density and the fiber length – accounts for the aspect and the 
stability of the gels. Controlling the cooling rate during the gelation was thus a convenient method to 
obtain homogeneous and more stable gels in a reproducible way. 



 
Figure 3: Fiber lengths analysis of gels prepared at different cooling rates. a. Gal-C8,C7,C6 solutions were 
allowed to gel at different cooling rate (time in min to go from 100 °C to 25 °C), the apparent fiber lengths were 
then analyzed on bright-field microscopy observation using ImageJ software (NeuronJ plugin). Asterisks 
represent statistical significance between 0 and 90-min cooling rate for each gel or between the 90-min cooling 
rates of the three gels (***: p < 0.0005). b. Typical picture of bright-field microscopy observation used to 
measure the apparent fiber length (here Gal-C7 with a 60-min cooling rate). c. Representative histogram of the 
fiber lengths obtained for the three gels for a 90-min cooling rate.  

 
Insights in the microscopic structure of the fibers were obtained from Transmission and Scanning 
Electronic Microscopy images (TEM and SEM) (Figure 4). From the observation of the fibers sampled 
on the TEM grids, Gal-C7 and Gal-C8 showed fibers of similar width (median width for a 60-min 
cooling: 1.1 µm and 1.3 µm respectively), whereas Gal-C6 showed thinner fibers (0.3 µm). The 



cooling time did not seem to have a major effect (see SI-3, Figure S4). For Gal-C7 and Gal-C8, TEM 
and SEM also revealed that the fibers are very large and flat ribbons. The width can reach 35 µm. It 
also highlights that Gal-C6 is very distinct from the two other gels, with much thinner ribbons with a 
maximal width of 12 µm (see SI-3, Figure S4). This flat morphology and the large width may have an 
important impact on the interaction of the cells with this substrate. From the cryo-Scanning Electron 
Microscopy images, a coarse estimation of the thickness was obtained from few fibers conveniently 
oriented: 150 ± 100 nm for Gal-C8 and Gal-C7 and 100 ± 50 nm for Gal-C6. 
 
 

 
 

 
Figure 4: Microscopic structure of the gel fibers. a1-a3: TEM images of Gal-C8, Gal-C7 and Gal-C6 gels (scale 
bar: 10 µm) and b1-b3: cryo-SEM images of Gal-C8, Gal-C7 and Gal-C6 gels prepared with a “0-min” cooling. c. 
Histograms of the apparent fiber widths of the three gels for a “0-min” cooling time (measured on the TEM 
images).  

 
The three gels (90-min cooled) have been also analyzed by Small Angle X-Ray Scattering (SAXS) 
providing an insight in the molecular packing of the gelator molecules into the fibers and a measure 
of the fiber thicknesses (see SI-4). Strong scattering peaks at relative position ratios 1:2:3:4. etc… 
evidenced a well-defined lamellar organization, with a spacing of 36.5 Å; 35.2 Å and 32.7 Å for, 
respectively Gal-C8, Gal-C7 and Gal-C6 (Figure S5 and Table S2) 55. The decrease of the lamellar 
spacing from Gal-C7 to Gal-C6 is roughly the length of 2 C-C bond (2x1.5 Å). Conversely, the 
difference between Gal-C7 and Gal-C8 is only 1.3 Å. Since it is too small to be attributed to the chain 
length difference, it means that there is a difference of molecular packing between Gal-C7 and Gal-
C8, probably related to the degree of fatty chain interdigitation or to molecular conformations. 
Interestingly, only in the case of Gal-C7, an additional interaction peak corresponding to an 
interaction distance of 38.3 Å and a thickness around 170 nm is observed. This peak is indicative of 
the coexistence of a second molecular arrangement in Gal-C7, with a lower degree of organization. 
The fiber thicknesses can be deduced from the linewidth of the Bragg peak, given the highly ordered 
arrangement of the fibers 56. The thicknesses measured are around 250±50 nm for the three gels that 
is consistent with the thicknesses observed by cryo-SEM. 
 
 

Mechanical characterization 
 



The mechanical properties of the gels have been first assessed by dynamic rheology. For these 
measurements, the gels were "0-min" cooled, because controlled cooling was not possible in the 
rheometer geometry that is not sealed (evaporation at high temperature would dry the gel). The 
rheograms (Figure 5a and SI-5, Figure S6) typically display the characteristics of a gel: both the elastic 
modulus (G') and the viscous modulus (G'') exhibit plateaus and G' is about 10 times larger than G", 
over the full range of frequency probed (10 to 0.1Hz). Moduli were quite low, from 2 to 50 kPa (Table 
1), showing that they are very soft gels. There is a significant difference of elastic moduli G' for the 
three gels, that decrease in the order: Gal-C6 (50 kPa) >> Gal-C7 (7kPa) > Gal-C8 (3kPa) (Table 1). In 
the case of "0-min" cooled gels, Gal-C6 appears to be a much stronger gel, ten times more rigid 
compared with Gal-C7 and Gal-C8.   
 

 
 
Figure 5. a. Rheology analysis of the three gels ("0-min" cooling): variation of the elastic (G') and viscous (G") 
modulus with the frequency (strain = 2.10-3 (0.2%), T°=37°C). b. Uniaxial compression of gels cylinders (90-min 
cooling; fast compression speed: 5mm/s, T° = 20°C, see also SI-6). Gel concentrations for both rheology and 
compression tests: Gal-C6: 1wt%; Gal-C7: 0.45%; Gal-C8: 0.5%. 
 
Table 1. Elastic (G') and viscous (G") moduli measured by dynamic rheology, at 1 Hz, 0.2% strain, 37°C. Y0: Initial 
moduli of the gels measured by uniaxial compression tests at different compressive rates, 20°C. 5mm/s reflects 
an intermediate loading rate condition, 0.1 mm/s reflects a quasi-static loading rate condition.  

 G' (1Hz) 
kPa 
37°C 

G'' (1Hz) 
kPa 
37°C 

Y0  (5mm/s) 
 kPa 
20°C 

Y0 (0.1mm/s) 
kPa 
20°C 

GalC6 50 3 15331 397 

GalC7 7 1 143 82 

GalC8 3 0.5 243 124 

 

Since the rheological tests could not be performed on slow cooled gels but only on "0-min" cooled 
gels, the mechanical properties of the gels were also measured by uniaxial and unconfined 
compression tests. With this method, a controlled cooling of 90 minutes has been applied to the gel 
solutions into sealed molds. The uniaxial and unconfined compression tests were performed at low 
strain, from 0 to 10% strain, at two compressive rates (5mm/s - 0.1 mm/s) (Figure 5b and SI-6, 
Figures S7-S8-S9). The curves display the features of stress-strain curves of cellular solids, such as 
foams or sponges at low strains 57. Similar curves have been also described for fibrin networks, in 
which different phenomena such as fibers bending, buckling, packing and water expulsion occur 
during compression 58,59. The general trend on the Gal-C6, Gal-C7 and Gal-C8 stress-strain curves is a 
softening when the strain increases. Two regimes have been identified. At very low strain, the curves 
display a higher slope, from which the initial moduli (Y0) have been measured. They are quite similar 

for Gal-C7 (143 kPa at 5mm/s) and Gal-C8 (243 kPa at 5mm/s) and much higher for Gal-C6 (15331 

kPa at 5mm/s) (Figure 5b, Table 1). These results are in accordance with the macroscopic 
observations: during handling, Gal-C6 gels are able to sustain a higher stress or strain before 



collapsing compared with Gal-C7 and Gal-C8 gels. When the compression increases, the fibers tend 
to bend, buckle and pack and a fraction of water is also expulsed. These different phenomena lead to 
a progressive decrease of the gel resistance (softening), measured by a decrease of the modulus for 
all the gels. They are partly reversible upon unloading. As a result, a second regime is observed at 
higher strain, with a very low modulus, between ≈1 to 5 kPa for all the gels. It corresponds to the 
residual stiffness of a gel partly compressed. 
Both rheology and compression tests show that these gels are very soft. On all measurements, Gal-
C6 is clearly stiffer. As explained above, a higher concentration for Gal-C6 gels (1%) had to be 
selected in order to get gels able to withstand cell culture conditions. At lower concentrations, the 
gel is broken up during biological tests. However for mechanical testing purposes, it was possible to 
make self-standing Gal-C6 gel cylinders at a lower concentration (0.65%) by slow cooling. Their 
moduli were respectively 25±1 kPa (5mm/s) and 19±2 kPa (0.1mm/s), close to the values obtained 
for Gal-C7 (at 0.45%) and Gal-C8 (at 0.5%) at similar concentrations. This supplementary data showed 
that the higher stiffness observed for Gal-C6 gels at 1% would be mainly related to its higher 
concentration. Finally, the moduli of Gal-C7 and Gal-C8 in quasi-static loading conditions (resp. 8±2 
and 12±4 kPa at 0.1 mm.s-1) have the order of magnitude the closest from the brain rigidity that is 
between 0.5-2.5 kPa in similar loading conditions 27.  

 

Cell growth of a neuronal cell line with the aldonamide gels  

 
The suitability of the gels as support for cell growth has been then investigated (Figure 6). In the 
present study, the aim was to elucidate the key features related to the gels on their own. Gels were 
so prepared without any additional adhesion molecules. Moreover, cell culture conditions were 
settled to obtain a gel thick enough (3-4 mm/well) to ensure that the cells felt only the mechanical 
properties of the gel. Cells were seeded on the top of the gels.  
 
First, the biocompatibility of the gels has been assessed qualitatively with a live-dead cell assay using 
the neuronal cell line Neuro2A (Figure 6a). It enabled to quickly eliminate conditions unsuitable for 
cell culture. This assay measures the intracellular esterase activity (in green) and reveals the plasma 
membrane integrity (in red). Those preliminary viability experiments prior to cell growth tests were 
performed on "0-min" cooled gels. Live cells were found on all tested gels. After 7 days of culture, 
Gal-C7 gels always displayed a higher cell density compared with the two other gels with 98±1% of 
cell viability.  Some toxicity was detected with the Gal-C6 gel with dead cell aggregates sometimes 
observed. The percentage of viability was evaluated at 78±6% for Gal-C6 gels and at 81±13% for Gal-
C8 gels. The cell density at the end of the experiment seemed however lower in the gels than in a 2D 
control without gel, even with the Gal-C7 gel. To explore this point, the cell growth with the different 
gels with or without a controlled cooling was quantified using a MTT assay (Figure 6d and SI-7, Figure 
S10). In the case of "0-min" cooled gels, collecting data was quite difficult because many gels tended 
to break up during experiment, unless very careful washings were made. Conversely, 90-min cooled 
gels which are more homogeneous and resistant did not break up (Figure 6b). For the Gal-C7 gel with 
a controlled cooling, cells seemed to penetrate the gels and not only to stay on the surface (Figure 
6c). For this reason, two cell densities were used (35 000 and 70 000 cells/well) in order to avoid a 
low growth due to a too important cell dispersion. The MTT assays were performed after 1 day and 4 
days of culture without changing medium to avoid cell loss during culture medium renewal. The cell 
growth with the hydrogels was then compared to a control well corresponding to a culture reaching 
confluence after 4 days on a 2D plastic surface. 
 
Concerning the impact of the cooling rate, MTT assays showed that for the three gels there was not a 
significant difference of cell growth between gels prepared with a "0-min" cooling or a 90-min 
cooling (SI-7, Figure S10). The gels without controlled cooling are too fragile for a practical use in cell 
culture, but the morphology of the gels, that differs mainly on the fiber length and the number of 



nucleation points, did not really affected the cell growth. Concerning the difference between the 
three gels, in all MTT experiments, the cell growth between day 1 (D1) and day 4 (D4) has been found 
significantly higher for Gal-C7 compared with Gal-C8 and Gal-C6, as showed by the analysis of 
variance (p < 0.05 according to ANOVA statistical analysis) (Figure 6d). For Gal-C6 and Gal-C8 gels, the 
cell number was not statistically different between D1 and D4. Cells seemed to stay more in a 
“latency stage”. A non-controlled variability in growth results was observed with the Gal-C8 certainly 
due to its high gelation point, which made it hard to manipulate. With the Gal-C7 gel, when the cell 
density seeded was sufficient (70 000 cells/well instead of 35000), the cell number increases more 
than 2.9 fold during the culture period (p < 0.05). The growth was however slower than on a 2D 
control where a 4 fold increase was observed between D1 and D4 (p < 0.0005). The cell density 
needed on this kind of support was higher, certainly due to the cell penetration within the fibers 
network. This phenomenon has already been pointed out in other studies. Different cell lines have 
already shown reduced proliferation rate in 3D cultures compared to those cultured in 2D but the 
behavior of cells grown in 3D seems to better reflect in vivo cellular response3,8. Overall, these results 
emphasize that the Gal-C7 gel is suitable for cell growth, while Gal-C6 and Gal-C8 are less favorable. 
The three gels only differ by a one-carbon increment in their alkyl chain, but this tiny difference 
affects many physicochemical properties of the gels (microscopic and network topography, 
mechanics, solubility, gelator release…) that probably affects also their biochemical properties 
(metabolic pathways…) and their interactions with the cells.  
 



 
Figure 6: Cell culture assays and growth quantification with the aldonamide gels. a. Live/Dead staining of 
Neuro2A cells on the galactonamide gels after 7 days of culture ("0-min" cooled gels, scale bar: 50 µm). b. 
Typical aspect of 90-min cooled Gal-C7 hydrogels after 7 days of cell culture on an 8-well chamber slide (after 
chamber removal). The two wells at the right are controls. c. Neuro2A cells were observed directly into the gel 
fibers by bright-field microscopy (Gal-C7 90-min cooled gel). d. MTT test after 1 and 4 days of cell culture with 
Neuro2A cells on the different gels prepared with controlled cooling rate. The results represent the blank-
corrected mean OD value +/- SD (n=3). Asterisks indicate statistical significance (*: p < 0.05 and ***: p < 
0.0005).  
 

 

3D cell penetration and Primary hNSCs growth on Gal-C7 gel 
 
The observations by conventional optical fluorescence microscopy (Figure 6b) already highlighted a 
probable 3D penetration of the cells into the gels and not only a "pseudo-3D" growth at the surface 
of the gels. Such penetration was not observed with Gal-C7 hydrogels prepared without controlled 
cooling. To confirm these previous observations a confocal study was performed with the 90-min 
cooled Gal-C7 hydrogel, with the cells still seeded only on the top of the hydrogels. To preserve the 



scaffold structure and to easily visualize the cells without extensive gel manipulations, a Neuro2A cell 
line expressing the GFP protein was generated. First the gels were observed by laser reflection 
technique without any staining. Only the large fibers can be observed by this technic (Figure 7a-c and 
SI-8, Figures S11-S12).  Cells with a quite round shape were observed throughout the scaffold and 
showed the capacity to penetrate approximately up to 200 µm into the scaffold. Samples were also 
incubated with FITC-labeled polylysine. It enabled to observe also the narrow gel fibers with 
fluorescent confocal microscopy (Figure 7d). The coupling of the two techniques highlighted quite 
well the complex architecture of the scaffold and the interaction with the cells. It showed how the 
wide and straight fibers were linked together by a network of narrower and flexible fibers, not visible 
by reflection. The cells were nested into this scaffold often in small clusters, interacting with each 
other and with several large or narrow fibers. These images confirm that the 90-min cooled Gal-C7 
gel is suitable for neuronal cell growth, including growth in 3D. 
 
 

 
 
Figure 7: 3D penetration of GFP-Neuro2A cells into a Gal-C7 gel (90-min cooling) after 5 days. Confocal 
microscopy observations of the gel by laser reflection technique and by fluorescence (see also details of the z-
stacks in SI-8, Figures S11-S12).  (a,b,c): fibers in white (reflection), cells in green (fluorescence). (a,b): 
perspective views and (c) enlargement. (d): image after incubation of the gel with FITC-polylysine. Wide fibers 
in red (reflection), narrow fibers and cells in green (fluorescence). scale bar: 50 µm. 

 
Finally, a study was performed with human neural stem cells from brain patient biopsies, seeded on 
a 90-min cooled Gal-C7 gel (Figure 8). After 7 days of culture, reflection microscopy (Figure 8a) or 



live/dead cell assay (Figure 8b) showed live stem cells throughout the gel. As for the Neuro2a cells, 
the hNSCs were most of the time present as small clusters or neurospheres-like structures into the 
hydrogels showing also a clear interaction between cells and between cells and gel fibers. These 
techniques did not allow to really visualize neurofilaments. Nevertheless, they showed that the loose 
fiber meshing allowed a real self-assembling and self-organisation of the cells in 3D structure 
between the fibers. 
 
To visualize the differentiation potential of the hNSC in the Gal-C7 scaffold and neuronal network 
formation, hNSC were seeded at high density and immunostaining was performed after 7 days of 
culture (Figure 8c and 8d). An embedding procedure adapted from "CLARITY" was used 60. It enabled 
to embed the gels in polyacrylamide to preserve the fragile cellular network. The gel fibers were 
dissolved during the procedure, revealing only the cell network.  
As previously described for hNSC, differentiation into glial cells was observed as assessed by 
immunostaining for the glial fibrillary acidic protein (GFAP) (Figure 8c). Likewise, numerous positive 
cells for the early neuronal marker tuj-1 were observed (Figure 8d).  For both markers, a robust 
network was observed with an important neurite outgrowth. Interestingly, the morphologies of the 
two networks seem rather different. Glial cells formed a diffuse network, contrasting with straight 
neurites projected by the neuronal cells. The latter are often organized in bundles that seem to have 
followed the wide and straight gel fibers. Apart from these bundles, curved neurites were also 
observed, both highlighting the 3D permissive nature of the hydrogel. These data clearly indicate that 
the Gal-C7 hydrogel can support adult hNSC differentiation and cell-cell interaction in 3D 
environment even if long term experiments are still needed to study expression of more mature 
neuronal markers.  
 



 
Figure 8:  Human neural stem cell differentiation on Gal-C7 aldonamide gel. Human adult neural stem cells 
extracted from patient brain biopsy after 7 days of culture on the Gal-C7 gel in differentiation conditions. (a) 
Laser reflection microscopy observation of hNSC in the gel fibers and (b) live/dead cell staining assay. The insert 
represents the red channel alone where only few dead cells were observed, as usual, in the core of the 
neurospheres. Immunostaining was performed to observe the cellular neural network with GFAP (Glial fibrillary 
acidic protein), marker of glial cells (c) and Tuj-1 (β3-tubulin), marker of neuronal cells (d) (scale bar: 50 µm). 
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Discussion 

New supramolecular hydrogels suited for neural cell culture have been found in this study. The 
alkylgalactonamide hydrogels display fibers with original dimensions, structures and entanglements. 
They form long ribbon-like fibers that can reach several hundreds of micrometers in length and 
several micrometers in width. The meshing also is quite loose. Nevertheless, the three gels do not 
have exactly the same properties. They affected to some extent the cell growth. The different 
features we have studied that differentiate the three gels are the following: chain parity; fiber 
dimensions and distribution; solubility; macroscopic stiffness. Those factors are not independent, 
because the chemical structure of the gelator itself affects the physicochemical properties of the gel. 
Nevertheless, it is worth gathering and comparing here the results of the cell growth on the three 
gels in relation with the gel physicochemical properties investigated. 
 
The results tend to show that the 90-min cooled Gal-C7 gel is the most suitable scaffold for cell 
culture, according to both dead-live, MTT assays and practical issues. This gel has the longest and 
widest straight fibers and the smallest population of small fibers. Its macroscopic stiffness is very low, 
around 15 kPa (at high compression speed), its solubility is also low (1.2 µmol/mL, see SI-10, Table 3) 
and it is the only one of the series with an odd number of carbons in the alkyl chain. It is also more 
practical to handle compared with Gal-C8.  In addition, the slow cooling process brought to this gel 
an advantage mostly in terms of gel self-standing, handling, homogeneity, 3D penetration and 
neurite guidance.  
 
Gal-C6 seems the least favorable even if some cells can stay alive during 7 days of culture. Most cells 
cultures stagnate between day 1 (D1) and day 4 (D4) and several clusters of dead cells are found in 
dead-live experiments at day 7 (D7). It might be related to several gel features. Gal-C6 gel is the 
stiffer (153±31 kPa at high compression speed). Gal-C6 also has a five-fold higher solubility compared 
with the other two gelators (5.0 µmol/mL, see SI-10, Table 3) and it had to be used in higher 
concentration. Since cytotoxic effects are concentration dependent, those factors have to be taken 
into account in future prospects on these gels, especially in the case of Gal-C6. The toxicity of shorter 
alkylamines is also known to be higher than the one of longer alkylamines 61. Otherwise, this 
molecule gives gels with much shorter and thinner fibers. In the case of Gal-C6, there are thus many 
factors that might explain the difference of cell growth compared to Gal-C7 and Gal-C8.  
 
For Gal-C8 gels, again the cell growth appeared less favored compared with Gal-C7. The 
physicochemical differences between Gal-C8 and Gal-C7 gels appear a lot more subtle. Gal-C8 is less 
soluble than Gal-C7 (0.7 µmol/mL, see SI-10, Table 3). Like Gal-C7, it also has a population of long, 
wide and straight fibers. The mechanical properties, measured by rheology on “0-min” cooled gels 
and by uniaxial compression on 90-min cooled gels are quite close for both gels. Slow cooled Gal-C8 
gels are only slightly stiffer (24±3 kPa at high compression speed) than Gal-C7 gels (14±3 kPa). Gal-C8 
is harder to manipulate because of its high gelation point. The two main differences in our 
observations are rather: the chain parity and the difference of the fibers length distribution. Actually, 
an important difference can be seen on the fiber length histogram in 90 min cooled gels (Figure 3c): 
an important population of short fibers is observed for Gal-C8 compared with Gal-C7. This 
distribution corresponds to a higher density of fibers. It has been shown that nanofibers of poorly 
soluble self-assembling dipeptides 62 or peptides 63 can be detrimental for cells when penetrating 
through the cell membrane and tend to provoke the apoptosis of the cell. In the case of Gal-C6-C7-C8 
gels, changing the cooling rate from "0-min" to "90-min" changed the fiber lengths profile (Figure 3) 
and the nucleation points (Figure 2) for a given gelator but it did not change strongly the cell growth 
in MTT experiments: the same difference of cell growth between Gal-C6, Gal-C7 and Gal-C8 is 
observed on "0-min" cooled gels and on 90-min cooled gels (see Figure 3a and SI-7, Figure S10). It 
tends to show that at least the micrometric fiber distribution might not be the most critical 



parameter explaining the difference of cell viability and growth between Gal-C6, Gal-C7 and Gal-C8. 
Thus other factors not addressed here should be considered further and among others the metabolic 
fate of the gelators.  
 
About chain parity, it is known that the metabolic paths of odd and even chains are different 64. The 
packing of LMW gelators is also known to be sensitive to the chain length, even for a one-carbon 
odd-even increment (see SAXS section and 65). This difference then affects in cascade all the other 
properties of the gels from the way it self-assembles up to the effect on cell growth. For example, a 
previous work has shown that some gel fibers have different biological properties and cell growth 
according to the chirality of helixes 66. We tried to obtain gels from the related odd-numbered 
alkylgalactonamides, Gal-C9 and Gal-C5 (see SI-9). But Gal-C9 formed very large ribbons and sheets, 
even much larger compared with Gal-C7 and Gal-C8 (Figure S13). It was too hydrophobic and 
because of that, it did not form a macroscopic gel, but only provided floating heterogeneous 
concentrated gelled fragments. As for Gal-C5, it formed very thin fibers (Figure S14), similar to Gal-C6 
but was too soluble and its gel-sol transition was around 40°C, too close from 37°C. For these 
reasons, it was not possible to work with these related odd-numbered alkylgalactonamides. 
 
Finally, Gal-C7 is an optimal gel within this family. It is well adapted to the growth and differentiation 
of neuronal cells in 3D, including human adult neural stem cells. The network organization really 
seems to mimic the extracellular matrix architecture. It mixes a population of very large, straight and 
stiff ribbons linked by a population of narrower flexible ribbons. It is also quite easy to prepare. 
Previous studies have shown that stem cells differentiate in neural cells when the matrices rigidity is 
low. More precisely, a rigidity in the range of 1-20 kPa tends to favor the differentiation in glial cells 
while a lower rigidity 0.1-10 kPa tends to increase the differentiation in neurons 22,24–26.  Thus Gal-C7 
is in the convenient range of stiffness (Y = 14±3 kPa at 5mm/s; Y = 8±2 kPa at 0.1 mm/s, Table 1) for 
both neuronal and glial cell growth. Actually, the results of the cell culture with hNSC demonstrate 
that the gel favors the differentiation into both glial cells and neurons, providing a dense 
interpenetrated network of neuronal cells. It is worth pointing out that the measurement of the 
macroscopic rigidity, as provided by rheology and compression tests, only gives the "macroscopic" 
mechanical properties. In fact, the cells experience a local rigidity at microscopic scale that may be 
different to the rigidity measured by macroscopic measurements. The presence of different kinds of 
fibers, some being large, straight and stiff and others being narrow and flexible may favor the dual 
differentiation which is required for neural tissue regeneration. It led to the growth of neurites with 
different morphologies, like in the brain. The dual network of fibers may help the neurites outgrowth 
and both the long and short distance interconnection between cells. It has also been shown also that 
the topography and the roughness of the fibers, at the nanometric scale can affect the cell responses 
67. Actually, the immunostaining revealed bundles of neurites that have followed the straight fibers 
(Figure 8d), probably because they follow their grooved topography. It is well observed on the widest 
ones (Figure 4b and 7). This phenomenon has already been highlighted in our previous studies 68. 
Finally, this combination of microscopic vs macroscopic properties makes these matrices very original 
in respect to many polymer scaffolds and other fibrillar supramolecular networks. Notably, the 
extension of such very flat and large fibers over several micrometers instead of twisted fibers and 
linked with thinner fibers is quite unique 30.   
 

The other kinds of molecular gelators already used for cell culture and based on aminoacids or 
saccharides, provide smaller fibers often twisted and it has been shown that this topology at the 
microscale has an impact on the cell adhesion and growth 66. The simplicity of the chemical structure 
of the alkylgalactonamide gels may also be an advantage: more complex chemical functionalities may 
induce toxicity 38. In addition, compared with peptide-based gelators, the fiber structure of 
allkylgalactonamides and also the molecules released are very different and will lead to differences in 
metabolizing. 
 



Still to compare with other matrices already described for neuronal cell culture, in 90-min cooled Gal-
C7 alkylgalactonamide gels, the cells penetrated in depth in the matrix, interacted with several fibers 
and with other cells, forming neurosphere-like structures. They formed a dense network of cells after 
7 days and less commonly, they developed straight neurite outgrowths over long distances by 
following the gel fibers. Its extreme softness and its highly porous network allow the migration of the 
neural cells throughout the network, while providing a large carrier for the cells. With regular 
scaffolds made of collagen I only or hyaluronic acid the neurite outgrowth is generally nor very 
extended neither dense6,10,11. With composite scaffolds using a combination of ECM components 
with silk protein11 or synthetic peptides11,15–17, much denser neurons networks are observed. 
However, these kinds of scaffolds are more difficult to produce. In comparison, the Gal-C7 gel also 
provides, but with a very simple molecule, a suitable environment for 3D growth and neural network 
development.  
 
 

Conclusion 

 
We showed that a very simple alkylgalactonamide molecule, the heptylgalactonamide (Gal-C7), easily 
prepared at the gram-scale, provided gels suitable for the 3D-culture of neuronal cells. A neuronal 
cell line, but also adult human neural stem cells have been grown on these gels. The gels have been 
made stable by a controlled cooling of the hot solutions of gelators. The controlled cooling enables 
the development of very large and long flat ribbons, linked by narrower ribbons, forming an 
adequate substrate for sustaining the cells. The entanglement of the ribbons is loose, providing large 
and open interspaces, not cross-linked, into which the cells can migrate and grow in 3D. This 
hydrogel is highly hydrated, with an aqueous phase ratio over 99.5%. On the three gels studied 
(hexyl, hepty, octyl-galactonamide), the cells stay alive after seven days but the seven-carbon chain 
length galactonamide (Gal-C7) gels appeared to be the most suitable for the growth of the neuronal 
cells. Quite strikingly, a one-carbon increment in the alkyl chain length of the gelator affected 
significantly the biocompatibility. In fact, this tiny chain length difference induced a cascade of 
differences. It started from the self-assembly in different sizes and the morphologies of ribbons and 
finally affected the network organization, the stiffness and the solubility. In the case of heptyl and 
octyl galactonamides (Gal-C7 and Gal-C8), the stiffness lies within a suitable range for neuronal cells 
differentiation and growth. As a result, experiments with human adult neural stem cells (hNSC) from 
patient biopsies demonstrated that the scaffold is suitable for the differentiation into both glial cells 
and neuronal cells. It allowed the outgrowth of numerous neurites and the development of a full 
interpenetrated neuronal network, showing the potential of this hydrogel to support neural tissue 
regeneration.   
 
 

Experimental Section 

 
Gelator synthesis and purification 
The galactonamides have been prepared in good yield (≈70-80%) from galactonolactone and 
hexylamine, heptylamine and octylamine, as described in the literature 47,48. They have been purified 
twice by recrystallization in methanol. Details of the syntheses and analysis are provided in SI-1. 
 



Gel preparation  
Controlled cooling rate gels: a suspension of the Gal-Cn powder in pure water was prepared in a 
sealed vial (1 wt% for Gal-C6; 0.45 wt% for Gal-C7 and 0,5 wt% for Gal-C8. Caution! Take a 10 mL vial 
for a maximum of 2 mL solution). It was heated at resp. 100°C, 110°C or 120 °C using heating blocks, 
until complete dissolution. The resulting hot solution was dispensed in the wells of a cell culture plate 
heated at 100 °C: 400 µL/well for 48-well plates (0.95 cm²) or 300 µL for a 8-well chamber slide (0.70 
cm²), providing a gel of ≈3 mm height (caution! Pressure must be released with a needle before 
opening the sealed hot vials). The wells were sealed with a sealing foil to avoid evaporation. The 
culture plate was introduced in a programmable oven (Vötsch VT 4004). The temperature of the 
sample was set following a three step workflow: 5 min at 100 °C, a temperature linear ramp from 100 
°C to 25 °C in either 15, 30, 60 or 90 min and finally 10 min at 25 °C. For culture chamber slides, a 
clamp was used to ensure a good sealing of the chambers. 
For gels prepared without controlled cooling ("0-min" cooled gels): the gel solution was prepared as 
described above, and the hot solution was dispensed directly in the wells of a culture plate at room 
temperature and allowed to stand for 1 hour before characterization. 
 
Differential Scanning Calorimetry (DSC) has been performed on the "0 min"-cooled gels, in a Mettler 
Toledo HSS8 calorimeter. The hot solution of gelator (≈ 80 mg) is introduced in a sealed stainless 
steel pan and allowed to cool at room temperature. Three cycles from 10°C to 120°C at 10°C/min or 
3°C/min under nitrogen were recorded. The transitions temperatures are reported in Table SI-2. 
 
Morphological characterization of the gels:  
Optical transmission microscopy (OM): the gels prepared in the 48-well plates, in triplicate for each 
cooling condition, were observed directly by optical microscopy (inverted, bright field, x10), at the 
end of the cooling program on undisturbed gels. Two pictures were taken per well and per gel at two 
places remote from each other. It resulted in 6 pictures per gel and per rate.  
The nucleation points were counted manually using ImageJ counter on each photo. The mean of the 
nucleation sites per mm² was calculated for the 6 pictures and reported as a function of the cooling 
time.  
The fiber lengths analysis was done on the same six pictures over a fixed area of 0.166 mm2. The total 
number of counted fibers is different for each gel since it depends on the gelation, but was around 
25-90 fibers on each field. All the fiber segments visible on the images were traced semi-manually 
using the ImageJ plugin NeuronJ and their lengths were measured. It provided the apparent lengths 
of fibers exceeding the threshold of 4 µm in length, and below 550 µm (max of the observation field) 
and large enough to be visible. The results are represented as a box chart, giving the full extent of the 
fibers measured.  
Transmission Electronic Microscopy (TEM): In two different wells prepared with or without a 
controlled cooling, a grid (carbon film on copper, 200 mesh) is inserted within the gel for 10 minutes 
and removed. This sampling may have taken off mainly the unbound and broken fibers of the gels 
and for this reason, may not be completely representative of the whole gel. The grids are observed 
without any staining using a Hitachi HT7700 transmission electron microscope (TEM) operating at 
80kV. The widths of all the visible fibers on the images were measured manually using ImageJ. The 
total number of counted fibers was also different for each gel and was counted up to 450-1700 fibers 
per gel. The results are represented as a box chart in SI-3. 
 
Scanning electron microscopy (Cryo-SEM): One drop of gel was 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 the 
cryo-transfer system chamber (Quorum PP3000T). The sublimation was performed at -95°C for 30 
min. The sample was metalized with Pd for 60s and introduced in the microscope chamber. The 
temperature was kept at -145°C. Images were recorded with a FEG FEI Quanta 250 microscope, at 
5kV for the acceleration voltage. Some of them with a suitable orientation (around 10 to 20 
measures/gel) provided a rough estimation of the fibers thickness. The statistical analysis on these 



few measures provided: Gal-C8: 136 ± 81 nm; Gal-C7: 157 ± 97 nm; Gal-C6: 105 ± 43 nm, giving the 
following ranges of thickness: Gal-C8 and Gal-C7: 150 ± 100 nm and Gal-C6: 100 ± 50 nm. 

 

Small Angle X-ray Scattering (SAXS): Scattering measurements have been performed on 1 wt% Gal-
C6; 0.45 wt% Gal-C7 and 0.5 wt% Gal-C8 90-min cooled gels with a XEUSS 2.0 SAXS/WAXS laboratory 
beamline equipped with a Cu source (E = 8keV) and a pixel detector PILATUS3 1M from Detrics. Two 
sample-to- detector distances have been used: 0.387 m (beam size 0.8mm*0.8 mm) and 2.5 m (beam 
size 0.5mm*0.5mm) allowing a q range between 0.0037 Å-1 and 1.5 Å-1. Samples have been mounted 
on a sample holder for gels. Measurements have been carried at 25°C. 
 

Rheology. Rheograms were recorded with a rheometer AR1000 (TA Instruments), equipped with 
rough plates (2 cm diameter, Rheonova). The gap was set at 1.5mm and the temperature was 37°C. 
The gel was prepared in situ within the geometry: the hot solution was injected between the plates 
and the measurement started after 15 minutes of setting. By preparing the gels directly within the 
rheometer gap, the gels kept a good contact with the plates and did not undergo synaeresis during 
the measurement at low sinusoidal strain. The gels were fast-cooled: slow cooling was not possible 
because of the water evaporation in the open rheometer geometry. To avoid the drying of the gel 
during the setting time and measurement, a ring of water droplets and a cover were placed around 
the geometry. After opening the geometry, the gels were homogeneous and white throughout the 
surfaces, but denser points corresponding to nucleation points were however visible. The elastic 
modulus G' and viscous modulus G'' were recorded as a function of the frequency from 10 to 0.01 Hz, 
with a sinusoidal strain amplitude of 0,2%. The linear viscoelastic region was determined by a strain 
sweep from 0.5 to 10% (SI-5).  
 
Uniaxial compression tests. Cylinders of gels were prepared in plastic molds (half cylinders, diameter 
14 mm, height 20 mm, sealed with wax and metal rings). The hot solutions (1wt% for Gal-C6; 
0.45wt% for Gal-C7; 0.5wt% for Gal-C8) were dispensed in pre-heated molds. They were closed with 
a sealing foil and then cooled from 100°C to 25°C within 90 minutes. After cooling, the gels were 
gently removed from the molds, measured with a vernier calliper. All samples underwent uniaxial 
compression tests with Bose Electroforce 3100 mechanical testing machine equipped with a 20N 
loading cell. Two compressive rates were applied: 5mm/s and 0.1 mm/s, up to 10% strain (SI-6, 
Figures S7-S8-S9). During compression, droplets of water are expelled from the gel cylinder that go 
back into the gel upon unloading. All tests have been made in triplicate. The curves from the first 
loading were fitted with polynomes. The first order terms of the polynomes were extracted and the 
mean of the three triplicates provided the initial modulus "Y0" (first regime). The second regime 
modulus was determined from the tangent to the curves at higher strain (typically from 0.05 to 0.09). 
 
Cell culture, Cell viability assay and MTT based cell growth determination. 
The neuronal cell line (Neuro2A, ATCC) was cultured in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% foetal bovine serum (FBS), and 1% penicillin-streptomycin at 37°C in a 
humidified atmosphere containing 5% CO2.  
For the cell viability assay, 300 µl of the different gel compounds were prepared in an 8-well chamber 
slide (Lab-Tek, Nunc). After complete gelation, two extensive washes of several hours (4-5h and 
overnight) with 400 µl of supplemented medium were performed. 30000 cells per well were seeded 
and cultured for 7 days. Fluorescent live–dead staining assay (Molecular probe) was used, according 
to the manufacturer instructions, to visualize the proportion of viable cells in green (calcein AM) and 
non-viable cells in red (ethidium homodimer-1). The samples were observed using a Zeiss Axioskop 
microscope equipped with a Cool SNAPfx camera (Photometrics). Each experiment was done at least 
in triplicate. Cell viability was evaluated by cell counting (live cells in green and dead cells in red). 
Three different fields for three independent experiments were analyzed for each gel condition using 



Image J Cell Counter. The percentage of cell viability was evaluated in each condition and results 
were expressed as the average +/- SD). 
 
For cell growth determination, 400 µl of the different compounds were allowed to gel in each well of 
a 48 well plates (CellStar, Greiner Bio-One). After complete gelation with or without controlled 
cooling rate, two extensive washes of several hours (4-5h and overnight) with 600 µl of 
supplemented medium were performed. Neuro2A cells were then seeded at a density of 35 000 or 
70 000 per well, in 350 µl of DMEM, and cultured for 1 or 4 days without changing medium to avoid 
cell lost. As controls, 35 000 cells were directly seeded on the plastic well (2D control) corresponding 
to a culture which reaches confluence after 4 days. MTT based colorimetric test quantification 
(Sigma-Aldrich, France) were adapted for cell culture on gel. Briefly, after the determined culture 
period (1 or 4 days), 75 µl of “MTT SOLUTION” (10 % of the total volume corresponding at the gel 
with the culture medium) were added to each well and allowed to react for 4 hours at 37 °C. The 
culture medium was then carefully removed and 400 µl of “MTT SOLVENT” were added in the wells, 
which enabled the gels to dissolve as well, to ensure a confident reading of the optical density. The 
absorbance was then measured spectrophotometrically at 570 nm. The background absorbance was 
measured at 690 nm. The absorbance of the gel alone was then subtracted to the obtained optical 
densities. Values were normalized to the 2D control. Three independent experiments were at least 
performed for each gel sample tested. 
 
Neuro2A-GFP and 3D confocal study 
Neuro2A cell line stably expressing the GFP protein were generated by transduction of the pLVB-
CpGfree-hCMV/hFerL-GFP lentiviral vector (generous gift from InvivoGen) using 1.0 × 106  infective 
units/ml with polybrene (4µg/ml) for 1.0 × 105 Neuro2A cell seeded in a 24 well plate. Positive clones 
were selected by subculture using a fluorescent microscope. 
For 3D confocal microscopy observations, Neuro2A-GFP cells were seeded on a gel prepared in an 8-
well chamber slide with controlled cooling rate as describe above (90 minutes). In some experiments, 
a solution of laminin (10µg/mL) was added during the last washing step for gel coating. However, no 
clear difference was observed between gels with (Figure 6) or without laminin (SI-8). After 5 days of 
culture, samples were fixed by addition of 4% paraformaldehyde solution for 30 min, washed with 
PBS, and then observed with a Leica SP8 confocal microscope. Gel fibers were imaged in parallel by 
confocal reflection microscopy. Images were captured using a x25 lens. 3D images were then 
reconstructed using Imaris Software. 
 
hNSC cell culture  
Biopsies from the temporal lobe and SVZ were obtained from individuals undergoing neurosurgery 
for epilepsy treatment (n =3). All procedures were performed with informed patient consent, in 
accordance with our local human ethics committee (Comité de Protection des Personnes Sud-Ouest 
Outre Mer Toulouse I) and with institutional guidelines on human tissue handling and use. To isolate 
potential neural progenitor/stem cells, cell suspensions were rapidly obtained by tissue enzymatic 
digestion with trypsin (65 µg/ml, Sigma-Aldrich), hyaluronidase (1.4 mg/ml, Sigma Aldrich) and 
kyruneic acid (0.2 mg/ml, Sigma-Aldrich) in DMEM/F12 with 5% glucose as already described 51. Cells 
were then amplified as neurospheres in non-adherent conditions in DMEM/F12 medium containing 
B27 supplements (Gibco, Life technology), EGF (20ng/ml, Gibco, Life technology), bFGF (20ng/ml, 
Gibco, Life technology) and 1% penicillin-streptomycin. At the end of the amplification phase, the 
neurospheres were dissociated to obtain single-cell suspensions 51 and seeded on Gal-C7 hydrogel in 
a 8 well chamber slide (Millipore) at a cell density of 75000 cells/well in DMEM/F12 medium with 
B27 supplements and NGF (20ng/ml, Peprotech). Cell viability assay was realized after 7 days of 
culture as described above. Alternatively, immunostaining experiment was performed to study stem 
cell differentiation. Gels were pre-coated or not with laminin (10µg/ml) but in this case also, laminin 
does not seem also to impact cell behavior on the gel. 
 



hNSC immunostaining 
After 7 days of culture, samples were fixed by addition of 4% paraformaldehyde solution. To preserve 
the structure during the immunostaining procedure, samples (Gal-C7 gel with hNSC) were embedded 
in acrylamide gel with a protocol adapted from "CLARITY"60. A fresh solution containing: 0.6 mL of 
PBS x10, 4.65 mL of pure water, 0.6 mL of a 40% acrylamide solution and 0.15 mL of a 2% bis-
acrylamide solution and 15 mg VA-044 (2,2'-Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride) 
was prepared in a sealed vial at 0°C and flushed with argon for 30 min. After removing the 
supernatant, 300 µL of the acrylamide solution was added in each well and kept for 45 min at 4°C. 
This step was performed three times. The supernatant was again removed and the chamber slide 
was flushed with argon for 30 min at room temperature, then heated under argon at 43°C for 2 
hours. After polymerization, PBS was added in each well and samples kept at 4°C. For 
immunostaining procedure, the samples were washed 3 times for 45 min with 300 µl of PB per well. 
The samples were then permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PB for 30 min at 
room temperature, washed twice for 45 min with PB, and incubated with a blocking solution (3% 
goat serum, DAKO) for 1h at room temperature under shacking. Samples were then allowed to react 
with primary antibodies using the appropriate dilution of mouse anti-Tuj1 (1:500, Sigma-Aldrich) or 
rabbit anti-GFAP (1:1000, DAKO), for 24 hours at room temperature under shacking. After PB washes 
(twice, 45 min), the appropriate secondary antibody (Alexa Fluor 488 anti-Mouse or –Rabbit, 
Molecular Probes), was incubated for 5h under shaking. After 3 additional extensive PB washes, the 
samples were observed by confocal microscopy as described above. 
 
Statistical analyses 
MTT data and Nucleation point data are presented as means ± standard deviations. Statistical 
analyses were performed, with GraphPad Prism v7.0 software, using a two-way ANOVA corrected for 
multiple comparisons by Bonferroni’s test. For length and width fibers, data are represented as the 
median with interquartile ranges [first quartile: Q1; third quartile: Q3] for each group. Data were 
analyzed using the nonparametric Kruskal-Wallis test followed by the Dunn’s multiple comparisons 
test as post hoc analyses. Results were considered significant for corrected p values below 0.05 and 
are indicated by asterisks.  
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