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We show how to control the formation and alignment of gel ‘'noodles’.
Nanostructure alignment can be achieved reproducibly by extensional
deformation as the filaments form. Using a spinning technique, very
long and highly aligned filaments can be made. The Young's moduli of
the gel noodles are similar to that of a bulk gel. By using two syringe
pumps in a concentric flow setup, we show that a filament-in-filament
morphology can be created.

Low molecular weight gels (LMWGs) are formed from small
molecules that self-assemble into 1D structures that create an
entangled network and so form a gel."” The 1D structures in a gel
typically adopt a random arrangement but the 1D structures can
be aligned by methods such as magnetic fields,>™ electric fields®
and shear.®” Nanostructure alignment has potential applications
from cell culturing to organic electronics.*® Low molecular
weight gel filaments (or ‘noodles’") were first reported in 2010
by Zhang and co-workers working with a peptide amphiphile
solution.™ The gel filaments were formed by manually dispensing
the self-assembled amphiphile solution from a pipette into a CaCl,
trigger solution. Initially, the pre-gel solution formed unaligned
filaments when extruded. A thermal annealing process of the pre-
gel solution changed the self-assembled structures and lead to an
increase in viscosity; when this solution was used, aligned fila-
ments were formed. Other work using different materials did not
require a pre-extrusion heat/cool to form aligned gel filaments."’
Many researchers have used this technique to form self-assembled
gel noodles with a wide range of different compounds.'®**™8
Clearly, the exact nature of the self-assembled structures present
in the pre-gel solution (such as morphology, concentration and
surface charge) are crucial to aligned filament formation.
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Most researchers form gel filaments using injection from a
pipette or a needle. This approach is effective and easy but has
limitations because injection speed cannot be accurately mea-
sured and reproduced. The filament morphology and nanos-
tructure alignment will depend on many factors including
injection flow rate, pipette/needle inner diameter, the gel
trigger medium and how the injection is performed (e.g. static
or dragged) among others. These factors are yet to be investi-
gated in detail. Here, we describe the conditions required to
form gel noodles and then how to control the morphology and
alignment of the noodles, linking this with their mechanical
properties. We extend this to show how a noodle-in-noodle
morphology can be accessed.

A functionalised dipeptide, 1ThNapFF (Fig. 1a) was selected
as the focus of this study. 17ThNapFF self-assembles into worm-
like micelles at high pH forming shear-thinning solutions.®
Like the peptide-amphiphile mentioned above, 1ThNapFF
forms strong gels with calcium salts.’® For noodle formation,
50 mM CaCl, was chosen as the gel trigger. 1ThNapFF solutions
from 1-20 mg mL ™" (at pH 11.3) were studied by shear rheology
and then tested for the ability to form gel filaments. All
solutions at concentrations of 2 mg mL™~" and above showed
shear-thinning behaviour (Section S2.1, ESIt) and formed gel
noodles. For the 2 mg mL™" samples, the gel filaments were
difficult to see so 80 ppm Nile Blue A was added. The self-
assembled structures present in the 1ThNapFF pre-gel solu-
tions were probed using small angle X-ray scattering (SAXS)
over a concentration range of 1 mg mL ' to 15 mg mL "
(Section S2.2, ESIf). Small angle scattering techniques has
previously been extensively used to study self-assembled rod-
like structures in aqueous solution.’®*' The data at 1.0 and
1.5 mg mL ™" show isotropic, low scattering intensity. These data
were not fitted to any structural models and correlate with either
no or a very low concentration of self-assembled structures. At
concentrations of 2 mg mL ™' and greater, the samples scatter
strongly and were fitted to either the cylinder or flexible cylinder
models. These data depict long cylindrical structures with radii of
around 2.1 nm at all concentrations of >2 mg mL ™, suggesting
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Fig. 1 (a) Chemical structure of 1ThNapFF; (b) photograph of gels formed
at different injection speeds for the 1 mL pipette. Left vial is a slow injection
(with an arrow to guide the eye), the middle vial is an intermediate injection
and the right vial is a fast injection; (c) a photograph of a gel filament lifted
out of trigger medium; normal and cross polarised light microscope
images for (d) 1 mL pipette static; (e) 1 mL pipette dragged; (f) 200 plL
pipette static and (g) 200 pL pipette dragged. Scale bars represents 500 pm
and the white crosses represent the polariser directions.

no significant change in the fibre cross-sections. From a concen-
tration of 5 mg mL ' and above, the addition of a flexible
component to the fitting model was required. The rheology and
SAXS data show that solutions with self-assembled 1D structures
and therefore higher viscosities are required for effective noodle
formation. The low viscosity solutions (<2 mg mL™") showed low
scattering intensities and did not form noodles.

A concentration of 10 mg mL ™" was selected for most of the
experiments. The noodles were sufficiently mechanically robust
to be lifted out of the trigger medium and remain intact
(Fig. 1c). The parameters that control filament formation were
investigated in detail. In previous literature, details of the exact
pipettes used to prepare optimal filaments are often not
detailed. To investigate the effect of using different pipettes
(and therefore changing the pipette tip diameter from which
the solution is dispensed), 2-20 pL, 20-200 uL and 100-1000 pL
(1 mL) pipettes were tested (Section S2.3, ESIT).

At first, the speed of injection from the pipette was tested
(Fig. 1b) in 7 mL vials by varying the rate of depressing the
pipette plunger by hand. A faster rate of pressing the plunger,
the faster the flow rate of the dipeptide solution leaving the
pipette tip. The test was could not be accurately controlled or
quantified because it was performed by hand but it gave a
valuable insight into the effect of injection speed. It was found
that with a slow injection the pipette tip would block or a ‘ball’
of gel would form. For the 2-20 pL pipette, this was not seen
and at very slow injection rates noodles were formed. When
injected too quickly, turbulence created from the rapid injec-
tion resulted in inhomogeneous noodles. With intermediate
injection speeds all three pipettes could form continuous, uniform
filaments. For filament formation, the 1ThNapFF solution was
dispensed into a 100 mL bath of 50 mM CaCl,. The resulting
noodles formed from intermediate injection speeds were imaged
on an optical microscope under both normal and cross polarised

This journal is © The Royal Society of Chemistry 2021

View Article Online

ChemComm

light (Fig. 1d-g and Section S2.3, ESIt). Four noodles were made
using each pipette and imaged, resulting in >20 representative
microscope images. Image] was used to measure filament dia-
meter in each microscope image and the result plotted as a
histogram (Fig. S20 and Section S2.3, ESIt). The results show a
distribution of filament diameters for the 20-200 puL and 1 mL
pipette. The 2-20 pL pipette has a relatively narrow distribution
centred on 0.45-0.50 mm. Most filaments made were wider than
the pipette tip used, which may be the die-swell phenomena.****
Using cross polarised optical microscopy (CPOM), aligned struc-
tures exhibit birefringence and appear bright in an otherwise dark
image. Uniformly birefringent sections of filament were seen for
the 20-200 uL and 1 mL pipettes in some places (Fig. 1d, f and
Fig. S21, Section S2.3, ESIt) but not throughout the structure. The
alignment was not achieved consistently and predictably.

We hypothesised that stretching the noodles as they form
may help induce alignment. Therefore, noodles were made by a
dragging process. This involves dragging the pipette tip
through a pool of trigger medium whilst dispensing pre-gel
solution. A similar technique (but not with the specific purpose
of achieving stretching and alignment) has been reported
previously in the literature, where a video can be seen in the
ESI of that publication."” The speed at which the pipette is
dragged will influence the filament that forms. The dragging
technique showed a range of diameters in the same filament
and could not be performed reproducibly. With a relatively fast
drag, using both the 20-200 uL and 1 mL pipettes a reduction
in filament diameter occurred in places. The thin filament
regions showed uniform birefringence (Fig. 1e and g). The
results suggest that an extensional process as the filaments
form can effectively align the nanostructure. Extensional stres-
ses have been shown to be important for the formation of
synthetic spider silk, polymer crystallisation and the alignment
of anisotropic particles.>*® This dragging technique was
unsuitable for the 2-20 pL pipette as the filament was simply
pulled along with the pipette. Dispensing by hand when using
the pipettes was easy but lacked reproducibility and consis-
tency. Aligned regions were formed both under static and
dragged conditions but this was difficult to control and
resulted in limited lengths of aligned filament.

To reproducibly control noodle formation, a syringe pump
was employed (Section S2.4, ESIt). Briefly, a syringe containing
gelator solution was attached via tubing to a flat-headed needle
(413 um inner diameter) and connected to a syringe pump.
With this setup the effect of flow rate, 1ThNapFF concentration,
and 1ThNapFF solution pH were investigated. For example, the
flow rate can be used to control the filament diameter, where
thicker filaments are formed at higher flow rates (detailed data
can be found in Section S2.4, ESIt). As with the pipettes,
excessively slow (<5 mL hr™') and excessively fast flow rates
(>200 mL hr™") did not form uniform noodles. The results
show that filament diameter can be controlled reproducibly
and changes depending on the parameters used. For any one
set of conditions, there is a size distribution in noodle dia-
meter. With this setup, multi-meter long continuous noodles
can be easily made (Fig. 2c with the full image in Fig. S30, ESI{)
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Fig. 2 (a) Cartoon of the spinning technique used to form aligned
filaments; (b) a photograph of the spun gel noodles in a 9 cm petri dish.
(c) Cropped photograph of part of a multi-meter filament with a 30 cm
ruler for scale, see full image in Fig. S30 of ESI.1 (d) Histogram of filament
noodles for 10 and 100 mL hr% normal and cross polarised light micro-
scope images for spun noodles at (¢) 100 mL hr* and (f) 10 mL hr™2.
The scale bars in (e and f) represent 0.6 mm.

and is limited only by the size of the syringe and the bath into
which they are made. As with the pipettes, noodles made by
static injection into trigger medium with the syringe pump did
not consistently show alignment in CPOM images. Using pip-
ettes, extensional deformation (stretching) the noodles as they
formed induced alignment. To do this reproducibly, a spinning
technique was developed (Fig. 2a). This used a bath of trigger
medium rotating at 100 rpm on a spin coater, into which the
pre-gel solution was injected. The spinning procedure did not
destroy the structures and instead resulted in a long single
continuous noodle (Fig. 2b). The spun noodles had diameter
distributions centred on 0.1 mm (Fig. 2d and Section $2.4,
ESIY), a quarter of the inner diameter of the needle. Based on a
localised rotation speed around the dispensing needle of
approximately 2136 cm min~"' and a 10 s injection time, the
bundle of continuous noodle would be approximately 3.5 m
long if unravelled. The spun filaments exhibited strong bire-
fringence in CPOM measurements (Fig. 2e and f), indicating
that the spun noodles have aligned nanostructures. By spin-
ning, gel noodles with a narrow size distribution and good
alignment were reproducibly formed.

To the best of our knowledge, no previous work has studied
the mechanical properties of LMWG gel noodles although the
tensile strength of self-assembled nanotube yarns that are
drawn directly from solution has been previously studied.””
Some LMWG noodles have been shown to be sufficiently
mechanically robust to tie into a knot,"" and the ones shown
here are self-supporting if lifted out of the solution (Fig. 1c).
Using conventional techniques (such as oscillatory rheology),
the mechanical properties of the gel filaments cannot be
measured due to the small size and 1D shape. Nanoindentation
is a technique that can be used to measure the mechanical
properties of a localised area (on the um scale) of a material.”®
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Fig. 3 Optical microscope images of gel noodles formed at (a) 10 mL hr~*
and (b) 100 mL hr™%; (c) a bulk CaCl, gel and (d) violin plots of the Young's
moduli of the gel noodles and the bulk gel. For (a and b) the scale bars
represent 0.5 mm and for (c) the scale bar represents 7.5 mm.

The nanoindenter tip is scanned across the gel surface and
> 20 individual measurements performed. The force-indentation
curve for each measurement is fitted to give a Young’s modulus
and a median value is calculated for each gel. Using nanoindenta-
tion, the Young’s moduli of gel filaments and bulk gels (Fig. 3a—c
and Section S2.5, ESIT) were measured. The data are presented in
violin plots, which show the distribution of the data, with the
white dots representing the median. The results (Fig. 3d) show that
the Young’s moduli for gel filaments at two different flow rates are
similar at around 5-20 kPa.

The Young’s moduli are similar to those of the homoge-
neous bulk gel prepared with CaCl,, which shows that the
process of noodle formation does not significantly change the
mechanical strength of the gels. With the nanoindentation
setup available, the spun noodles were too small to be accu-
rately measured.

Finally, with two syringe pumps, a concentric flow setup was
created (Section S2.6, ESIT), inspired by a microfluidic setup
that was previously used to align V,05 nanorods.>® Using the
trigger medium as the sheath flow and driving the sheath flow
by hand, noodles very similar to those formed with the spin-
ning technique can be formed. With this setup, if both flows
are loaded with gelator solutions, a noodle-in-noodle morphol-
ogy can be accessed (Fig. 4).

The inner pre-gel solution was stained with Nile Blue A for
visualisation. The diameter of the inner noodle as well as the
whole noodle can be controlled by varying the two flow rates
(Section S2.6.2, ESIT). Cross-sections of the noodle-in-noodle
were cut using a scalpel and imaged (Fig. 4d). The inner and
outer filament regions were studied with nanoindentation
(Fig. S39 and Section S2.5, ESIT). In this experiment, the two
components showed similar Young’s moduli but conceivably,
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Fig. 4 A filament-in-filament morphology formed using a concentric flow
setup with sheath of 10 mg mL™* and an inner of 5 mg mL™ (Nile Blue
A stained). Photographs of (a) the whole filament and (b) a close-up taken
with a macro lens. Optical microscope images of (c) the filaments side-on
and (d) cut cross-sections of the filament-in-filaments. The scale bars
represent 0.6 mm.

a noodle-in-noodle morphology with two very different Young’s
moduli could be formed.

In conclusion, we have studied the parameters that control
low molecular weight gel noodle formation. A minimum
concentration of 1ThNapFF was required to form gel noodles,
which is related to requiring a certain underpinning self-
assembled structure and solution viscosity. By using a syringe
pump, we can align the nanostructure within the noodles
reproducibly using an extensional deformation. A spinning
technique was developed to reproducibly form continuous
multi-meter long aligned noodles. The noodles are sufficiently
mechanically robust to be lifted out of solution. The mechan-
ical properties of the noodles were measured using nanoinden-
tation and show similar Young’s moduli to a bulk gel. With a
concentric flow set-up, a noodle-in-noodle morphology can be
accessed and controlled.

DM thanks the Leverhulme Trust for funding (RPG-2018-013).
This work was funded by a grant from the UK Regenerative
Medicine Platform. MC acknowledges MRC for funding
(MR/S005412/1). This work benefited from the use of the SasView
application, originally developed under NSF award DMR-0520547.
SasView contains code developed with funding from the European
Union’s Horizon 2020 research and innovation programme under
the SINE2020 project, grant agreement No 654000.

This journal is © The Royal Society of Chemistry 2021

View Article Online

ChemComm

Conflicts of interest

There are no conflicts to declare.

References

S. Fleming and R. V. Ulijn, Chem. Soc. Rev., 2014, 43, 8150-8177.

T. ]J. Deming, Nat. Mater., 2010, 9, 535-536.

L. Hu, R. Zhang and Q. Chen, Nanoscale, 2014, 6, 14064-14105.

D. W. P. M. Lowik, I. O. Shklyarevskiy, L. Ruizendaal, P. C. M. Christianen,

J. C. Maan and J. C. M. Van Hest, Adv. Mater., 2007, 19, 1191-1195.

5 E. R. Draper, M. Wallace, D. Honecker and D. J. Adams, Chem.
Commun., 2018, 54, 10977-10980.

6 L. Jiang, H. Dong and W. Hu, Soft Matter, 2011, 7, 1615-1630.

7 E. R. Draper, O. O. Mykhaylyk and D. J. Adams, Chem. Commun.,
2016, 52, 6934-6937.

8 G.-F. Liu, D. Zhang and C.-L. Feng, Angew. Chem., Int. Ed., 2014, 53,
7789-7793.

9 A. Chalard, L. Vaysse, P. Joseph, L. Malaquin, S. Souleille, B. Lonetti,
J. C. Sol, I. Loubinoux and J. Fitremann, ACS Appl. Mater. Interfaces,
2018, 10, 17004-17017.

10 B. D. Wall, S. R. Diegelmann, S. Zhang, T. J. Dawidczyk, W. L. Wilson,
H. E. Katz, H. Q. Mao and ]. D. Tovar, Adv. Mater., 2011, 23, 5009-5014.

11 S.Zhang, M. A. Greenfield, A. Mata, L. C. Palmer, R. Bitton, J. R. Mantei,
C. Aparicio, M. O. De La Cruz and S. 1. Stupp, Nat. Mater., 2010, 9,
594-601.

12 S. R. Diegelmann, N. Hartman, N. Markovic and J. D. Tovar, J. Am.
Chem. Soc., 2012, 134, 2028-2031.

13 H. Guo, J. Zhang, T. Xu, Z. Zhang, J. Yao and Z. Shao, Biomacromo-
lecules, 2013, 14, 2733-2738.

14 R. Marty, R. Szilluweit, A. SanchezFerrer, S. Bolisetty, J. Adamcik,
R. Mezzenga, E. C. Spitzner, M. Feifer, S. N. Steinmann, C. Corminboeuf
and H. Frauenrath, ACS Nano, 2013, 7, 8498-8508.

15 A. Li, A. Hokugo, A. Yalom, E. ]. Berns, N. Stephanopoulos,
M. T. McClendon, L. A. Segovia, I. Spigelman, S. I. Stupp and R. Jarrahy,
Biomaterials, 2014, 35, 8780-8790.

16 J. Lopez-Andarias, M. J. Rodriguez, C. Atienza, J. L. Lopez, T. Mikie,
S. Casado, S. Seki, J. L. Carrascosa and N. Martin, J. Am. Chem. Soc.,
2015, 137, 893-897.

17 ]. Chen, F. K. C. Leung, M. C. A. Stuart, T. Kajitani, T. Fukushima,
E. Van Der Giessen and B. L. Feringa, Nat. Chem., 2018, 10, 132-138.

18 F. K. C. Leung, T. Kajitani, M. C. A. Stuart, T. Fukushima and
B. L. Feringa, Angew. Chem., Int. Ed., 2019, 58, 10985-10989.

19 E. R. Draper, H. Su, C. Brasnett, R. J. Poole, S. Rogers, H. Cui,
A. Seddon and D. J. Adams, Angew. Chem., Int. Ed., 2017, 56,
10467-10470.

20 P. Terech and U. Maitra, J. Phys. Chem. B, 2008, 112, 13483-13492.
21 1. W. Hamley, A. Dehsorkhi, V. Castelletto, S. Furzeland, D. Atkins,
J. Seitsonen and ]J. Ruokolainen, Soft Matter, 2013, 9, 9290-9293.

22 S. Richardson, Rheol. Acta, 1970, 9, 193-199.

23 J. Batchelor, J. P. Berry and F. Horsfall, Polymer, 1973, 14, 297-299.

24 A. Koeppel, N. Stehling, C. Rodenburg and C. Holland, Adv. Funct.
Mater., 2021, 2103295.

25 M. Sentmanat, O. Delgadillo-Velazquez and S. G. Hatzikiriakos,
Rheol. Acta, 2010, 49, 931-939.

26 M. Trebbin, D. Steinhauser, ]J. Perlich, A. Buffet, S. V. Roth,
W. Zimmermann, ]J. Thiele and S. Forster, Proc. Natl. Acad. Sci.
U. S. A., 2013, 110, 6706-6711.

27 Y. Liu, T. Wang, Y. Huan, Z. Li, G. He and M. Liu, Adv. Mater., 2013,
25, 5875-5879.

28 R. Akhtar, E. R. Draper, D. ]J. Adams and J. Hay, . Mater. Res., 2018,
33, 873-883.

29 D. Kiriya, R. Kawano, H. Onoe and S. Takeuchi, Angew. Chem., Int.

Ed., 2012, 51, 7942-7947.

1
2
3
4

Chem. Commun., 2021, 57, 8782-8785 | 8785


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cc03378f



