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Two different low-molecular-weight gelators (LMWGs) have been
3D-printed as filaments by wet-spininng. When the two LMWGs are
simultaneously wet-spun, the co-assembled hybrid gel filaments
combine the individual properties of the two gelators (dynamic pH
response and in-situ metal nanoparticle formation) in synergistic
ways, creating gel objects with new properties.

Supramolecular hydrogels based on LMWGs that assemble via
non-covalent interactions have in vivo applications such as drug
delivery and tissue engineering.' They are responsive to stimuli,
like solvent, pH, temperature etc., and their properties can be
influenced by self-assembly conditions.> The ability to shape
and pattern such gels is increasingly valued, with a variety of
techniques being explored.® 3D-printing has great potential,
having been exploited with polymer-based gels.* However,
3D-printing remains relatively unexplored for LMWGs.

Adams and co-workers optimised parameters for extrusion
printing a peptide gelator.”> Others have printed peptide gels
and in some cases, achieved 3D tissue culture.® Different types
of supramolecular gel have also been printed.” Recently, Adams
and co-workers 3D-printed LMWGs with layers of different
concentrations.® The groups of Bai and Adams have printed
layers of different peptide LMWGs.® Alternative to extrusion
printing a pre-formed gel, a gel can rapidly form in situ after
printing. Fitremann and co-workers pioneered LMWG wet-
spinning.’® An LMWG is dissolved at relatively high concen-
tration in a good solvent; on injection into a poor solvent it
assembles into a gel filament. This approach can also 3D-print
LMWGs layer-by-layer onto a wet substrate. The stability of the
printed objects can be enhanced by tuning hydrophobicity."*
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Recently, we demonstrated that our thermally-responsive gelator
DBS-CONHNH,, based on 1,3:2,4-dibenzylidenesorbitol (DBS) was
ideal for wet-spinning (Fig. 1), giving very stable 3D-printed
objects.”” Here, we extend this to a second LMWG - pH-
responsive DBS-COOH (Fig. 1). We also determine whether the
two gelators can be wet-spun in combination, with the goal of
creating multi-component, multi-functional gel filaments. Multi-
component gels are of considerable interest."> LMWGs may disrupt
one another’s assembly, self-sort, or co-assemble. Previously, multi-
component gels of DBS-CONHNH, and DBS-COOH were formed,
with the former assembled by slow cooling, and the latter via a slow
pH drop." The orthogonal approaches yielded self-sorted materials.
Given printing multiple LMWGs is rare,® we were interested to know
if two LMWGs could be simultaneously wet-spun giving gel fila-
ments with synergistic behaviour.

The LMWGs were synthesised using our well-established
methodology."” Gel filaments of DBS-CONHNH, were prepared
by wet spinning as described previously.'> We then explored
wet-spinning DBS-COOH. A solution of DBS-COOH in DMSO
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Fig. 1 Chemical structures of LMWGs DBS-CONHNH, and DBS-COOH,
schematics of the experimental set-up for wet spinning and random
co-assembly mode, and photos of gel filaments formed by DBS-COOH
and DBS-COOH/DBS-CONHNHs.
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formed gel filaments on injection into water (Fig. 1 and Fig. S1,
ESIT). This was optimised (Fig. S2-S5, ESI{) in terms of loading
(1.5-4.5% wt/volf), needle gauge (15-26G, 1.37-0.26 mm inter-
nal diameter, i.d.) and extrusion rate (3.4-27 pL min %). In
general, at lower gelator loadings (1.5% wt/vol), with higher
extrusion rates (>15 pL min~') uncontrolled gelation was
observed in which a gel formed as an amorphous mass and
was not spatially-constrained as a filament. Uncontrolled gela-
tion resolved at higher loadings (>3.0% wt/vol). At low extru-
sion rates (3.4 pL min '), needles with larger internal
diameters (15G, 1.37 mm i.d. and 18G, 0.84 mm i.d.) some-
times gave issues with clogging. Our preferred conditions to
extrude a continuous gel filament at all loadings were a flow
rate of 3.4 or 6.7 pL. min ™" through a 23G (0.34 mm i.d.) needle.
Gel filament diameters ranged from 100-200 pm (Table S1,
ESIt). Needle gauge had little effect, but concentration and flow
rate had some impact, with higher concentrations and faster
flow rates giving wider filaments. We estimated T values by
heating filaments in the absence of water. They had very good
thermal stability with Ty values of 88-98 °C, at loadings of
1.5-4.5% wt/vol (Table S2, ESIT). Unfortunately, the fragility of
the filaments prevented rheology.

Scanning electron microscopy (SEM) showed filaments had
a well-defined interior nanofibrillar network (Fig. 2(A) and
Fig. S6, ESIt). Transmission electron microscopy (TEM) indi-
cated nanofibers assembled with a relatively crystalline rigid,
structure (Fig. 2(C) and Fig. S7, ESIT). This is different to DBS-
COOH assembled via slow protonation, which has longer
flexible gel fibres ca. 8-22 nm in diameter.'** We suggest the
rapid assembly induced by wet-spinning leads to small crystal-
like nanofibres rather than allowing for slow assembly of longer
fibrillar objects.

Fig. 2 SEM images of nanoscale structures that underpin the gel filaments
formed by wet-spinning (A) DBS-COOH (4.5% wt/vol), scale bar = 1 pm and (B)
DBS-CONHNH,/DBS-COOH (4.5% wt/vol), scale bar = 1 um. TEM images of
gel filaments formed by wet-spinning (C) DBS-COOH (4.5% wt/vol), scale bar =
200 nm and (D) DBS-CONHNH,/DBS-COOH (4.5% wt/vol), scale bar = 50 nm.
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We quantified the LMWG in the filament by drying a sample,
fully dissolving it in de-DMSO and adding an internal standard
(CH;CN). "H NMR indicated >99.5% of LMWG was incorporated
at loadings of 1.5-3.0% wt/vol, and >95% at 4.5% wt/vol. The
residual DMSO in the filaments was calculated as <1% by
suspending filaments in D,O with an internal standard. As in
previous work,"” washing filaments removed even more DMSO.

We then determined filament stability/dynamics (Table S3,
ESIT). The LMWG (100 pL) was wet-spun into D,O (6 ml), then
transferred into an NMR tube with D,O (0.7 ml). On standing,
the DBS-COOH filaments formed at the lowest loading
(1.5% wt/vol) slowly disassembled. After 1 day, 13% of the
LMWG had become mobile, rising to 45% after 4 days (Fig. 3).
Disassembly was less pronounced at higher loadings, with <5%
of the LMWG becoming mobile. This suggests that at low DBS-
COOH loading, ambient pH sufficiently deprotonates the
LMWG to induce disassembly. Deprotonation will also occur
at higher loadings, but presumably the nanofibers do not
become sufficiently deprotonated for disassembly to trigger. In
support of this, the pH of the water after wet-spinning fell
(Fig. S9, ESIT), but at lower loadings the pH (as expected) fell
less, giving a final pH (ca. 5.7) above the pK, of DBS-COOH (5.4)."°
This demonstrates the inherent instability of DBS-COOH to
ambient pH."* When gel filaments were exposed to NaOD/D,0,
DBS-COOH disassembly was complete (Fig. 3) in <5 min.

We then explored wet-spinning a combination of DBS-COOH
and DBS-CONHNH, (Fig. S10-S15, ESIt). Equal mass loadings of
each gelator were employed. At the lowest loading (0.75% wt/vol of
each gelator, total loading 1.5% wt/vol), uncontrolled gelation was
obtained at most flow rates, except the very slowest. As LMWG
loading increased, filament formation increased, but at the high-
est loading (total load 6.0% wt/vol), clogs became increasingly
common at low flow rates in larger needles. Our preferred
conditions were a 23G needle at a flow rate of 3.4-10.2 pL min™ ",
with total LMWG loading of 3.0% or 4.5% wt/vol. Filament
diameters (130-230 pm) were somewhat dependent on loading;
higher loadings giving wider filaments (Table S4, ESIT). Ty values
indicated very good thermal stability being 87-96 °C at LMWG
loadings of 1.5-6.0% wt/vol (Table S5, ESIT).

120

100 ® DBS-COOH
m DBS-CONHNH,

O 80
3
=
=
o 60
=
[<]
S 40
®

20

0 - | I

15%  3.0% 1.5/1.5% 3.0/3.0% 4.5% 4.5% 4.5%

DBS-COOH
/DBS-CONHNH,

in NaOD/D,0

DBS-COOH  DBS-COOH/DBS-CONHNH, i DBS-COOH DBS-CONHNH,

in D,0

Fig. 3 Disassembly of gel filaments as monitored by *H NMR spectro-
scopy. (Left) % Mobile LMWG observed after 4 days standing in D,O. (Right)
% Mobile LMWG observed after 12 h standing in NaOD/D,0.
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SEM revealed a well-defined nanofibrillar interior network,
similar to DBS-COOH alone, although there did appear to be
some additional ‘film-like’ morphologies which could result
from a drying artefact'” (Fig. 2(B), and Fig. S16, ESIt). TEM,
however, indicated different, very well-defined nanostructures
(Fig. 2(D) and Fig. S17, ESIY). These appeared to be longer and
more flexible than the DBS-COOH objects, and with darker
edges, there was evidence they were nanotubular, with consis-
tent diameters of 12.3 = 2.5 nm. They were better defined than
the nanofibers previously observed by TEM imaging of DBS-
CONHNH,-only filaments (with equivalent sample preparation).'>
The presence of a single well-defined nanoscale morphology sug-
gests the LMWGSs co-assemble into a new architecture when wet-
spun together. This is different to self-sorted networks of these
gels, formed using stepwise cooling/pH triggering,'* which had
10-30 nm fibres. This indicates a different self-assembly pathway
arises from rapid triggering achieved by the solvent switch mecha-
nism used in wet spinning. We suggest this leads to random
organisation of the gelators in co-assembled nanofibers. We were
somewhat surprised by this as we had not previously observed
co-assembly of these LMWGs, even though they have similar
structures. It would be interesting in future to wet-spin LMWGs
with very different structures to further understand this.

IR spectroscopy found that the N-H stretch shifted from a
sharp band at 3295 em™" for filaments formed by DBS-
CONHNH,"? to a broader band from 3180-3290 cm™* for the
two-component filament (Fig. S18 and S19, ESIt). The C=0
stretch of DBS-COOH shifts slightly from 1689 cm ™" for wet-
spun DBS-COOH to 1692 cm ' for the two-component fila-
ments (Fig. S20, ESIt). These changes suggest hydrogen bond
interactions between the components, meaning the molecules
intimately interact with each other when wet-spun together.

"H NMR indicated >99% of each gelator assembled into
filaments, with <1% residual DMSO present. On standing the
filaments in D,O, there was very little disassembly (<10%)
over 4 days - even at the lowest total loading of 1.5% wt/vol
(Fig. 3 and Table S6, ESIT). This is very different to DBS-COOH,
where ca. 50% of LMWG became mobile. Wet-spinning in
combination with DBS-CONHNH, stabilises the gel nanostruc-
tures at ambient pH. We suggest that once co-assembled with
DBS-CONHNH,, the ambient pH of water has less impact. In
support of this, although pH initially falls on printing the two-
component gel filaments, it then rises again suggesting an
active role of DBS-CONHNH, in meditating pH (Fig. S21, ESIt)
The stability of DBS-COOH in combination with DBS-
CONHNH, in the filaments is different to self-sorted gels, in
which, DBS-COOH disassembled even in the presence of DBS-
CONHNH,,"* because they were sorted into their own nanos-
tructures rather than in an intimate co-assembly. Wet-spinning
is therefore promising for applying this two-component gel in
tissue engineering,'® as it should have the stability to survive in
tissue growth medium.

We tested disruption of the two-component filaments with
NaOD/D,0. The DBS-COOH network was fully disrupted (Fig. 4
and Table S7, ESIf). In addition the DBS-CONHNH, network
became >50% mobile (66% after 12 h). This suggests basic

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Photographs of gel filaments based on (A) DBS-COOH and
(B) DBS-CONHNH,/DBS-COOH on exposure to aqueous AuCls solutions.
(C) TEM image of DBS-CONHNH,/DBS-COOH gel after exposure to AuCls
and in situ formation of AuNPs (scale bar = 100 nm).

conditions fully deprotonate DBS-COOH, destabilising the nanos-
tructures, breaking them down and releasing DBS-CONHNH,,. Not
all of the DBS-CONHNH, becomes ‘mobile’, but its solubility is
limited in water, which will limit the amount that can be
observed. In contrast, DBS-CONHNH,-only gel filaments are
stable in basic conditions, with <20% of the gelator being
mobilised (Fig. 3 and Table S8, ESI). This supports the hypoth-
esis that in the two-component wet-spun filaments, the gelators
affect one another’s behaviour because they are integrated
into the same nanofibres. As such, DBS-COOH endows
DBS-CONHNH, with base-responsiveness.

Finally, we tested the ability of these gel filaments to extract
precious metals (e.g. Au(ur)) from solution and form metal
nanoparticles (e.g. AuNPs) in situ (Fig. 4). This is a distinctive
behaviour of DBS-CONHNH,-based gels not observed for other
LMWGs and acts as a ‘signature’ of this molecule within a gel."®
AuNP-loaded gels have applications as a result of their con-
ductivity and biocompatibility (see below). On exposure of
DBS-CONHNH,/DBS-COOH gel filaments to AuCl; solution,
an almost immediate colour change of filaments from white
to purple was observed, consistent with AuNP formation
(Fig. 4(B)). Conversely, for DBS-COOH-only gel filaments there
was no colour change (Fig. 4(A)).

Gold uptake was quantified by UV-Vis spectroscopy
(Table S9, ESIt). The two-component system incorporated
increasing amounts of gold as the loading of DBS-CONHNH,
increased. At total loadings of 1.5%, 3.0% and 4.5% wt/vol
(0.75%, 1.5% and 2.25% wt/vol of DBS-CONHNH,), Au uptake
was 115, 140 and 164 umol mL ™", respectively. In our previous
work on DBS-CONHNH,-only gels, an LMWG loading of
1.5% wt/vol led to Au uptake of 127 pumol mL "> This is
comparable to the 140 pmol mL™"' observed for the multi-
component system with equivalent DBS-CONHNH,, loading,
indicating DBS-CONHNH, retains its ability to reduce Au(ui)
to Au(0) in the presence of co-assembled DBS-COOH. Although
DBS-COOH-only gels took up some Au(m), there was no evi-
dence of reduction, and uptake was constant across all LMWG
loadings, suggesting this is simple diffusion/partitioning,
rather than specific interactions with the LMWG.

TEM images show AuNPs fairly uniformly dispersed within
the two-component gel filaments (Fig. 4(C), and Fig. S23, ESIT).

Chem. Commun., 2022, 58, 11115-11M8 | 11117
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There was some evidence of AuNPs in the DBS-COOH-only gel
filaments (Fig. S22, ESI{) - but significantly fewer, and there
were also significant areas of larger aggregates suggesting no
control over metal uptake.

In conclusion, DBS-COOH, like DBS-CONHNH,, can be wet-
spun into gel filaments via DMSO/H,0 solvent-exchange. The
DBS-COOH filaments can be dynamically disassembled by the
addition of base, and at low loadings are prone to disassemble
in water. On wet-spinning DBS-COOH in combination with
DBS-CONHNH,, a new co-assembled tubular nanostructure
results. Importantly, the presence of DBS-CONHNH, stabilises
the gel filaments in water and prevents DBS-COOH disassem-
bly. However, the presence of DBS-COOH makes the system
base-sensitive and enables base-triggered DBS-CONHNH, dis-
assembly, which cannot be achieved for DBS-CONHNH,-only
gel filaments. The presence of DBS-CONHNH, allows the gel
filaments to reduce precious metal salts to nanoparticles
in situ, which cannot be achieved by DBS-COOH-only gels.
Wet-spinning a combination of gelators therefore yields nano-
structured gel filaments with a randomly co-assembled nano-
structure, that could not previously be accessed. This harnesses
the dynamic properties of DBS-COOH alongside the reducing
ability of DBS-CONHNH, in a synergistic way to form stable but
responsive filaments with incorporated AuNPs. Future work
will test the biocompatibility of these filaments, and use them
in layer-by-layer 3D-printing. Loading gels with AuNPs can
enhance cell growth, and endow conductivity,'® which could
give such filaments impact in 3D scaffolds for electrical
stimulus-responsive cells (e.g. stem cells, neurons, muscles).
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