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We describe the direct 3D printing of dipeptide hydrogels, forming layers from gels prepared from
different dipeptides. The dipeptides self-assemble into fibres that lead to very different microstructures
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letting us differentiate between the gels. We show how the mechanical properties of the overall 3D
printed structures are affected by the composition of each of the layers, allowing us to build up
DOI: 10.1039/d2sm00663d structures with different microstructure and stiffness. We also discuss the interface between layers

formed from different gelators, showing that the gels remain independent from neighbouring printed
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Introduction

3D printing allows for the sequential deposition of pre-designed
layers of material to create desired structures. Whilst heated plastic
filaments are traditionally used, extrusion-based 3D printers can be
modified to allow for the effective 3D printing of hydrogels.>* The
controlled formation of hydrogels into well-defined patterns has
applications in biomedical fields such as drug delivery and tissue
engineering."® The extrusion of numerous hydrogels based on
polymers and peptides has been well reported.’® Typically,
these gels are expelled as solutions that undergo gelation post
printing via various triggers, such as a temperature change,"" UV
photocuring,””™* exposure to cross linking agents,"> and printing
into solutions or pre-existing gels.'®"”

In contrast, examples of 3D printed low molecular weight
gels in the literature are less common.'® Such gels rely on
reversible non-covalent interactions to fix their underlying net-
works. This reversibility enables the linkages within the net-
work to be broken and reform, allowing the networks to recover
after stress is applied.’® This shear recovery along with the
thixotropic nature of these gels gives them great potential for
use as 3D bioprinting media. Unlike chemical gels, some
supramolecular gels can be pre-formed and extruded,*’
instead of gelation solely occurring post-printing.*>*** This
conceptually enables the properties of the final printed mate-
rial to be predefined by the gel chosen to be extruded.>
However, this assumption is dependent on the gel being
printable after formation and the effect of extrusion on the
materials properties.*?*

School of Chemistry, University of Glasgow, Glasgow, G12 8QQ, UK.

E-mail: dave.adams@glasgow.ac.uk

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2sm00663d

5960 | Soft Matter, 2022, 18, 5960-5965

material, even when prepared in very close proximity.

Most examples of 3D printed low molecular weight gels are
systems printed with layers formed from a single gelator,'%2%2372°
Whilst a logical starting point with which to optimise material
requirements and printing parameters,”® this may limit the
functionality of these systems. 3D printed gels have the advantage
of being produced in shapes other than simply that of the vessel
or mould in which they are prepared, and they also enable the
ability to form heterogenous constructs.>® This contrasts with
traditionally formed gels, which are usually homogenous in
composition.?® Tissue, a major goal for the bioprinting field,”
is inherently heterogenous, so multi-layered systems wherein
different layers comprise gels formed from different components
are a significant step towards this goal.*® This would enable
variable mechanical properties throughout the construct,”® which
could be achieved by altering the gelator concentration in one
type of gel or using multicomponent systems.>>

Multi-layered systems built up from layers of printed supra-
molecular gels raise questions as to what happens at the
boundaries between the extruded materials. Systems in which
gelation occurs post extrusion may facilitate integration of gels
formed near one another.”® This would be expected to impact
the mechanical properties across these border regions. Layers
of varying mechanical properties formed from gels with differ-
ing gelator concentrations may not remain independent as the
overall system, which is inherently dynamic in nature, homo-
genises through diffusion. This ambiguity is less likely within
systems that are printed from preformed gels**>* where, due to
the preservation of the pre-existing underlying gel network
throughout the extrusion process, separately extruded materi-
als would be expected to remain as such, even when 3D printed
in close proximity.

We have previously reported a 3D printed multi-layered low
molecular weight gel system in which heterogenous mechan-
ical properties were imbued into different constituent gel layers

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Chemical structure of FmocFF; (b) rheological strain sweeps
comparing samples of single layers of unprinted (circles) and printed
(triangles) of FmocFF gel (5 mg mL™Y DMSO:H,O 20%, printed at
4 ul mm™). G’ is represented by filled shapes and G” hollow shapes.
Measurements were carried out on samples prepared in triplicate, with
error bars representing the standard deviation derived from averaging the
three subsequent results. (c) Cartoon diagram of gel extruded in a
serpentine pattern to form a 3D printed layer.

by varying the concentration of the same gelator.>®> We used
Fmoc-diphenylalanine (FmocFF), a well-known gelator and
perhaps the most prominent example from the established
Fmoc-dipeptide family of gelators (Fig. 1(a)).>"** It can be used
to form hydrogels at physiological pH through a range of
gelation triggers, such as solvent-switching and pH.>***"*® This
enables potential applications in the biomedical field, such as
cell culture or tissue engineering.’"**>*® The 3D printing of
solvent-triggered FmocFF hydrogels has previously been
reported, with pre-formed FmocFF gels extruded from syringes
via a modified 3D printer.>* Moving beyond identical layers of
gel, the system was extended to produce gel layers with differ-
ent stiffness.>® This enabled heterogenous mechanical proper-
ties within a sample, more closely mimicking natural tissue,
which is inherently non-homogenous and can be achieved
through different means.””">° Previously, the concentration of
gelator, FmocFF, used to form gel layers was varied. A higher
gelator concentration results in a stiffer gel due to the under-
lying fibrous network being more densely populated.®” Both the
number and relative positions of these stiffer gels layers were
shown to be important to the overall mechanical properties of
the sample.*®

In this current work, we demonstrate 3D printed multi-
layered systems containing gel layers formed from two different
low molecular weight gelators (LMWGs) with differing mechan-
ical properties. These give gels with distinct underlying micro-
structure and thus composition.

Results and discussion

We have previously demonstrated the successful 3D printing of
LMWG based gels.>**® Here, an extrusion-based approach was
used to print gels pre-formed within syringes into strips of gel
which were then used to build up more complex shapes and
patterns. Different triggers and parameters were explored and
optimised, with solvent-triggered gels proving the most suitable
for extrusion.
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Initially, we printed preformed FmocFF gels and compared
materials produced against unprinted equivalents with respect
to their mechanical properties (Fig. 1(b)).>> FmocFF gels could
be shaped into layers of gel through printing in a serpentine
pattern with a mould (Fig. 1(c)).>°

This system was used to produce samples comprising multi-
ple layers of printed FmocFF gels, where the addition of each
successive layer was shown to increase the overall stiffness of
the sample (see Fig. 4 below).”®

Heterogenous mechanical properties and chemical compo-
sition within a layered sample were achieved through the
incorporation of layers of gel formed from different gelators,
each with an inherently different stiffness. In the absence of a
definitive list of printable gelators, or even a guideline set of
parameters that could suggest suitability for extrusion of these
materials, we selected a known related gelator, 2NapFV, (Fig. 2)
to be printed alongside FmocFF.** 2NapFV was found to be
suitable for 3D printing after being formed via a DMSO: H,O
solvent-switch trigger within a syringe and extruded in an
identical manner to FmocFF as outlined above.

Gels formed from 2NapFV are formed by self-assembly of the
molecules into fibers which adopt a distinctly different micro-
structure from those produced from FmocFF, allowing them to
be readily distinguished using confocal microscopy (Fig. 3).>*
This, alongside the fact that 2NapFV produces turbid gels
whilst FmocFF gels are translucent, allows for easy visual
identification of each material when analysing mixed samples
across different length scales (Fig. 3).

The FmocFF gels triggered via a solvent-switch have a
distinctly spherulitic-like network.*® 2NapFV gels also present
spherulitic networks but, under appropriate magnification,
more uniform spanning fibers can be observed. These visual
differences are accentuated after the extrusion process used to
3D print these materials. Here, the disappearance of spherulite-
like domains within FmocFF gels can be seen (Fig. 3(b)-i and ii).

Using a 3-layered system, all combinations of the two
different gels were examined as both printed and unprinted
samples. These were formed within a mould and analysed via
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Fig. 2 (a) Chemical structure of 2NapFV. (b) Rheological strain sweeps
comparing samples of single layers of unprinted (circles) and printed
(triangles) 2NapFV gel (5 mg mL~Y DMSO:H,O 20%, printed at
4yl mm™Y). G’ is represented by filled shapes and G” hollow shapes.
Measurements were carried out on samples prepared in triplicate. Error
bars representing the standard deviation derived from averaging the three
subsequent results. (c) Image of a line of printed 2NapFV gel.
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Fig. 3 Confocal microscopy of (a) 2NapFV 8 (b) FmocFF gels (5 mg mL™?,
DMSO : H,O 20%, 400 pL, nile blue 2 uL mL™* at 0.1 wt%) (i) unprinted and
(i) printed, alongside (iii) exemplar images of their differences in turbidity
when formed as bulk gels. Scale bars (white) = 20 um. An example of a
spherulite-like domain is highlighted in blue for the unprinted FmocFF
confocal image (bi).

oscillatory rheology (Fig. 4 and 5).>*** Filaments of both
2NapFV and FmocFF gel were extruded in a serpentine pattern
to achieve 3D printed layers of gel, which were built up to
produce multi-layered printed samples (Fig. 4).

We highlight that since we are printing pre-gelled samples,
each printed gel layer contains only a single gelator. Unprinted
layers were cast directly in full height moulds as consecutive
layers of solvent-switch triggered gels.>® We also highlight that
here we are focussing on three layers of printed gel whilst in
Fig. 1 and 2 we used a single layer. As such, the absolute moduli
differ for the pure gels in Fig. 1, 2 and 5.

Overall, the unprinted gel samples demonstrated consis-
tently higher stiffness, with these values also being more
reproducible than their printed counterparts. This is likely a
result of the high stress exerted on the materials during the
extrusion process. No clear trend is seen within unprinted
samples comprising the two gels, with sample 4 being signifi-
cantly stiffer than the rest of the set. The reason for this is
unclear and may arise from how this specific combination of
layers of gel integrate with one another and potentially the
walls of the container. After printing, there is a general
reduction in sample stiffness as we move from the majority
of the gel layers being FmocFF to where a majority are 2NapFV

il
g—’
—

Fig. 4 Schematic diagram of formation of multi component 3D printed
layered samples consisting of 2NapFV (red) and FmocFF (blue) gels.
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Fig. 5 Rheological G’ values of multi-layered printed (triangles) and
unprinted (circles) gel samples formed from FmocFF and 2NapFV gels
(5 mg mL™Y, DMSO:H,O 20%, printed at 4 uL mm™) with cartoon
diagrams of sample layer composition shown. FmocFF gel layers are blue,
whilst 2NapFV layers are red. Measurements were carried out on samples
prepared in triplicate, with error bars representing the standard deviation
derived from averaging the three subsequent results.

layers. The printed set of multi-layered gels shows a greater
difference in stiffness between samples comprising all FmocFF
(Fig. 5, sample 1) and those which are all 2NapFV (Fig. 5,
sample 8) than that seen in the unprinted set of samples. This
increased discrepancy may indicate FmocFF to be more suita-
ble for printing than 2NapFV.

To understand the printing process of layered systems in
more detail, we examined the interface between the layers.
Previously, some examples of 3D printed low molecular weight
gels have been achieved through post-extrusion gelation,
wherein baths of organic solvent or ionic solutions encourage
gelation within extruded filaments upon leaving the printing
nozzle, or shortly thereafter.”>>° In these systems there is
potential that material extruded in close proximity that is not
yet fully gelled may amalgamate through the presence of inter-
strand crosslinks formed during gelation, similar to annealing
demonstrated in some gels.*® This could lead to a more uni-
form final material that displays augmented mechanical prop-
erties and may be able to better occupy the vessel in which it is
printed but risks the loss of the programmed design and spatial
control enabled through 3D printing.

Our system benefits from relying on the extrusion of pre-
formed gels. FmocFF and related gels are thixotropic and
demonstrate shear recovery, particularly when wunder a
solvent-switch trigger and formed at high DMSO contents.*°
This is a result of the spherulite-like gelator network formed
under these conditions allowing for the deformation and
partial recovery of the pre-stressed structure upon removal of
applied shear.’®*® Due to the persistence of the underlying
network created before extrusion in our system, gel filaments
produced via this method would be expected to remain inde-
pendent from neighbouring printed material, even when
formed in very close proximity. Understanding what interac-
tions are occurring, if any, at these points within samples is
crucial. If distinct gel-gel boundaries are created in which a

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) Schematic diagram of multi component 3D printed multi-
layered samples in which layers have (i) preserved gel filament boundaries
and (ii) interfacing between separately extruded material. (b) Multi-dyed
confocal microscopy images of a boundary formed by printing 2NapFV
(nile blue A, 2 pL mL™! at 0.1 wt%, top) and FmocFF (nile blue A (i),
fluorescein (ii), nile red (i), thioflavin T (iv), 2 uL mL™* at 0.1 wt%, bottom)
gels (5 mgmL™% ¢ DMSO 0.2, 4 uL. mm~?) alongside each other. Scale bars
(white) represent 100 um.

clear border is preserved, then the gel layers within samples
would be expected to act independently in response to applied
stress (Fig. 6(a)-i). However, if the individual layers interface
with neighbouring layers, then this could result in an additive
effect on the overall mechanical properties, being greater
than the sum of the contributions of the individual layers
(Fig. 6(a)-ii).

Confocal microscopy was used to gain a better understand-
ing of the interaction, or lack thereof, at the border between
printed gel layers. Fluorescent dyes were incorporated into the
gelation process to allow for the direct observation of printed
gels and their underlying microstructure. These are usually
hydrophobic molecules that are incorporated into the hydro-
phobic fibers formed during gelation. Initially the boundary
between two printed strips of the same gel were imaged, but it
proved difficult to accurately assign any observations.

Thus, filaments of 2NapFV gel printed in close proximity to
FmocFF gels were imaged. Gels from these two gelators possess
two clearly distinct microstructures by confocal microscopy,
even after extrusion (as shown in Fig. 3). This should allow for a

This journal is © The Royal Society of Chemistry 2022
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better picture to be painted as to the degree of interaction at
printed borders (Fig. 6(b)). Using the same dye, nile blue A, for
both 2NapFV and FmocFF gels printed in close proximity, the
two unique microstructures can be clearly identified (Fig. 6(b)-
i). 2NapFV maintains distinct fibers visible via confocal micro-
scopy even after printing, whilst FmocFF becomes more homo-
genous and blurrier in appearance after printing (Fig. 6(b)-i,
bottom and top, respectively). These are separated by a dark
space, likely a solvent filled gap. Samples were thoroughly
examined across different depths of field to further probe this
partition. To the best of our knowledge, this gap remains free of
printed material across samples, and can usually be followed
the entire length of printed filaments, indicating that our
printed gel filaments do remain independent and maintain a
gel:gel boundary. This boundary remains clear of gel and
would be expected to hinder transfer of material between gels.

To provide better contrast and increase certainty of a main-
tained printed border between gel layers, imaging was moved to
a two-dye system (Fig. 6(b)-ii). Initially, fluorescein was incor-
porated into FmocFF gels whilst 2NapFV was labelled with nile
blue A. This clearly distinguished the two separate gels and
their respective microstructures, whilst confirming their posi-
tion relative to one another. This system remained in agree-
ment that an empty region was maintained between the two
material borders. However, detail on the microstructure within
the fluorescein-labelled FmocFF gels was lost as this is a
hydrophilic dye. Therefore, it highlights the immobilised water
content within the gel, whereas nile blue A is a hydrophobic
dye, so is associated with the fibres of the gelator network.
Whilst diffusion of fluorescein may be possible over an appro-
priate timescale, it remained localised to the gel in which it was
initially incorporated within this experiment. To improve upon
this, fluorescein was replaced by two lipophilic dyes, nile red
and thioflavin T, within printed FmocFF gel for imaging
(Fig. 6(b)-iii and (b)-iv respectively). These successfully reported
on the microstructure of the FmocFF gels whilst continuing to
suggest a lack of interaction between separately printed mate-
rial formed from the different gelators. As such, these data
show that the layers do not meld together but remain distinctly
different. Whilst there seems to be some liquid between the
layers, there is no sign of slipping in the rheology of the printed
gels. There must be sufficient roughness on different length
scales to ensure that slipping does not occur.

Conclusions

We have demonstrated the ability to 3D print multi-layered
constructs in which the individual gel layers are formed from
different gelators. This was achieved through the extrusion of
preformed solvent-switch triggered gels rather than post-
printing gelation. We have previously shown DMSO: H,O trig-
gered low molecular weight gels to be more suitable to 3D
printing applications than pH triggered gels, owing to the
different microstructure produced.?® Both the overall composi-
tion and relative ordering of the different gel layers were shown

Soft Matter, 2022,18, 5960-5965 | 5963
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to be significant in determining the overall mechanical proper-
ties of multi-layered systems. The degree of interaction between
printed gels was explored via confocal microscopy, with differ-
ent underlying microstructures highlighted with different fluor-
escent dyes. Initial indications suggest that a distinct boundary
between separately extruded material is maintained. This is
expected to impact the overall mechanical properties of multi-
layered printed gel systems. We hope this system shows the
potential for further examples of multi-layered printed gels and
provides insight towards future applications of these systems.

Experimental details
Preparation of LMWG solutions and gels

Low molecular weight gelators (LMWGs) FmocFF (F = phenyla-
lanine) and 2NapFV (V = valine) were synthesized and used to
form solvent-switch triggered hydrogels as previously
outlined.>*** A known amount of gelator was dissolved in
DMSO (at a concentration of 25 mg mL™'), sonicated for
2 minutes, and diluted with water in one aliquot to give gels
at a final gelator concentration of 5 mg mL ™", and a volume
fraction (¢) of DMSO of 0.2. Gels were either formed within, or
extruded into, 3D printed plastic square shaped molds (19.5 x
19.5 x 5 mm, Fig. S1b, ESIt) adhered to a borosilicate glass
microscope slide with Araldite®.>® Gels were left overnight
within a sealed hydrated environment before being printed or
characterized.

Preparing unprinted multi-layered gels

For unprinted samples, layers of gel (1.065 mL) were formed
directly within the mold. The gelator solution was pipetted in to
give even coverage, with an aliquot of water gently pipetted in
immediately after to trigger gelation. Each layer was left in a
sealed vessel for 30 minutes before the addition of the next
layer.>®

3D printed gels

A modified RepRap Ormerod 2 (version 528.4) 3D printer was
used to extrude 3D printed hydrogels.?® Printed samples were
formed by first making gels (2 mL) within polypropylene
syringes. The syringes were then loaded into a custom gel 3D
printer and used to print layers of pre-formed gel in a serpen-
tine pattern at an extrusion rate of 4 uL mm ™" and a shear rate
(v) of 1500 s~ (Fig. S1b and c, ESIY), as previously described.>
Consecutive printed layers were added immediately after one
another.

Rheological measurements

Samples for rheology were created by the sequential formation
of either printed or non-printed layers of FmocFF and 2NapFV
gels in different combinations.*>** Rheological measurements
were carried out using a MCR 301 rheometer (Anton Paar), fitted
with a cup and four-bladed vane geometry (ST10-4V-8.8/97.5-
SN1910), and Rheoplus/32 v3.40 software. All measurements
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were carried out in triplicate, at 25 °C, with a measurement gap
of 0.5 mm used.

G’ values were taken as an average of those in the linear
viscoelastic region from strain sweeps (strain = 0.01% to
1000%, frequency = 10 rad s~', T = 25 °C). The region within
these plots at which G’ and G” remain constant under increas-
ing strain up until the gel start to break and their values
fluctuate significantly was defined as the linear viscoelastic
region (LVER). The critical strain (y.) point at which the gel is
said to have been broken is derived by the intersection between
two tangents drawn from the LVER and post-LVER.

Confocal microscopy

For imaging, nile blue A, fluorescein, nile red and thioflavin T
dyes (0.1 wt% aqueous solution, 2 pL per mL of gel) were
incorporated into gels to allow for observation by confocal
fluorescence microscopy using a Zeiss LSM 710 confocal micro-
scope fitted with Zeiss N-Achroplan 10x and LD EC Epiplan
NEUFLUAR 50x (0.55 DIC) objectives. Unprinted gels
(5 mg mL™%, 2 mL, ¢ DMSO 0.2) were formed directly within
the well of Greiner Bio-one CELLview dishes. To study the
microstructure of individual printed gels, single lines of either
FmocFF or 2NapFV gel were printed directly onto standard
microscope slides (Fig. Sla, ESIt). To probe the boundary
between printed lines of gel, strips of FmocFF and 2-NapFV
gel were printed on top of one another and then rotated 90°. For
multi-dye imaging, 2-NapFV gels were formed with nile blue A
dye incorporated and FmocFF gels with Fluorescein, nile red or
thioflavin T.
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