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� An LMWG compound formed a
supramolecular network during
extrusion-based 3D printing
providing structural support to the
monomer.

� The monomer in all printed layers is
cured simultaneously during post-
processing.

� Excellent inter- and intra-layered
isotropy was achieved in double-
network hydrogels.

� The tensile properties were close to
those fabricated using mould casting.

� The gelator fibrillar network was
embedded and physically
interpenetrated in the polymer
structure.
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The variety of UV-curable monomers for 3D printing is limited by a requirement for rapid curing after
each sweep depositing a layer. This study proposes to trigger supramolecular self-assembly during the
process by a gemini imidazolium-based low-molecular-weight gelator, allowing printing of certain
monomers. The as-printed hydrogel structures were supported by a gelator network immobilising mono-
mer:water solutions. A thixotropic hydrogel was formed with a recovery time of <50 s, storage modulus =
8.1 kPa and yield stress = 18 Pa, processable using material extrusion 3D printing. Material extrusion 3D
printed objects are usually highly anisotropic, but in this case the gelator network improved the isotropy
by subverting the usual layer-by-layer curing strategy. The monomer in all printed layers was cured
simultaneously during post-processing to form a continuous polymeric network. The two networks then
physically interpenetrate to enhance mechanical performance. The double network hydrogels fabricated
with layers cured simultaneously showed 62–147% increases in tensile properties compared to layer-by-
layer cured hydrogels. The results demonstrated excellent inter- and intra-layered coalescence.
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Consequently, the tensile properties of 3D printed hydrogels were close to mould cast objects. This study
has demonstrated the benefits of using gelators to expand the variety of 3D printable monomers and
shown improved isotropy to offer excellent mechanical performances.
� 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Photopolymerisation pathways are established in 3D printing
processes such as vat polymerisation, materials jetting and mate-
rial extrusion [1–5]. The monomers/oligomers used in 3D pho-
topolymerisation contain photosensitive functional groups
including methacrylates, acrylates and acrylamides, which can
polymerise under ultraviolet (UV) radiation. The advantage of pho-
topolymerisation in 3D printing is the fast cure time which pro-
vides a rapid and stable phase change into the solid. It allows
liquid materials to be dispensed in a variety of ways and achieve
high resolution from a localised light source [6,7]. Photopolymeri-
sation has also been widely used to provide a covalent network for
hydrogels in 3D printing [8,9]. However, 3D photopolymerisation
has a key limitation: the processed materials must reach a high
degree of cure in a very short processing period [10–13]. This factor
is particularly crucial for 3D printing of hydrogels with high water
content (ca. >80%), as a rigid covalent network needs to form
rapidly upon deposition. The curing kinetics of photopolymerisa-
tion depend strongly on the type and number of photosensitive
functional groups, the size of pendant groups, and the presence
of oxygen [14–16]. Consequently, most of the 3D printing pho-
tocurable resins comprise multifunctional monomers such as di-
acrylate and tri-acrylate in order to favour rapid curing rates dur-
ing the process [17–19]. Unfortunately, many potentially useful
photocurable monomers/oligomers are excluded from 3D printing
manufacturing because of their slow curing rates. However, this
problem could be circumvented if a secondary network could be
established to support the hydrogel structure during 3D printing,
then allowing the photocurable monomers to cure over longer
timescales.

In the specific case of material extrusion 3D printing, another
challenge in the preparation of robust printed objects is to achieve
good interlayer adhesion. Mechanical anisotropy for extrusion
printed objects is a significant problem because molecular chain
entanglement in the interlayered regions is limited [20–23]. Con-
sequently, molecular chain entanglement and orientation in cast
objects are usually more isotropic than those prepared using mate-
rial extrusion 3D printing [24,25]. In many printed materials, the
bonding between layers of material is weak, leading to stress con-
centration and premature failure. While some elegant approaches
to interlayer adhesion have been devised there is still a need for
a simple, general method to achieve good interlayer adhesion
[21,26–29]

To overcome the abovementioned problems, low-molecular-
weight gelators (LMWG) are proposed to act as a fast-forming net-
work to support a hydrogel that is more made robust via a pho-
topolymerisation to give a covalent network [30,31]. The self-
assembly of LMWGs can be triggered by various mechanisms (such
as temperature, pH and solvent polarity changes, and ultrasound)
generating relatively soft networks through supramolecular inter-
actions (e.g. hydrogen-bonding, p-stacking, and van der Waals
interactions) that entrap and immobilise solvents with a much lar-
ger volume as a result of high surface tension [30–32]. Previously,
supramolecular chemistry has been used to modify natural or cre-
ate synthetic polymers for 3D printing purposes [22,29]. For exam-
ple, a recent study has used thermo-reversible gelatin to provide
structural support for 3D bioinks [29]. Supramolecular gels can
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form networks with very small loading of the LWMGs (e.g.
0.5 ~ 3 wt%) because of the nature of the small molecules and
therefore the bulk properties of the functional materials are
retained. Attempts to develop 3D printable LMWGs have only
recently emerged, including the creation of a gelator network
which can support 3D printed structures containing dimethylsul-
foxide (DMSO) [33,34]. Solvents can be removed after gel forma-
tion potentially making the porous materials useful for tissue
engineering. However, it would be of greater interest to investigate
more functionalised 3D printing formulations consisting of gelator
and functional monomers. This combination of structural compo-
nents can potentially form softer non-covalent networks and
harder covalent networks in the same material. This concept of
double-network (DN) gels has attracted considerable attention in
the material science field [35–38]. The principal polymeric net-
work mainly contributes to the rigidity of the hydrogel but in gen-
eral is also brittle. The secondary gelator network provides
toughness, fatigue resistance and self-healing to the polymeric net-
work owing to the uniquely self-recovery properties that can be
triggered spontaneously in the non-covalent interactions [38–40].
DN gels have been used to improve the mechanical strength and
toughness of hydrogel with high water content (ca. 90%) [41]. It
is a particularly interesting approach for certain tissue engineering
applications that require highly robust and biocompatible
implants.

Motivated by our previous work on LMWGs [42], we incorpo-
rated the imidazolium-based amphiphile 1�2Cl (Fig. 1) in 3D print-
ing formulations to form DN networks with covalent and non-
covalent interactions. The selection of the cationic gemini amphi-
phile to form supramolecular gels is that they confer unique prop-
erties in regard to exchanging the counter-ion and the gelator can
be made on the multigram scale with relative ease. Indeed, our
previous work shows that this class of amphiphiles are (a) synthet-
ically accessible, (b) non-toxic, (c) capable of self-assembly in
supramolecular architectures forming soft materials, (d) recognize
and transport biologically relevant compounds such anions (car-
boxylates, chlorides, phosphates) and neurotransmitters (dopa-
mine, serotonin), (e) can stabilise gold and silicon surfaces, and
(f) can encapsulate and release a variety of structurally diverse
drugs in biological media [43]. These type of gels are extremely
easy and fast to prepare (in mixtures of ethanol and water) and
highly versatile in the amount and type of drug that can be incor-
porated into their fibres [44,45]. This gelator is first dissolved in
solvents such as ethanol [42,46]. It starts to self-assemble via
hydrophobic association after mixing with water, which serves as
an anti-solvent. The hydrophobic chains in the gelator interdigitate
as the charged hydrophilic segments remain exposed to the solvent
[44]. The tightly associated molecules increase the toughness of
the hydrogels where the fibres are physically crosslinked.
Hydrophobic association have attracted attention because of their
ability to spontaneously reassociate supramolecular interaction
after damage [47–49]. The hydrophobic chains can be rearranged
back to the hydrophobic domains after any external forces are
removed from the hydrogel [47,50]. The ability to reassociate the
amphiphilic molecules back to their initial state leads to thixotro-
pic properties. In general, thixotropic hydrogels are ideal for
extrusion-based 3D printing technique if it recovers over a short
period of time [46,51,52]. The thixotropy allows the reformation
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Fig. 1. The formation process of DN hydrogel through supramolecular interaction and covalent curing. An extrusion-based 3D printing broke the gel form which was re-
formed via gelator self-assembly to establish the 1st network. The 2nd polymeric network was formed by photopolymerisation. The chemical structure of 1�2Cl gelator and
hydroxyethyl acrylate (as an example of the monomer candidate) were shown which contributed to the formation of the 1st and 2nd networks, respectively.
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of an elastic hydrogel upon deposition to support multi-layer
stacking of a 3D printed structure [52]. Other desirable rheological
properties for a 3D printable hydrogel also include shear thinning
behaviour allowing the hydrogel to flow easily and sufficient stiff-
ness and yield stress for material retention prior to crosslinking
[53]. The potential capability of forming tough and thixotropic
hydrogels led us to use 1�2Cl as the gelator material to investigate
in this study. On a longer timescale, these properties are poten-
tially capable of maintaining the structural integrity of the 3D
printed hydrogel until the monomer is fully cured to achieve the
desirable mechanical properties of the final product.

The aim of this research was to develop a DN hydrogel formu-
lation that used a supramolecular gelator network to provide
structural support during an extrusion-based 3D printing process.
The capability of the gelator to form hydrogels with different
monomers, the processing and post-processing curing parameters,
and characterisation of the 3D printed DN hydrogels – in particular
their mechanical properties – were investigated.
2. Materials and methods

The hypothesis of this study was that an LMWG compound
1�2Cl forms a supramolecular network during extrusion-based 3D
printing which provides sufficient structural support to the mono-
mer, and a DN hydrogel is therefore fabricated via photopolymeri-
sation of the monomer during postprocessing. To test this
hypothesis, a four-step experimental programme was conducted
including (1) identification of monomer candidates to form hydro-
gels with 1�2Cl via screening; (2) determination of extrusion print-
ability by rheological assessment; (3) optimisation of 3D printing
and post-processing curing parameter; (4) evaluation of the effects
of supramolecular network on the isotropy of 3D printed struc-
tures. The methods of each step are explained in detail in this
section.

2.1. Materials

The LMWG compound 1�2Cl was prepared using a route
adapted from the analogous bromide salt [42,46], details in Sup-
plementary. Eleven UV-curable monomers were purchased from
Sigma-Aldrich and investigated in this study: N-[3-(Dimethyla
3

mino)propyl]acrylamide (DMLPam), 2-hydroxyethyl acrylate
(HEA), 2-hydroxyethyl methacrylate (HEMA), 2-carboxyethyl acry-
late (CEA), hydroxypropyl acrylate (HPA), 3-chloro-2-
hydroxypropyl methacrylate (ClHPMA), ethyl methacrylate
(EMA), benzyl methacrylate (BMA), isobornyl methacrylate
(iBnMA), hexyl methacrylate (HMA), and lauryl methacrylate
(LMA). Irgacure 2959 was used as the photoinitiator (PI) in this
study. It is the only FDA-certified PI that can be safely used in aque-
ous photocuring systems such as hydrogels and bioinks. Irgacure
2959 (Ciba-Geigy AG, Switzerland) is most efficiently activated
under 365 nm UV wavelength.
2.2. Hydrogel formulation development

Each of the eleven monomer candidates were mixed with 1�2Cl
and then combined with water to assess (1) if the gelator powder
was soluble in the monomer and (2) if the monomer is miscible
with water. The gelator was mixed with monomer:water solvents
to give a final concentration of 5 mg/ml. The volumetric percentage
of monomers varied between 10% and 40%. After identifying the
candidate monomers, the capability of gelation was assessed for
each of them. 1�2Cl was first dissolved in the monomer followed
by addition of water at room temperature. A successful gel forma-
tion was determined by inverting the sample tube initially, by
which promising gel formation was taken here as when no liquid
was released from the material after inverting the sample vial for
1 min.

Using the aforementioned approach, several monomer:water
combinations were identified as candidates for gelation by 1�2Cl.
Hydrogels are hydrophilic 3D networks that contain a large
amount of water especially important for biomedical applications.
The resulting polymers from DMLPAm, HEA, and HEMA have suffi-
ciently high-water solubility and hydrophilicity for them to form
polymeric hydrogels. Hydrogels containing each of these three
polymers are widely investigated towards tissue engineering
applications, such as carriers for delivery of bioactive molecules
and 3D structures acting as support for tissue formation [54–61].
An initial assessment of potential monomer candidates revealed
that HEA has the fastest gelation with 1�2Cl in water, suggesting
suitability for 3D printing. After curing, the poly(2-hydroxyethyl
acrylate) (PHEA) formed is a biocompatible material with low cyto-
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toxicity, good cell compatibility and thermal stability [62–65].
These properties, and those of the equivalent methacrylate, make
both hydrogels suitable for use in drug delivery systems, implants,
and contact lenses [62,66] The PHEA hydrogel is the more hydro-
philic of the two, leading to a potentially greater water absorption
and cell attachment if implanted in vivo. For these reasons, this
study specifically focussed on HEA for further investigation of 3D
printability of hydrogel formulations. The hydrogel formulations
containing 1�2Cl and HEA were henceforth referred to as 1�2Cl-
HEA. The polymeric hydrogel after curing is abbreviated 1�2Cl-
PHEA. Different formulations were prepared by mixing HEA, water
and gelator at different water:monomer ratio (6:4, 7:3, 8:2, and
9:1) and gelator concentration (5, 7.5, and 10 mg/ml), all in 1 ml
total solution volume. The photoinitiator (PI) was further added
to the formulations at 1.5 mg/ml. For formulations containing PI,
additional concentrations of gelator were considered (20 and
30 mg/ml) since there were likely to be negative effects on the
gelation resulting from PI addition. Immediately after mixing, each
solution was transferred to a 1 ml syringe where the gelation
occurred. Each of the gels was then injected into a 1 ml glass vial.
By pressing the syringe plunger by hand, the elastic gel was broken
into a viscous liquid. The time required to reform a self-supportive
gel (tre) was recorded using the same inverting method. Gels
demonstrating rapid fibre reassembly, ideally < 1 min, were con-
sidered as promising formulations to be used in extrusion-based
3D printing.

2.3. Rheology of the hydrogel formulation

Oscillatory rheology was carried out using a Kinexus Pro
rheometer (Malvern Instruments, United Kingdom). Measure-
ments were performed in an oscillatory shear mode using a paral-
lel plate geometer with 0.2 mm gap at 25 �C. The selected 1�2Cl-
HEA hydrogel formulation was tested under (1) amplitude sweeps,
(2) frequency sweeps, and (3) cyclic high shear rate-low shear
strain rheological process. The linear viscoelastic region was deter-
mined using the amplitude sweeping mode at 1 Hz. The test sam-
ple was exposed to shear stresses up to beyond the yield stress. The
yield stress was determined at the crossover point of storage mod-
ulus/loss modulus (G0/G0 0) [53]. Frequency sweeps from 0.4 to
10 Hz were carried out at a constant shear stress of 5 Pa predeter-
mined from the linear viscoelastic limit of the hydrogel under test.
The thixotropic properties of the hydrogel were investigated using
the cyclic high shear rate-low shear strain rheological process. Ini-
tially the tested hydrogel was maintained at low shear strain of
0.01% for 120 s. After the initial stage, it was subjected to high
shear rate at 10 s�1 for 30 s to destroy the gel. Subsequently the
test was returned to a lower shear strain of 0.01% for 300 s to allow
recovery. A total of eight cycles were performed.

2.4. 3D printing of the hydrogel formulation

The direct dispensing head of a 3D DiscoveryTM Evolution 3D
bioprinter (regenHU, USA) was used in this study to print the
hydrogel. It uses a high-precision plunger dispenser to extrude
the hydrogel out from a nozzle and deposit it onto a substrate to
construct 3D objects. Immediately after mixing, the 1�2Cl-HEA for-
mulation in liquid form was transferred to a 3 ml polypropylene
syringe. It was kept vertically on the bench for 4 h at the lab tem-
perature (controlled at approx. 22 �C) to allow the gel network to
form. Subsequently the syringe was installed inside the 3D printer
and connected with a needle of 0.6 mm diameter. Firstly, various
printing speeds (i.e. printhead movement speed), from 5 mm/s to
15 mm/sec, were tested to deposit the hydrogel. A constant pres-
sure of 15 Pa was set up for all printing speeds. Four parallel fila-
ments of 25 mm length were printed on glass slides. For each
4

printed filament five width measurements were taken at different
positions. The consistency in printing quality was then compared
to determine the optimum printing speed. The height of printed fil-
ament that was also measured to determine the setup of layer
thickness.

Following processing parameter optimisation, the post-
processing UV curing on 3D printed hydrogels was also investi-
gated. The hydrogel was 3D printed to form a five-layer structure
with layer thickness of 0.8 mm (Fig. 2). During post-processing,
the printed hydrogels were exposed to 365 nm UV wavelength
using a FireFly UV LED curing system (FJ100, Phoseon Technology,
USA). UV curing was carried out in a closed environment so that a
high humidity level (>90%) generated using a humidifier can be
maintained. A high humidity level significantly reduced water
evaporation from the hydrogel under prolonged UV curing. Effects
of curing time on the conversion of HEA under air and nitrogen
(N2) atmosphere were investigated. Under N2, the UV curing setup
was placed inside a sealed glove box in which the oxygen level was
maintained below 1%. The printed hydrogels were cured for 0, 5,
10, 20, 30, and 60 min. Each hydrogel after curing was analysed
using a Tensor Fourier-transform infrared spectroscopy (FTIR)
(Bruker, USA). The reduction in vinyl group was determined by cal-
culating the ratios of peak intensities associated with C@C and
C@O bonds in the material. The two distinctive peaks were
observed at 1730 cm�1 and 1650 cm�1 representing C@O and
C@C stretching. The C@O bonds remained unaffected during poly-
merisation while C@C bonds were reduced in the reactions. The
reduction in vinyl group D (%) is calculated using the following
equation[5]:

D ¼ ð1� IC¼C=IC¼O

I0C¼C=I0C¼O
Þ � 100%

where IC=C, IC=O, I0C=C and I0C=O are the peak intensities in the FTIR
spectra related to the C@C and C@O groups in the polymerised
structures and non-polymerised structures (curing time = 0 min).

Following the optimisation of the processing and post-
processing, different 3D structures were printed with the 1�2Cl-
HEA hydrogel formulation including a multi-layered flower-
shaped structure to demonstrate 3D printing capability.
2.5. Characterisation of the DN hydrogels

Tensile testing dumbbell samples were designed according to
ISO 527-1:1996 with a gauge length of 10 mm and sample thick-
ness of 2.4 mm. Three groups of 3D printed hydrogels and two
groups of mould cast hydrogels were investigated in terms of their
tensile properties. The mould casting method used a tensile-
sample mould that can fabricate the identical dumbbell structure
as the planned 3D printed structure. The details of each tested
groups of hydrogels are as follows:

3D printing group 1: For each layer, the filament was deposited
in a vertical pattern that was perpendicular to the tensile forces
later applied to the hydrogels during testing. All layers were cured
simultaneously during post-processing.

3D printing group 2: For each layer, the filament was deposited
in a horizontal pattern that was parallel to the tensile forces later
applied to the hydrogels during testing. All layers were cured
together during post-processing.

3D printing group 3: For each layer, the filament was deposited
in a vertical pattern that was perpendicular to the tensile forces
later applied to the hydrogels during testing. Each layer was cured
after being printed using the same curing condition. The subse-
quent layer was then printed onto the cured layer, therefore
layer-by-layer curing was achieved for this group of samples.



Fig. 2. (a) 3D printing process and (b) postprocessing setup of UV-curing in this study. An example of the (a) as-printed 1�2Cl-HEA and (c) as-cured 1�2Cl-PHEA hydrogels are
shown.
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Mould casting group 1: the 1�2Cl-HEA hydrogels were cast into
the mould and cured into 1�2Cl-PHEA samples with the same cur-
ing conditions as the 3D printing groups.

Mould casting group 2: the HEA:water solution (i.e. no gelator)
was cast into the mould and cured into PHEA samples with the
same curing conditions as the 3D printing groups.

Tensile testing was carried out using an Instron 5966 tensile
tester (Instron, USA) with a 5 kN load cell. A minimum of four ten-
sile samples for each group was loaded to failure at crosshead
speeds of 5 mm.min�1. The dimensions of each tested sample were
measured using a micro-meter prior to the testing. Young0s modu-
lus, tensile stress to break and elongation were determined from
the stress vs. strain data. The statistical significance between tested
groups was calculated using one-way Analysis of Variance
(ANOVA) with post-hoc Bonferroni correction based on normal
probability tests. A p-value less than 0.05 was used to denote
significance.

The sample morphology of 1�2Cl-PHEA and PHEA were imaged
using a JEOL 7100F Field Emission Gun Scanning Electron Micro-
scopy (SEM) (Zeiss, Germany). The imaged structures were
mounted on an aluminium stub. They were dried under vacuum
at room temperature for 2 days to evaporate solvent following by
iridium coating to give a 5-nm thick layer. The SEM was operated
at 5 kV accelerating voltage and a working distance of 10 mm.

X-ray diffraction (XRD) and FTIR analysis was conducted on the
1�2Cl-PHEA, PHEA, and 1�2Cl. A Bruker D8 Advance Series 2 XRD
and a Bruker Tensor FTIR (Bruker, USA) were used to identify the
phases present in the different sample types.
3. Results and discussion

3.1. Formulating Imidazolium-based LMWG hydrogels for 3D printing

A systematic screening of acrylate/methacrylate monomers for
gelability with 1�2Cl and water was carried out. First, six of the ele-
ven monomers (Fig. 3) were found to dissolve the 1�2Cl gelator at
5

5 mg/ml. Among them, three monomers (DMLPAm, HEA and
HEMA) were capable of forming hydrogels after adding water as
an anti-solvent to trigger hydrophobic gelator association. We
observed that there was a strong correlation between gelation
and the partition coefficient (log P) of the monomers (Fig. 3). In this
study, the thereotical values of log P (a parameter that represents
the polarity of each monomer is) were calculated from MarvinS-
ketch software (version 17.26, ChemAxon) after introducing the
chemical structures. Monomers that achieved 1�2Cl solubility had
log P � 1.34; they achieved gelation with log P � 0.62. As demon-
strated, a monomer with low log P can trigger hydrophobic associ-
ation gelation from 1�2Cl self-assembly. Low log P allowed the
monomers to have water miscibility and forced the amphiphilic
1�2Cl to aggregate into fibres. Our previous study has shown that
the hydrophobic segments in the molecule self-assemble as the
surrounding solution was highly hydrophilic (Fig. 2) [44]. This
mechanism successfully led to the formation of supramolecular
hydrogels.

For extrusion-based 3D printing, it is crucial that the gelator
fibres can be rapidly reassembled after the gel is broken by extrud-
ing out of a small nozzle. The reassembly speed of 1�2Cl was
affected by the concentrations of each component in the formula-
tion: water, monomer, gelator, and PI. After conducting a sweep of
water:HEA and gelator concentration to understand the reassem-
bly time, we were able to identify that a water:HEA ratio of
80:20 resulted in significantly shorter reassembly times than at
other ratios (Fig. 4). This was observed to be true for a range of
gelator concentrations. Increasing the water content to 90%
retained some of reassembly properties, but at a significantly
slower rate than at 80%. Reducing the water to below 80% resulted
in a very marked increase in reassembly time. Additionally, the
impact of PI was significant on the tre. To achieve tre < 30 s, a
30 mg/ml 1�2Cl concentration was required after 1.5 mg/ml PI
was added in the formulation. The PI apparently inhibits
fibre growth of the gelator. Therefore, higher gelator concentra-
tion was required to compensate the negative impact of PI on the
tre.



Fig. 3. The monomer candidates that demonstrated gel formation capability with the 1�2Cl gelator at 5 mg/ml. Monomers were sorted in the table by logP from lowest to
highest (right). Positive results are highlighted in blue. Gel: gel formation. Sol: solution. A schematic of the gel formation on a molecular level is presented (left). DMLPam: N-
[3-(Dimethylamino)propyl]acrylamide, HEA: 2-hydroxyethyl acrylate, HEMA: 2-hydroxyethyl methacrylate, CEA: 2-carboxyethyl acrylate, HPA: hydroxypropyl acrylate,
ClHPMA: 3-chloro-2-hydroxypropyl methacrylate, EMA: ethyl methacrylate, BMA: benzyl methacrylate, iBnMA: isobornyl methacrylate, HMA: hexyl methacrylate, LMA:
lauryl methacrylate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The gel re-assembly time (tre) of different HEA hydrogel formulations by varying water, gelator, and PI concentrations. The most promising results for application in 3D
printing are highlighted in blue. The photographs show a broken (top) and recovered (bottom) gel formed by 1.2Cl in HEA:water with PI present. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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It is important to characterise the rheological behaviour of a 3D
printed hydrogel formulation. The stiffness, thixotropy, recovery
time, and yield stress all have significant impact in determining
the success of an extrusion-based 3D printing process. After apply-
ing high shear rate at 10 s�1, the G0 decreased greatly from approx-
imate 8000 Pa to below 0.5 Pa (Fig. 5(a)). The G0 0 also exceeded G0

under high shearing, indicating the hydrogel was transferred from
a more solid-like state (elastic) to a more liquid-like state (viscous).
The fibrous network formed by the non-covalently bonded 1�2Cl
molecules is disassociated under high shearing and the previously
6

entrapped solvent allowed to flow. Therefore, the gel was essen-
tially converted into a liquid. However, the loss of stiffness was
rapidly recovered after high shear was removed from the hydrogel.
On average, after 57 s the G0 had recovered to 85% of the original
value prior to the high shear rate. This period is generally regarded
as the recovery time for a thixotropic material. Additionally, G0 was
higher than G0 0 under low shear because of the self-assembled fib-
rillar network entrapping solvent between the strands again. For a
typical extrusion-based 3D printing process, materials are sub-
jected initially to relatively low shear rate, following by high shear



Fig. 5. Oscillatory rheology of the 1�2Cl-HEA hydrogel (30 mg/ml 1�2Cl, 2:8 HEA:water, 1.5 mg/ml PI). (a) Thixotropy obtained from a cyclic high shear rate-low shear strain
rheological process. A total of 8 cycles were applied to the hydrogel; (b) plots of stiffness versus shear stress obtained from amplitude sweep at frequency = 1 Hz; and (c) plots
of stiffness versus frequency obtained from a frequency sweep at stress = 5 Pa.
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rates when extruded through the nozzle, and on exit from the noz-
zle the shear is instantly removed. This rheological thixotropic
testing, therefore, resembles (to a certain degree) the shear
changes during an extrusion-based 3D printing process. There
was no significant change in G0 and G0 0 after eight cycles of high
shear-low shear rheological process. Therefore, the 1�2Cl-HEA
hydrogel showed consistent thixotropic behaviour and rapid
recovery under cyclic processing, which is ideal for extrusion-
based 3D printing.

The amplitude sweeps of 1�2Cl-HEA determined a linear vis-
coelastic region between 0 Pa and about 16 Pa in which the G0

and G0 0 did not change significantly (Fig. 5(b)). The fibre network
formed by 1�2Cl started to break down beyond a yield stress of
approximate 18 Pa. Yield stress is where an elastic gel starts con-
verting to a viscous liquid [53]. The yield stress should be a balance
between allowing flow of the hydrogel during printing and the sta-
bility of the printed structure. The presence of a yield stress could
increase the stability of a 3D printed structure. However, if the
yield stress is too high, it would cause an excessive pressure drop
across the extrusion head. Chemical hydrogels that are covalently
bonded often have a yield stress above 100 Pa [62,63]. Physical gels
formed from gelator interaction are soft materials on account of
the nature of the non-covalent interactions holding them rigid.
For example, a previous study investigating the rheology of a sim-
7

ilar gelator in a simple solvent system has reported yield stresses
of 1.2–8.1 Pa [46]. Therefore, gels formed with 1�2Cl and similar
materials possess lower yield stress compared to covalent bonded
hydrogels. The supramolecular network to support multi-layer
stacking is ideal for small and medium-sized 3D printed structures,
but as we shall see they can provide sufficient strength to allow
subsequent formation of a more robust covalent network.

The frequency sweeps of the 1�2Cl-HEA hydrogel showed
G0 > G0 0 between shear frequencies of 0.4 and 10 Hz (Fig. 5(c)).
The hydrogels were maintained as elastic gels across the range of
shear frequencies. The 1�2Cl-HEA hydrogel had G0 of 8100 Pa at
10 Hz. Compared to our previous works using similar gelators, this
stiffness was greater for this supramolecular material family
[43,46]. This relatively high resistance to deformation may be the
result of a stiffer network resulting from the combination of
supramolecular bonds forming the structure that include the chlo-
ride ion and the possibility of its interactions with the novel sol-
vent. Good stiffness prevents significant deformation of the
printed structures under layer stacking. Overall, the 1�2Cl-HEA for-
mulation developed in this study demonstrated excellent rheolog-
ical behaviour towards extrusion-based 3D printing in every aspect
including thixotropy, recovery time, viscoelasticity, yield stress
and stiffness.



Fig. 6. Filament width (mean ± SD) of the 1�2Cl-HEA hydrogel printed at different speeds from 5 mm/s to 15 mm/s, scale bar = 10 mm.
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3.2. 3D printing

Following the development of the 1�2Cl-HEA formulation, its
suitability for extrusion-based 3D printing was investigated. The
printhead movement speed was calibrated to correlate with the
compressed air pressure applied within the cartridge to ensure a
precise control of deposition of the 1�2Cl-HEA formulation. At
printing speeds of 10 and 15 mm/s, an incomplete filament was
deposited on the substrate, indicating insufficient deposition
(Fig. 6). In general, increasing pressure or reducing printing speed
can both address insufficient deposition. However, in the specific
case of this 1�2Cl-containing formulations, increasing pressure
was not an ideal approach as it would cause further disassembly
of the supramolecular network. Consequently, after deposition
the recovery of the gel structure would be delayed as it would take
a longer time to re-assemble the fibrillar network. Insufficient
deposition did not occur at printing speeds of 5 and 7 mm/s, and
the filament width is higher and more consistent with the slower
printing speed. A consistent filament width indicated that deposi-
tion speed had coincided with the head movement speed. At
Fig. 7. The reduction in vinyl group (%) of the PHEA in the 3D printed hydrogel afte
bar = 10 mm.
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5 mm/s printing speed, the height of the filament (0.8 mm) is lower
than the width (approximate 1 mm) because of the spreading of
the gel. Nevertheless, the layer thickness and printing speed have
been determined for processing the 1�2Cl-HEA formulation. While
the printing resolution could be increased by using a printhead
with smaller diameter (<0.6 mm), that would require re-
investigation of the pressure and printing speed as greater pressure
drop will occur as a consequence of using a narrower printhead.
Here we focus on the 3D printing process with the 0.6 mm
printhead.

Under air, a 60-minute UV curing time was required to achieve
>99% reduction in vinyl group of the hydrogel (Fig. 7). As a result,
the structure had sufficient strength and stiffness to be handled,
e.g. with tweezers (Fig. 7 (b)). Free-radical polymerisation of HEA
is inhibited by the presence of oxygen as the growing chain will
react with molecular oxygen to produce fewer reactive radicals.
Curing under an N2 atmosphere (oxygen level < 1%) gave 100%
polymerisation within 20 min. However, this still did not meet
the processing requirement if layer-by-layer curing was adopted.
The slow curing rates were related to the low concentration of
r UV exposure for different curing times and under different environment. Scale
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monomer that only accounts for 20 vol% in the formulation, as it is
common for hydrogels to contain high water content. In general,
3D printing based on UV curing requires the formulation to achieve
a high reduction in vinyl groups with a very short curing time so
that the deposited materials can rapidly become self-supportive.
However, it was not a concern in this study after incorporating
the LMWG into the formulation. A self-supportive structure was
able to form during the 3D printing process only by the physical
crosslinking network from 1�2Cl. All solvents were entrapped and
immobilised within the gelator network without significant leak-
age. The HEA monomer remained at zero conversion during the
process. It was not an issue for the material to have slow curing
rates since the whole structure had already been supported. HEA
in all layers was cured simultaneously during post-processing.
Another significant advantage of this approach is that any 3D
printing equipment, even the simplest benchtop model, can be
used to process UV-curable hydrogels. A glovebox to create an inert
atmosphere is no longer a mandatory requirement. Note that a
humid environment is only necessary if the overall processing time
is longer than the evaporation rate from the material. A humidifier
device similar to that used during the post-processing in this study
could also be installed inside the printing chamber to enable large
hydrogel structures with high water content during large scale
printing processes.

Following the optimisation of processing and post-processing,
several different 1�2Cl-PHEA structures were successfully printed
and cured. Here we demonstrate the 3D printability by a multi-
layered structure designed to comprise flower-like features that
require precise deposition of the gel material (Fig. 8). The details
were accurately represented in the structure demonstrating 3D
printability. The excellent 3D printing capability from the 1�2Cl-
HEA formulation proves it is a successful approach to using a
self-assembled supramolecular network during 3D printing pro-
cess for subsequent formation of a polymeric network for the
whole structure during post-processing.
3.3. Characterisation of the DN hydrogel

The new approach has successfully manufactured a DN hydro-
gel structure consisting of a non-covalent network (softer compo-
nent) and a covalent network (harder component). Consequently,
it is necessary to investigate the effects of both harder and softer
Fig. 8. Demonstration of 3D printability. A flower-shaped structure designed and printed
PHEA. Scale bar = 10 mm.
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components on the mechanical performances of the 1�2Cl-PHEA
hydrogel. The 1�2Cl-PHEA had significantly higher tensile proper-
ties than PHEA in all properties (p < 0.05), including Young0s mod-
ulus, tensile stress to break, and elongation (Fig. 9(a)). The most
significant improvement was in the Young0s modulus which
increased 10-fold from 9.7 ± 0.5 kPa (PHEA) to 99.0 ± 12.1 kPa
(1�2Cl-PHEA). Tensile stress to break and elongation also increased
by 277% and 61%, respectively, by incorporating the LMWG. It has
been well documented that DN gels have good mechanical perfor-
mance even when incorporating a non-covalent network that is
generally considered as a soft network [35–40]. Gels comprising
only polymeric networks have heterogenous chain lengths result-
ing in stress concentration on the shortest polymeric chains [36].
It becomes an even more significant issue for hydrogels with high
water content, which are basically a solution-like system with a
very low density of polymer chains. That is why hydrogels with
only one network usually have very weak mechanical properties
[36,37]. The DN gels incorporating an LMWG can form highly inter-
twined networks throughout the material. It reinforces the regions
where short polymeric chains are located therefore contributing to
the improved homogeneity of the hydrogel [35]. To some extent,
these kinds of DN materials resemble natural biological materials
such as bones and dentins that also consist of hard and soft com-
ponents [36]. In this study, a specific DN hydrogel consisting a
1�2Cl gelator and PHEA has demonstrated improved tensile proper-
ties. Note that the addition of gelator network also changed the
appearance of PHEA hydrogels from the transparency of an amor-
phous acrylate polymer to the opaqueness arising from the light
scattering of the gelator fibres (Fig. 9(a)).

Two curing mechanisms have been compared: (1) conventional
layer-by-layer curing during process; and (2) curing all layers
simultaneously during post-processing. Better tensile properties
were achieved using the new approach proposed in this study
(Fig. 9(b)). For example, the Young0s modulus of hydrogels cured
with all layers together was 84.7 ± 12.1 kPa, significantly higher
than that of the same hydrogels cured layer-by-layer (34.4 ± 14.0
kPa) (p < 0.05). The same trend is seen in tensile stress to break
and elongation. The most intrinsic problem of 3D printing is poor
coalescence between adjacently deposited layers. Upon deposition,
each layer needs to have a rapid solidification via UV curing, cool-
ing, chemical reaction, solvent evaporation and so on. In the case of
UV curing, a rapid polymerisation of one layer freezing the move-
(left) from the 1�2Cl-HEA formulation and subsequently cured (right) to form 1�2Cl-



Fig. 9. Tensile properties of (a) 1�2Cl-PHEA and PHEA hydrogels manufactured using mould casting; (b) 3D printed 1�2Cl-PHEA hydrogels with different curing approaches;
(c) 3D printed 1�2Cl-PHEA hydrogels with different printing directions; (d) 1�2Cl-PHEA hydrogels manufactured using 3D printing or mould casting. * denoted to p < 0.05
between groups. Scale bar = 5 mm.
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ment of polymer chains makes it difficult for the subsequent layer
of material to diffuse into the previous layer. Polymer entangle-
ment in the interlayer region is insignificant [23]. Poor interlayer
coalescence means that 3D printing is weak in mechanical perfor-
mance compared to conventional manufacturing methods which
form structures as a whole. However, the new approach proposed
in this study has made it possible for the whole structure of 3D
printed hydrogels to be cured simultaneously. It allows diffusion
and arrangement of polymer chains throughout the structure,
10
therefore effectively eliminating the mechanically weak regions
between adjacent layers.

Additionally, there was no significant difference in the tensile
properties (p > 0.05) between hydrogels that had been printed in
parallel and perpendicular to the stress direction (Fig. 9(c)). This
result demonstrates that the materials printed from the 1�2Cl-
HEA formulation are highly homogenous, regardless of the infill
pattern. In our approach, the hydrogel structure was only sup-
ported by the non-covalent network during the 3D printing pro-
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cess. The uniqueness of a non-covalent network is that it is sol–gel
reversible. In solution form, gelator molecules diffuse between
boundaries of deposited filaments, then the gel forms, rapidly
establishing non-covalent interactions to immobilise the solvents.
The whole process was repeated every time when a new filament
was deposited. Contrarily, polymeric materials extruded using 3D
printing can only build heterogeneous structures that are mechan-
ically strong in the printing direction while weak in perpendicular
to the printing direction. This characteristic results from the non-
reversible bonding of the long-chain molecules that do not have
the mobility to diffuse through boundaries as easy as small mole-
cules. Therefore, using the new printing approach proven in this
study, homogenously inter-layered and intra-layered structures
were fabricated.

The 1�2Cl-PHEA objects manufactured using 3D printing and
mould casting exhibited no significant differences in Young0s mod-
ulus and tensile stress to break (p > 0.05) (Fig. 9(d)). The only sig-
nificant difference was found in elongation between two groups. In
general, inadequate mechanical properties of structures fabricated
using material extrusion 3D printing techniques are a major chal-
lenge that many studies have attempted various approaches to
address [64–67]. It is one of the key reasons why material extru-
sion 3D printing does not compete well with conventional manu-
facturing in many industrial sectors. This study has successfully
improved the mechanical performance of 3D printed hydrogels
to the level that is close to conventional manufacturing. It demon-
Fig. 10. (a-b) SEM images of PHEA and 1�2Cl-PHEA gels, and (c) their XRD and (d) FTIR s
data.
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strated highly isotropic structures from the innovative curing strat-
egy benefiting from the 1�2Cl-HEA formulation.

The co-existence of 1�2Cl and PHEA networks has been proven
by scanning electron microscopy (SEM) and X-ray diffraction
(XRD) (Fig. 10). The gelator fibrillar network was visibly embedded
in the polymer structure in the SEM image of the objects, confirm-
ing the interpenetrating network between 1�2Cl and PHEA. This
morphology was not observed by SEM for a pure PHEA single net-
work. The widths of gelator self-assembled fibres were approxi-
mately 150 nm to 400 nm. The physical association and
entanglement between the covalent and non-covalent networks
are believed to enhance the mechanical properties of the hydrogel,
as exhibited in the tensile results. The principal peak of 1�2Cl fibril-
lar network in the XRD data was also present in the 1�2Cl-PHEA
diffractogram. Also, in overall, there was no significant shift in
the PHEA peaks in the FTIR spectrum of the dual network
(Fig. 10(d)). These results show that no strong chemical bonds (co-
valent or non-covalent) were formed between the gelator and
polymeric networks that coexist in the material. This finding corre-
lated well with previous studies that demonstrated only physical
interaction between gelator and the polymeric network [38,39].
The physical interpenetration of the two networks gives a more
robust hydrogel without the downside of modifying chemistry of
the functional polymer. This approach is beneficial for many
applications requiring specific functionality from 3D printed
materials.
pectrum. The peak related to LMWG self-assembled fibrils is highlighted in the XRD
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In summary, the supramolecular gelator is an excellent material
to support 3D printed structures via a self-assembled physical net-
work. This property is especially beneficial for UV-curable mono-
mers. Theoretically, a greater variety of monomers can now be
3D printed as long as they can form a thixotropic gel with a specific
gelator, of the type shown here or one of the many other family of
gelators that are known. The DN hydrogels form interpenetrating
networks between softer and harder components and display
excellent tensile properties. The DN hydrogel formulation devel-
oped in this study provides excellent mechanical properties and
increases versatility in material selection for 3D printing process.
This achievement is important for the advance in 3D printing prod-
ucts towards better performance and functionalities.

One of the potential applications for the 1�2Cl-PHEA hydrogels
is drug delivery, for example, as a topical treatment of rosacea. A
bis-imidazolium-based amphiphile (1�2Br) has been used in previ-
ous studies to form hydrogels for this specific pharmaceutical
application [46,68]. Many drugs including an 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF) protease inhibitor
have been incorporated in single-network hydrogels for release
[46,68]. The potential benefit of using DN hydrogels developed in
this study is long-term treatment. 3D printing could be used to fab-
ricate custom face masks that can perfectly fit the face contours of
patients. To achieve this goal, a full scale of experiments involving
3D scanning, 3D model development and printing, drug release,
skin permeation, drug retention on skin and inside skin, and phar-
macological efficacy in vivo is foreseen. The current study is a facil-
itator for applications such as this, showing that (1) the
formulation of small molecule gelators with monomers in a solu-
tion followed by post-extrusion 3D printing curing gives DN hydro-
gels, and (2) the interpenetrating interaction between the gelator
and polymeric networks in these materials gives rise to isotropic
structures not habitually formed by additive manufacturing.
4. Conclusions

In this study, a bis-imidazolium amphiphile gelator 1�2Cl was
mixed with the HEA monomer to form a supramolecular hydrogel
that was used for extrusion-based 3D printing. It is a thixotropic
gel with rapid recovery, modest yield stress and good stiffness,
all ideal for the process. During 3D printing, the overall structure
was supported exclusively by the supramolecular network self-
assembled via inter-gelator interaction. This approach allowed a
change in the way photopolymerisation is performed for the 3D
printed structures compared with previously known protocols;
all layers were cured simultaneously during the postprocessing.
Consequently, the inter-layer coalescence significantly improved
compared with those printed using a layer-by-layer curing
approach. For example, there was more than doubled increase in
Young0s modulus (84.7 ± 12.1 kPa to 34.4 ± 14.0 kPa). A better
inter-layer coalescence was also achieved thanks to interpenetra-
tion of gelator molecules to form supramolecular interactions.
Highly isotropic structures were fabricated using this innovative
approach. The 3D printed hydrogels have reached the same level
of Young0s modulus and stress to break as mould cast samples.
The physical association and entanglement between the covalent
and non-covalent networks also enhanced the tensile properties
of the hydrogel. Young0s modulus increased 10-fold from 9.7 ± 0.
5 kPa (PHEA) to 99.0 ± 12.1 kPa (1�2Cl-PHEA). The innovative
approach using a supramolecular network to support a structure
can increase the variety in material selection for 3D printing. Dif-
ferent gelator chemistry and triggering mechanisms have a great
potential to be used in different 3D printing techniques, such as
vat polymerisation, material jetting and material extrusion. The
DN hydrogel fabricated using this approach has excellent mechan-
12
ical performance potentially providing benefit for a range of appli-
cations, including for example, those in the medical and healthcare
fields.
5. Associated content

Synthesis procedure and chemical characterisation of the 1�2Cl
gelator.
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