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By using different salts as a method to achieve gelation of two
different amino-acid-functionalised perylene bisimides, we were
able to tune reduction potentials while maintaining the mechanical
and optical properties of the system all at pH 7.4.

The complex networks formed by gelators make them ideal
candidates for mimicking the extracellular matrix (ECM), i.e.,
the environment surrounding cells in our body. With a careful
choice of gelator, these artificial ECMs can be prepared at a
physiological pH and temperature and containing the media
needed for cell survival.' With the high demand for biosen-
sors, implants and alternate cell scaffold materials, the need for
these artificial ECMs is high.! Moreover, the requirement for
specialised functionalised gel materials such as responsive
gels, biocidal gels or conductive gels will need to have extra
functionality as well as maintaining the appropriate mechan-
ical properties, which can be difficult to achieve."*” For
example, when growing nerve cells, an appropriate mechanical
stiffness is required and an electric field is desired.®® There are
many options for achieving conductive materials from the
assembly of low-molecular-weight gelators that can be functio-
nalised for specific applications.'®** The problem lies in the
method of gelation, as gelation triggers being often unsuitable
for biological applications or resulting in gels with unsuitable
properties for physiological conditions. Gels triggered to form
at low pH or by applying a solvent switching method that uses
toxic solvents would be unsuitable for this application.? It is
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therefore important to keep biological conditions in the fore-
front when designing these systems, with them being water
based and at pH 7.4 constituting a minimum set of require-
ments. There are examples of divalent salts being used to gel
systems, and these salts are present in biological systems and
so could be a viable alternative."* This method works by either
‘salting out’ charged molecules to make them less soluble and
form physical gels, or in the case of divalent salts basically
cross-linking different aggregates together and forming a net-
work. Often this process depends on the salt used and concen-
tration of salt, which in turn often influences final mechanical
properties.’® In the case of dipeptides, the mechanical proper-
ties will depend on the apparent pK, of the system and whether
they form suitable structures before gelation occurs. For exam-
ple, worm-like micelles with COO-groups have been shown to
be effective for making salt-bridged networks (Fig. 1(a)). Many
peptide-based hydrogels have been used for biological applica-
tions such as cell culture with examples of these hydrogels
including those made from Fmoc-RGD, Fmoc-FF and FEFKFE-
pYK, which have been used as cell scaffold materials due to
their biocompatibility and thixotropic properties.’® Often, to
introduce a different functionality into these gels, another
component is added in. This addition can often lead to a
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Fig.1 (a) Cartoon of a salt-bridged gel network. (b) and (c) chemical
structures of (b) PBI-H and (c) PBI-L used in this study.
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change in the rheological behaviour or network type, in parti-
cular to a change that is undesirable for the application.'*

Perylene bisimides (PBIs) are very interesting small molecules
due to their gelation, conductivity, and thermal and optical
properties.”'® They have been used to form gels useful for applica-
tions such as sensors,'® H, evolution®® and chromic materials®* to
name a few. They provide an interesting example of an active gel
network that provides mechanical and electronic properties without
the need for another material present. They have been shown to
have biological applications, mostly for imaging applications rather
than as functional ECM materials.”* Our study has looked at the
conductive and optical properties of these materials as xerogels and
at their mechanical properties as hydrogels.'”****

Herein, we describe the gelation behaviours of two different
amino-acid-functionalised PBI molecules with three different diva-
lent metal salts. They were chosen as they form the worm-like
micelles needed for metal salt gelation at pH 7. We investigated
the effects of changes in pH, gelator concentration and salt concen-
tration on their gelation ability with different salts. We then focused
specifically on pH 7.4 with different salts to assess the effects of
these salts on the mechanical properties, structural properties,
absorption properties and reduction potentials of resulting gels.
PBI-L and PBI-H (Fig. 1(b) and (c)) were synthesised as previously
reported.® Solutions were prepared at desired concentrations using
one equivalent of NaOH and deionised water. After the material had
dissolved, the pH was then adjusted to the desired value using HCl
or NaOH at a concentration of 0.1 M. To test gelation, a set amount
of CaCl,, Ca(NOj),, or MgCl, prepared at a concentration of
200 mg mL " in water was pipetted onto the top of the gelator
solution. The resulting system in each case was then left for 16 hours
to gel. Successful gelation was first tested using a vial inversion test
(Fig. 2(a) and 3(a)). Those passing this test were then prepared in
triplicate, and their rheological properties were characterized to
confirm that gelation had indeed occurred. By varying the concen-
tration of gelator and salt, we were able to ascertain the minimum
gelation concentration and minimum amount of salt needed for
each gelators and salts. pH and salt were tested in gelation studies.

In general, PBI-L gelled in many more conditions tested, whereas
the gelation of PBI-H was more dependent on these conditions. The
minimum gelation concentration (mgc) for PBI-H in each of the salts
was about 3 mg mL " of gelator, and PBI-H tended only to gel at pH
values of 5, 7 and 8 (Tables S1-54, ESIT). This result was due to PBI-H
being soluble at other pHs, in turn due to ionisable histidine groups
(COOH at higher pH and the imidazole group at low pH). Due to the
solubility, PBI-H did not form the worm-like micelles associated with
salt gelation at lower pH levels."*** PBEL had a mgc of 2 mg mL™"
and was gelled at pH values of 6-10 with all tested salts
(Tables S5-S8, ESIT). PBFL, due to it not having this lower-pH
ionisable group, maintained fibrous structures at these pHs.** With
our interest in these materials for use in biological settings, we
focused on the physiological pH 7.4, using a gelator concentration of
5 mg mL ' and a salt concentration of 50 pL mL ™, as this set of
conditions worked for gelators and salts under these conditions.

Rheology of PBI-L gels showed that at pH 7.4 and 5 mg mL ™"
gelator, all gels, regardless of the salt used, showed very similar
properties with a G’ of 2000 Pa and G” of 250 Pa (Fig. 2(a) and (b)
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Fig. 2 (a) Photographs of PBI-L gels formed at 5 mg mL™* of gelator with,
MgCl,, CaCl, and Ca(NOsz), at pH 7.4. Scale bar represents 1 cm. (b)
Rheological strain sweeps performed at 10 rad s~* at 25 °C. Filled shapes
represent G’ and open shapes represent G”. Measurements were taken in
triplicate and error bars were calculated from standard deviations. Data for
MgCl, gels are shown in purple, for CaCl, gels in blue and for Ca(NO3),
gels in red throughout. (c) UV-vis absorption spectroscopy data and (d)
small-angle neutron scattering (SANS) data.
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Fig. 3 (a) Photographs of PBI-H gels formed at 5 mg mL™ of gelator with,
MgCl,, CaCl, and Ca(NOs), at pH 7.4. Scale bar represents 1 cm. (b)
Rheological strain sweeps performed at 10 rad st at 25 °C. Filled shapes
represent G’ and open shapes represent G”. Measurements were taken in
triplicate and error bars were calculated from standard deviation. Data for
MgCl, gels are shown in purple, for CaCl, gels in blue and for Ca(NOs),
gels in red throughout. (c) UV-vis absorption spectroscopy data and (d)
small-angle neutron scattering (SANS) data.

and Fig. S2, ESIt). The gels also all had the same yield point of
6%, but those formed with MgCl, showed a strain profile after
the yield point different from those formed with CaCl, and
Ca(CO03),, which appeared to have another yield point at around
70%. The similarity between the gels also carried through to the
UV-vis absorption data, which indicated very similar absorp-
tions and again showing the salts not affecting the local
packing (Fig. 2(c)). Small-angle neutron scattering (SANS)
revealed structures to indeed be essentially the same, all
fitting an elliptical cylinder model (Table S9 and Fig. 2(d) and

This journal is © The Royal Society of Chemistry 2024
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Fig. S3-S6, ESIt). These data indicated the presence of flat
fibres in solutions. From solution to gel, the radius stayed
about the same (at around 3 nm) with an axis ratio of around 3.
However, the gel formed with MgCl, differed slightly, with a
larger radius of 3.5 nm and a larger axis ratio of 4.7, suggesting
that these gel fibres were flatter. The fibres in solution had an
average length of around 25 nm. When gelled, however, this
value roughly doubled to 54 nm for CaCl, and Ca(COj3), but
only to 46 nm for MgCl,. Overall, the fibres elongated upon
gelation, but with a morphology for the gelled fibres that
depended on the salt used, with this dependence perhaps
explaining different strain dependence behaviours shown in
rheology analyses.

PBI-H gels (Fig. 3(a)) showed more variability in the stiffness
values, with MgCl, yielding the lowest G’ of 300 Pa and G” of
10 Pa, compared to G’ of 500 Pa and G” of 170 Pa for Ca(CO3),-
containing gels and G’ of 700 Pa and G” of 110 Pa for the CacCl,-
containing gels (Fig. 3(b) and Fig. S7, ESIt). Despite differences
in stiffness, the yield and flow points for all the gels were found
to be similar at 5% and 25% strains, respectively. The data for
the UV-vis absorption of the gels indicated almost identical
local packings of the molecules into the fibres (Fig. 2(c)),
meaning that differences in rheology results did not come from
local packing, but more likely the network arising from using
different salts.

SANS data for the PBI-H solution fit a cylinder with a power
law with a fibre radius of 4 nm (Fig. S8 and Table S10, ESI¥),
indicative of the presence of round fibres. When PBI-H was
gelled with the salts, the data then fit an elliptical cylinder
(flattened fibre) with a larger radius, with the gels containing,
respectively, CaCl, and Ca(CO;), now showing a fibre radius of
9 nm and that containing MgCl, showing a value of 9 nm. This
result for PBI-H suggested that upon its gelation, a lateral
association of two fibres caused by salt crosslinking fibres
together occurred, in contrast to the case for PBI-L whose fibre
width remained essentially the same upon gelation but whose
fibre length increased upon addition of the metal salt. The fibre
lengths for the PBI-H solution and gels were out of range
suitable for this model, apart from that containing Ca(COj3),
which showed a fibre length of 59 nm (Fig. 3(d) and Fig. S8-S11
and Table S10, ESIT). Far more variability in scattering fits were
found for the PBI-H gels than for the PBI-L gels, with this
difference reflected in the rheology results. Our results showed
PBI-L being much less affected than PBI-H by the presence of
the different salts, perhaps due to the presence of the histidine
imidazole group in PBI-H, which could interact with the salts
and other fibres, in contrast to the PBI-L leucine side chain,
which would have limited interaction with the salts.

To assess the reduction potentials and conductivity of the
gels, cyclic voltammetry (CV) and electrical impedance spectro-
scopy (EIS) were carried out. In general, perylene bisimides
have two reduction potentials, one to make the radical anion
and one to make the dianion.'® The ability to form these anions
allow for perylene bisimide gels to pass a current and therefore
gives added functionality to the gels when used as cell culture
scaffolds.'® In the present study, with the PBI-H gels, only one

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) and (b) Nyquist plots of electrochemical impedance measure-
ments for (a) PBI-H and (b) PBI-L gels. Data for MgCl, gels are shown in
purple, for CaCl, gels in blue and for Ca(NO3), gels in red throughout. Data
were recorded in triplicate, and the mean result in each case was plotted.
Error bars were calculated using the standard deviation from three mea-
surements. (c) Equivalent circuit fitting for EIS spectra. Data were collected
in the range 50 to 1 Hz with a bias of 0.2 V.

of these reduction potentials was seen (Fig. S12, S13 and
Table S11, ESIt), but for the PBI-L gels both reduction peaks
were seen (Fig. S14 and Table S11, ESIt). However, in both
perylene gels, the reduction potential values were different
depending on the salt used. This difference was most notice-
able for PBI-L with the first reduction potential, but the values
for the second reduction potential were essentially the same.
For PBI-H, there was less of a change in the potential differ-
ence. From EIS analyses, the PBI-H gels showed higher ionic
conductivity values than their counterpart PBI-L gels (Fig. 4 and
Table S12, ESIt). PBI-L gel values were more variable depending
on the salt used. Herein, with PBI-L, the size of the salt
molecules perhaps influenced the conductivity values—with
MgCl, having the smallest molecular size, yielding the highest
conductivity. The EIS data showed an approximately 30%
difference between the systems over a range of 50 to 1 Hz,
and although this difference may be considered small, it could
be also deemed to be significant due to the reproducibility of
both the gels and of the data shown throughout. Accordingly,
this difference of 30% was initially unexpected due to the lack
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of change in the perylene bisimide structure and due to the very
similar mechanical and optical properties of the gels. This
difference hence demonstrated that the metal salt used to be
very influential in reduction potential and current required in
the gels. Next, we carried out tests to ensure the suitability of
the developed system for cell studies. First, we characterized
the stability levels of the gels. This test was carried out by
aging the gels for three weeks at room temperature. All gels
remained invertible for at least 6 months (Fig. S15, ESI{), but
rheological tests were carried out after 3 weeks (Fig. S16-S19,
ESIT). These tests showed the gels having remained stable
throughout this time period with the rheological stiffness of
aged samples remaining very similar to those samples freshly
made. This stability indicated that they would be suitable for
cell differentiation.

Next, to assess the biocompatibility of PBI-L and PBI-H, tests with
C,Cy, cells were conducted. Fig. S20 (ESIt) shows the cytotoxic
profile of gels and solutions of both PBIs when incubated with these
cells for 20 hours. For gels, PBIFL showed cytotoxic behaviour with
poor cellular viabilities of 38%, 23%, and 27% when gelled with
CaCl,, MgCl,, and Ca(NOs),, respectively. However, PBI-H showed a
safe profile with viability levels of over 84% for all three inorganic
salts. To assess the cytotoxic behaviour of PBI monomers, MTT assay
was performed for PBIs in the solution state at various concentra-
tions. For PBIL, cell viability increased with decreasing concen-
tration of the material, while PBI-H solutions displayed biosafety in
all tested concentrations. However, as MTT is a colorimetric assay,
some wells had residual red pigment, due to the nature of the PBI
dye, indicating a possible limitation of the test. To overcome this
issue, a Live/Dead assay was performed for each sample under same
conditions used in the MTT assay to confirm biocompatibility
(Fig. S21 and S22, ESIt). In agreement with MTT assay results, the
overall population of viable cells determined using the Live/Dead
assay was low for PBI-L, irrespective of the gelation. This was the
same as seen in highly concentrated solutions. For PBIFH, no
cytotoxic behaviour was found in any of its gels and solution forms.
Taking the above results together, a correlation was found between
the cytotoxic features of tested PBIs and the state of the perylene
core—with free monomers inducing cytotoxicity and self-aggregation
manifesting biosafety.

In conclusion, we have demonstrated how low-molecular-
weight PBI gels can be made at physiological pH using a salt
trigger. The mechanical properties and mgc of PBI-L were
found to be not affected by the salt used, whilst PBI-H was
found to be affected. Therefore, PBI-L showed a tolerance of the
conditions that can be used, whereas for PBI-H, there would be
an opportunity for tuning of properties, with no cytotoxicity
found for any of the concentrations and salts tested. Most
interestingly, despite PBI-L and PBI-H showing similar mole-
cular packings, rheological properties and scattering, quite
different reduction potentials for PBI-L were found, again
providing the opportunity to change the potentials needed for
an application, whilst maintaining mechanical, optical and
network properties. However, PBI-L showed cytotoxic behaviour
despite similarities to PBI-H, so further investigation of PBI-L
would be needed in order to make it safe for biological systems.
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