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Supramolecular gels' are gaining in importance, in part, due to
their fascinating properties, and potential applications ranging
from bio-mimetics for tissue and bone engineering,*** cell
growth scaffolds,?? drug delivery* to electronics.” Guided by
non-covalent cohesive forces, including hydrogen bonding,
hydrophobic and m-m interactions, and metal-ligand interac-
tions, 3D fibrous network structures forming a matrix in gel
materials are formed.> Non-covalent forces readily respond to
external stimuli, which allows a modulation of the properties of
the gel material. Examples of external stimuli include biological
targets, pH, anions, small molecules chemicals, and redox
behaviour and others.* Biotechnological applications of supra-
molecular gels largely depend on their supramolecular proper-
ties, particularly thermal, pH and mechanical stabilities.’
Particular efforts have been made to improve the mechanical
properties of gels, for example through the addition of vanco-
mycin,* glucono-d-lactone® and by using enzymes.* In this
context self-healing properties, that is the ability of gels to
undergo a spontaneous sol-gel phase transition after applica-
tion of a mechanical force that damaged the supramolecular gel
network, are of interest and have been exploited for the gener-
ation of an injectable material loaded with drugs.” Self-healing
behaviour sometimes is achieved by the addition of external
chemicals which is not possible in the native gel phase. For
example, Davis and co-workers reported hydrogelation of
guanosine and lithium borate where thioflavin T acts as stimuli
for rapid gel formation and endows the gel with self-healing
properties and enhanced mechanical strength.® Gelation
induced by metal ions recently gained enormous interest due to
their fascinating properties and control over self-assembly by
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tuning metal-ligand coordination.® For example, Banerjee and
co-workers have reported a series of tyrosine based amphiphiles
that trigger hydrogel formation in presence of Ni*" ions and
mechanical property is dependent on the length of alkyl chain.¥
Lanthanide-based luminescent gels reported by the research
groups of Gunnlaugsson and Holten-Andersen, provide control
over luminescence and mechanical strength depending on the
ratio of lanthanide ions.' There is a significant body of work
where metal co-ordinating ligands form self-supportable gels
only when they come in contact with metal ion," i.e. where
metal ion coordination is critical to gelation and no gel
formation takes place in the absence of metal ions. Recently,
our group have reported that a lipoic acid based diphenylala-
nine derivative forms metallo-hydrogel in presence of transition
metal ions and the mechanical property is highly tuneable. We
showed that the mechanical property is different in presence of
different metal ions and that they follow the Irving-Williams
series of stability of metal complexes.'* This illustrates that
metal coordination to a gelator ligand allows control over the
property exhibited by the gel. However, there is a high possi-
bility that an existing hydrogel could respond to metal ions and
self-assembly study of an existing hydrogel in presence of metal
ions is rare in literature. In this context, Stupp and co-workers
have studied mechanical stiffness of an amphiphilic peptide
hydrogel as a function of ionic strength, pH and various metal
ions.” Interestingly, the mechanical strength of the gel is
correlated with the Irving-Williams series, with Cu®* displaying
the highest mechanical stability. Therefore, affecting and
tuning the mechanical properties of hydrogels by metal addi-
tion will have potential implications for the study of hydrogels
as cell and tissue culture medium.*

Herein, we report a phenylalanine-based amphiphile 1
(Fig. 1a), which forms a hydrogel in phosphate buffer. Remark-
ably, in the presence of Co®" and Ni**, the resulting hydrogel
displays high thermal and mechanical stability, which is in line
with complex stabilities as predicted by the Irving-Williams
series.

The phenylalanine based gelator 1 self-assembles to a self-
supportable thermo-reversible hydrogel in phosphate buffer
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Fig.1 (a) Chemical structure of the hydrogelator 1. (b) Photograph of
native hydrogel and metallo-hydrogels (1 : 0.5 of gelator to metal ion
ratio) obtained from gelator 1 at pH 7.4. Gelator concentration main-
tained at 16 mM. (c) Probable self-assembly of gelator 1 without any
metal ions and in presence of metal ions (M2* = Ca®*, Co?* and Ni%™).
The role of metal ion is binding of two gelator molecules through the
complex formation which therefore self-assemble by the help of
various non covalent interactions.

solution in a narrow pH range of 7.25-8.5 (Fig. 1b). At a pH
below 7.25, gelator 1 has poor solubility and at pH above 8.5, it
does not form a hydrogel. However, at pH 7.25-8.5, gelator 1
readily forms a solution by heating and after cooling to room
temperature a self-supportable hydrogel is formed within 24
hours. Minimum gelation concentration (MGC) to form
hydrogel was 16 mM. Hydrogels formed by gelator 1 display self-
healing and undergo a sol-gel transition by applying and
removal of mechanical force, respectively. The hydrogel
undergo fully reversible sol-gel transitions even after repeated
heating-cooling cycles, showing a high degree of thermo-
reversibility. The gel melting temperature (Tye;) of the hydro-
gel is 41 °C at MGC. However, we were interested to check the
interaction of metal ions such as Ca*", Mn**, Fe*", Co*", Ni*",
Cu”" and Zn>" with the hydrogel obtained from 1 in phosphate
buffer (pH 7.25-8.5). Among these metal ions, addition of Ca>",
Co®" and Ni** ions remarkably change the gelation property
with respect to MGC, gelation time (hydrogel formation time)
and thermal stability (Table S1f). This indicates a strong
interaction between gelator 1 and metal ions (Ca**, Co>" and
Ni**) in aqueous medium. Metallo-hydrogels (Fig. 1b) were
prepared by addition of the corresponding metal salt to a solu-
tion of gelator 1 in phosphate buffer. A precipitate was formed
in each case after addition of metal salt solution to phosphate
buffer solution of gelator 1 due to formation of metal hydrox-
ides.” Ultra-sonication for 1-2 min, readily dissolved this
precipitate.™ Interestingly, the MGC for hydrogels obtained
from gelator 1 in the presence of metal ions is significantly
lower (Ca®*": 6 mM, Co>": 8 mM, Ni*": 8 mM, see Fig. 2a), sug-
gesting that the metallo-hydrogels are more ordered. Metallo-
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Fig. 2 (a) Minimum gelation concentration (MGC) of the native
hydrogel compared to metallo-hydrogels at room temperature. (b)
Thermal stability in the form of gel melting point (Tge) shown by native
hydrogel and metallo-hydrogels at MGC. (c) Relative storage modulus
(G') values at 10 rad s~* of native hydrogel and metallo-hydrogels show
remarkable difference in mechanical strength (gelator concentration
was 16 mM). (d) G’ values (averaged over entire frequency range 0.1-
100 rad s7%) obtained from frequency sweep rheology test in varying
metal ion concentration keeping the gelator concentration fixed at
8 mM.

gelation was tested at metal ion concentrations ranging from
1 to 6 mM while keeping the gelator concentration fixed at
8 mM. 1 + Ca®" forms hydrogels for all conditions tested, while
for Ni** and Co*>* concentrations below 4 mM (1 : 0.5 gelator to
metal ratio), did not result in hydrogelation but a viscous
solution was formed instead. Looking to thermal stability,
significant increases of Ty were observed for 1 + Co**and 1+
Ni?* hydrogels to double of that of the native hydrogel (Tger: 1+
Co%':199 °C, 1 + Ni*": 98 °C, see Fig. 2b). The Ty is significantly
dependent on the metal ion concentration. Ty decreases with
decrease in metal ion concentration (Table S27). In addition, in
the presence of these metal ions, the gelation time is signifi-
cantly shortened (1 + Ca**: 30 min; 1+ Co®" and Ni** 4 h at MGC)
compared to 24 h for the native gel.

Low MGC and high thermal stability of these metallo-
hydrogels found for 1 + Co** and 1 + Ni*" follow the Irving-
Williams series, indicating that the effect is driven by complex
formation.”>** The self-assembly of native hydrogel (Fig. 1c) is
driven by simple electrostatic interaction involving the carbox-
ylic acid terminal in phosphate buffer. However, metal complex
driven self-assembly brings extra stability to the metal con-
taining hydrogels which reflects in high thermal stability. The
properties of the metallo-hydrogels containing 1 + Mn*', 1 +
Fe*" and 1 + Zn** are similar to those of the native hydrogel.
However, 1 + Cu®>" does not form a hydrogel, presumably Jahn-
Teller distortions disrupt or destabilize the supramolecular
packing of gelator molecules, which shows the importance of
metal coordination geometry on gel formation.

To investigate the mechanical property of the native hydrogel
and metallo-hydrogels obtained from 1 + Ca**, 1+ Co®>" and 1 +
Ni** rheological studies were performed.'® Rheological studies
using a frequency sweep from 0.1-100 rad s~ ' were carried out

This journal is © The Royal Society of Chemistry 2017
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to examine the mechanical strength of the native and metallo-
hydrogels and monitor the storage (G’) and loss (G”) moduli
as a function of frequency (Fig. S4t1). Both, G’ and G” were
independent of frequency and G’ was always larger than G” (G’ >
G"). This property is inherent for visco-elastic materials indi-
cating soft solid-like gel phase material that does not collapse
over the entire frequency range tested. The elastic behaviour of
these hydrogels could be expressed by tan 6(G"/G’) value, which
indicates that elastic character decreases with an increase in
tan 6. Tan d at 10 rad s~ obtained from native hydrogel is 0.419.
However, for metallo-hydrogels obtained from 1 + Ca®>*, 1+ Co**
and 1 + Ni*" are 0.186, 0.089 and 0.077, respectively. The tan 6
values follow an order as 1> 1 + Ca** > 1+ Co*" ~ 1 + Ni** which
indicates the 1 + Co>" and 1 + Ni** have very high elastic char-
acter than Ca®" and native hydrogel. The G’ value (as a function
of strength measured at frequency 10 rad s ') of the native
hydrogel was very poor and found to be ~1 Pa (Fig. 2c).
However, addition of Ca®*, Co®>" and Ni** ions drastically
changed the mechanical strength and G’ value increased to
1971 Pa, 11 115 Pa and 9986 Pa respectively (all data was aver-
aged over three consecutive runs on the same sample). The high
mechanical strength obtained from 1 + Co®" and 1 + Ni** in the
frequency sweep rheology study again supports the stability
indicated by the Irving-Williams series. The concentration
dependent frequency sweep experiment was also performed for
metallo-hydrogels from MGC to 16 mM. It was found that the
mechanical strength of 1 + Ca®>" hydrogel decrease sharply with
decrease in concentration, however, for 1 + Co®" and 1 + Ni*" it
was small (Fig. S51). Frequency sweep rheology studies were
performed at various metal ion concentrations (1 mM to 6 mM)
keeping the gelator concentration fixed at 8 mM. The strength
of hydrogels remain unchanged at metal ion concentrations
above 4 mM (Fig. 2d). However, at concentration below 4 mM,
the strength of the hydrogel decreases with decreasing metal
ion concentration.

Metallo-hydrogels obtained from 1 + Ca**, 1 + Co®" and 1 +
Ni** are self-healing. This property was studied by performing
time dependent rheology studies applying an alternating shear
force in the form of strain to demonstrate reversible healing of
metallo-hydrogels (8§ mM) at a constant angular frequency of 10
rad s~ (Fig. S61). Note that the mechanical strength is very low
for the native hydrogel and it is very difficult to control such type
of self-healing experiment. Metallo-hydrogels were cycled in
gel-sol transition several times in a time sweep experiment by
applying alternating oscillatory strain in an order 0.1% (120 s)
— 100% (120 s) — 0.1% (240 s) — 100% (120 s) — 0.1% (240
s). In low strain step (0.1%) the G’ of metallo-hydrogels was
higher than G” indicating immobilized gel phase whereas, at
100% oscillatory strain G” appeared higher than G’ indicating
sol phase. Application of high strain (100%) immediately
convert gel phase to sol phase and after removal of 100%
oscillatory strain, metallo-hydrogels fully regained their original
G' value almost instantly indicating their quick healing
property.

To gain insights into the morphology of the native hydrogel
and metallo-hydrogels, FE-SEM (Fig. 3) and TEM (Fig. S77) were
carried out. FE-SEM image of the native hydrogel showed three
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Fig. 3 FE-SEM images of (a) native hydrogel and metallo-hydrogels
obtained from (b) 1 + Ca?*, (c) 1 + Co®* and (d) 1 + Ni?*. Images show
that native and 1 + Ca2* hydrogels form long nano-fibers with helicity
present in 1 + Ca®*. Nanofibers obtained from 1 + Co®* and 1 + Ni%*
are short in nature compared to the native and 1 + Ca®" hydrogel.
Scale bars are 200 nm.

dimensional network structure which is composed of several
micro-meter long nano-fibers entangled to each-other (Fig. 3a).
Average width of these nano-fibers is 60 nm. For 1 + Ca**
hydrogel, fibers are long and 40 nm in width (Fig. 3b). Fibers
obtained from 1 + Ca®>" hydrogel are helical, which is a different
morphology compared to the native hydrogel. However, fibers
obtained from 1 + Co*" and 1 + Ni*" are smaller in length and
65 nm and 40 nm in width respectively (Fig. 3c and d). This
observations indicate that strength of hydrogels do not depend
on length of nano-fibers. The high elastic nature and responsive
mechanical property of 1 + Co*” and 1 + Ni** metallo-hydrogels
(tan 6 value 0.089 and 0.077 respectively) makes them brittle in
nature and may be responsible for shorter nano-fibers. The
TEM images also indicate fibrous morphology for native
hydrogel, 1 + Ca®*, 1 + Co®>" and 1 + Ni*" metallo-hydrogels with
55 nm, 50 nm, 55 nm and 45 nm width respectively. Helicity
appeared for 1 + Ca®" fibers, presumably due to supramolecular
chirality, is evident from our circular dichroism (CD) spectros-
copy results (Fig. S8t). A positive signal at 220 nm appeared for
the native hydrogel, whereas, a peak around 215 nm with
a drastic increase in intensity appeared for the 1 + Ca>* hydrogel
which is consistent with the image obtained from FE-SEM. The
1+ Co”>" and 1 + Ni*" hydrogels both produce a peak at 226 nm
but with a negative CD signal for the 1 + Ni** hydrogel.

To gain further structural insight into the nature of the
metal-gelator interactions and supramolecular interactions
within the hydrogels, FTIR studies were carried out using freeze-
dried hydrogel/metallo-hydrogels (Fig. S97). A strong signal at
1646 cm ™', corresponding to the C=0 stretching vibration, was
observed for all hydrogels. Two other signals corresponding to
N-H stretching and N-H bending frequencies appeared at
3325 em™ ' and 1537 ecm™?, respectively. These characteristic
peaks suggest the amide residue of the gelator forms hydrogen
bonded structure for all hydrogels. A peak appeared at 1610

ecm™ ' for the native hydrogel and all metallo-hydrogels

RSC Adv., 2017, 7, 14461-14465 | 14463
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correspond to the carboxylate residue. This carboxylate residue
is the most probable binding site for metal ions. Interestingly,
an additional signal was observed for 1+ Ca>*, 1 + Co**, and 1 +
Ni** hydrogels. For both Ca®>" and Co*", a signal was observed
around 3530 cm %, while for Ni** a peak was observed at 3417
cm ', Importantly, for the native hydrogel this signal is absent
and this suggests that the signal is associated with the presence
of the metal. Give the region in the IR spectrum, we suggest that
a coordinated aqua or hydroxo ligand is responsible for this
signal. In order to gain more insight into the presence of this
putative ligand, we carried out MALDI-TOF MS studies on the
metallo-hydrogels (Fig. S107). Importantly, 1 + Ca®>" and 1 +
Co*"-metallo-hydrogels both display a m/z" signal correspond-
ing to [Ca(OH),1,] and [Co(OH),1,]', respectively, which
suggests an octahedral coordination environment around the
metal centre (Fig. 1c).

Powder X-ray Diffraction (XRD) studies were performed
using freeze-dried samples of the native hydrogel and of
metallo-hydrogels (Fig. S117). For the native hydrogel composed
of gelator 1, the small angle region shows two prominent
signals at 26 = 3.06° and 3.9°, corresponding to d spacing values
of 28.7 A and 22.5 A. The later d spacing value matches well with
the calculated molecular length of the gelator molecules 1.
However, the former d spacing value is longer than the length of
gelator molecule but less than the twice of this length. Small
angle X-ray diffraction experiments by Hamley and Banerjee
show that interdigitation of the hydrophobic alkyl chains in
peptide and amino acid based amphiphilic conjugates occurs."”
Characteristic signals were observed at distances that are
slightly smaller than twice the molecular length. This signal is
often accompanied by a second peak that matches the molec-
ular length of the conjugate. Our experimental observation for
hydrogel 1 is in line with observations by Hamley and Banerjee.
This suggests that the gelator molecules are presumably in
a fully stretched conformation, forming an interdigitated
packing structure very similar to amphiphilic molecules in
hydrogel state (Fig. 1c). Furthermore, a signal at 26 = 6.16°,
corresponding to a d spacing of 14.3 A, is almost half of the
d spacing value of 28.7 A which is also supportive of an inter-
digitated structure. This is contrasted by the XRD of the metallo-
hydrogels, which all display sharp signals in the wide angle
region, similar to those of the corresponding metal hydrox-
ides.”® Additionally, a peak at 3.8° corresponds to d spacing
value 22.9 A appeared for 1 + Co®" hydrogel that is also matched
to molecular length of the gelator molecule, indicates after
forming metal complex the gelator molecules remain in fully
stretched state as indicated in Fig. 1c. This suggests that the
effect of metal addition is essential to provide additional
mechanical stability. Addition of metal ions causes dimeriza-
tion, as is evident from our MALDI-TOF and FT-IR studies,
while at the same time maintaining the interdigitation of the
long alkyl chains (Fig. 1c). However, at small angle region no
peaks were observed for other two metallo-hydrogels (1 + Ca**
and 1 + Ni*"), probably due to suppression occurred for metal
hydroxide.

In summary, a phenylalanine based gelator forms hydrogel
in phosphate buffer solution and the effect of transition metal
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ions as an external stimuli has been described. Addition of
transition metal ions (Ca**, Co®" and Ni**) remarkably increases
the thermal and mechanical stability. MALDI-TOF, FTIR and
XRD studies suggest that octahedral coordination metal
complexes are formed followed by hierarchical assembly into
a modified supramolecular gel structure that involved inter-
digitation of the alkyl chains. Metal ion addition stiffens the gel
by providing additional interactions involving the carboxyl
group of gelator 1, which is reflected in an enhanced thermal
and mechanical stability of these metallo-hydrogels. And we
believe that it is this combination of interdigitation and metal
coordination leading to further strong interactions between
gelator molecules and metal ions that is responsible for the
increase in mechanical stability of the gels.
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