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FULL PAPER

((will be filled in by the editorial staff))

Versatile low molecular weight hydrogelators: achieving multiresponsiveness via a

modular design

Lilia Milanesi,* Christopher Hunter, ! Nadejda Tzokova,®! Jonathan P. Waltho (! and Salvador

Abstract: Multi responsive LMWH are
ideal candidates for the development of
smart soft nanotechnology materials.
Its synthesis is however very
challenging. On the one hand, de novo
design is hampered by our limited
ability to predict the assembly of small
molecules in water. On the other hand,
modification of pre-existing LMWH is
limited by the number of different
stimuli-sensitive chemical moieties that
can be introduced into a small molecule
without seriously disrupting the ability
to gelate water. Here we report the
synthesis and characterization of multi-
stimuli LMWH, based on a modular
design, composed of an hydrophobic
di-sulfide aromatic moiety, a maleimide
linker and an hydrophilic section based

Tomas* (2]

on an amino-acid, here N-acetyl-L-
cysteine. As most LMWH, our gelators
experience reversible gel-to-sol
transition following temperature
changes. Additionally, the N-acetyl-L-
cysteine moiety allows reversible
control of the assembly of the gel by
pH changes. The reduction of the
aromatic disulfide triggers a gel-to-sol
transition that, depending on the design
of the particullar LMHG, can be
reverted by re-oxidation of the resulting
thiol. Finally, the hydrolysis of the
cyclic imide moieties provides an
additional trigger for the gel-to-sol
transition with a timescale that is
appropriate for its use in drug delivery
applications. The efficient response to
the multiple external stimuli, coupled to

the modular design of the makes those
LMWH an excellent starting point for
the development smart nanomaterials
with  applications  that  include
controlled  drug release.  These
hydrogelators, which were discovered
by serendipity rather than design,
suggest nonetheless a general strategy
for the introduction of multiple stimuli-
sensitive chemical moieties: to offset
the introduction of hydrophilic moieties
with additional hydrophobic ones, in
order to minimize the upsetting of the
critical hydrophobic-hydrophilic
balance of the LMWH.

Keywords: Gels ¢ Self-assembly
Multiresponsiveness ¢ disulfide ¢
maleimide

Introduction

Low molecular weight gelators (LMWG) are small molecules
that self-assemble into long fibers, resulting in the gelation of the
solvent.l'3I These fibers are held together by non-covalent, weak
interactions between the individual LMWG molecules.[>47 The
gelating properties of LMWG can be modulated by modifying
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the strength of these interactions, as demonstrated by the thermal
reversibility of the gel to sol transition.!'” 811 The close
relationship between the structural integrity of the gel and the
weak interactions allows tuning the macroscopic properties of
LMWG more efficiently than polymeric (covalently-assembled)
gels.lH 1251 LMWG are therefore ideal candidates for the
development of stimuli-responsive smart materials. [1-13-16:17]

Low molecular weight hydrogelators (LMWH), i.e. LMWG
that gelate water, are of special interest for the development of
bio-compatible materials.!>®!318191 For example, LMWH with
applications in regenerative medicine, tissue engineering, drug
delivery, biosensing and catalysis have been reported./'>13:20-28]
For many LMWH the ability to gelate water can be modulated as
a response to one particular external stimulus (other than a
temperature change). In these LMWH responsiveness is
commonly achieved by adding chemical moieties that are
sensitive to the external stimulus of interest (e.g., to pH, light,
ionic strength, enzymatic reactions or the addition of ligands) to a
pre-existing gelating scaffold.l'®!13:1429-331 The changes in these
chemical moieties brought about by the stimulus lead either to a
gel to sol or a sol to gel transition that in some cases may be be
reversibly controlled. Whilst many LMWH responsive to a single
stimulus have been reported to date, examples of irreversible or
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reversible multi-responsive LMWH are still rare, in spite of the
superiority of these materials relative to single-responsive
gelators.[13:22.28.29.31.321 However achieving multi-responsiveness
is a challenging task. LMWH are amphiphilic molecules whose
ability to assemble into gel-forming fibres depends to a large
extent on the hydrophobic-hydrophilic balance, finely tuned by
the presence of intermolecular interactions such as H-bonds.!!311
Changes in this balance brought about by the addition of several
stimuli-responsive moieties may easily lead to loss of the ability
of the molecule to assemble into a hydrogel.[''! The impact of
these moieties may be reduced by offsetting the effect of an
additional moiety that is hydrophilic in nature with the presence
of another one that is hydrophobic, each of them located in
appropriate parts of the molecule. Herein we report multi-stimuli
responsive LMWHs based on this approach (Scheme 1). A
hydrophobic disulfide bond, located in the hydrophobic part of
the molecule provides reversible responsiveness to redox stimuli.
(1134351 Hydrophilic carboxylic acid moieties, located in the
hydrophilic part of the molecule, provide reversible
responsiveness to changes in pH.I02%31321 Additionally, the
presence of hydrolysable cyclic imides provides a third
mechanism for gel disassembly, albeit a non reversible one.

Results and Discussion

Synthesis and characterization of the hydrogelators.
Compounds 2 and 3 were prepared in one pot reaction from the
bismaleimide derivative 1 using a procedure previously reported
for the synthesis of protein crosslinking reagents (Scheme
1).3637 Addition of N-acetyl-L-cysteine (NAC) over 1 yielded a
mixture of 2 and 3 in a 5:3 ratio, that where separated by
preparative RP-HPLC. The water gelating ability of 2 and 3 was
readily observed when evaporating the corresponding aqueous
fractions containing the gelators. Both 2 and 3 were obtained as
a mixture of diastereoisomers due to the stereochemistry typical
of this type of Michael addition reactions. The mixture of
diastereoisomers is approximately 1:1 for both compounds as
shown by NMR and no attempts were made to separate each
diastereoisomers for the purpose of this work (See
Supplementary Material and Figure 1S, 2S and 3S).

The imide groups of 2 and 3 are susceptible of base-catalyzed
hydrolysis in aqueous solution, a reaction observed in many
maleimide bioconjugates and malemide-thiols adducts in
general.’83% The hydrolysis of each imide group yields two
additional carboxylic acid groups that may affect the solubility of
2 and 3 and their ability to gelate water (Scheme 1S). We
therefore studied the kinetic stability of 2 and 3 against
hydrolysis by monitoring changes in the UV/Vis spectra of
solutions (eg. below the critical gelation concentration, CGC) of
both compounds. As expected the rate constants are pH
dependent (Table 1 and Figure 4S). The hydrolysis of the
succinimide moiety is relatively slow and similar for both 2 and 3
(t 1/2 =12 h for 2 and 13 h for 3 at pH 7.2, see Table 1). The
hydrolysis of the maleimide moiety of 3 is on the other hand
nearly one order of magnitude faster relative to hydrolysis of the
succinimide group consistent with the literature (t 1/2 imide
moiety of 3 = 1.5 h, Table 1 and Figure 4S). 383 In the gel state
the hydrolysis of the imide groups is markedly slower and it is
important for the stability and potential application of the
hydrogelators as explained in the following sections.
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Scheme 1.

Table 1. Observed pseudo first order rate constants for hydrolysis of solutions of 2
and 3 and hydrogel 3. For both compounds in solution (sol), kobs is the rate constant
for hydrolysis of the succinimide moiety whilst k'obs is the rate constant for the
hydrolysis of the maleimide moiety of 3. For hydrogel 3 k'os is the rate constant of
hydrolysis of both the imide moieties. Likewise t' 1, is the half life for the hydrolysis
of the maleimide moiety of 3 and for the hydrolysis of both the imide moieties in
hydrogel 3.

Compound  kop (s!) x 10 ty (h) kob (s x 1070 ty (h) pH

2 (sol) 7.0£0.19 27.5 - - 6.6
2 (sol) 14+0.16 13.7 - - 72
3 (sol) 7.240.66 26.7 67+0.5 29 6.6
3 (sol) 15+0.48 12.8 13013 1.5 72
3 (sol) - - 4.3+0.27 45 6.6
3 (sol) - - 6.3+0.27 31 7.2

Water Gelating properties of 2 and 3. The gelation ability of 2
and 3 was determined using the stable-to-inversion-of-the
container method (Table 2 and Figure 1). 'l Both 2 and 3 are not
readily soluble in pure water and alkaline solutions of sodium
phosphate were used to dissolve the compounds. Acidification of
these solutions induces the formation of a gel suspension that
becomes transparent by heating at 50 °C and yields an hydrogel
upon cooling at 25 °C (Figure 1).
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Figure 1. Pictures of self-supporting hydrogel 2 (left) and hydrogel 3 (right) in an
inverted vial. Both hydrogelators where dissolved up to their CGC in 80 mM
phosphate buffer pH 8.4 to give a final pH of 4.3 (for hydrogelator 2) or pH 6.0 (for
hydrogelator 3). The magnetic bar of 2 mm entrapped within the hydrogels
qualitatively shows their rigidity

The minimum gelation concentration (CGC) is pH dependent
for both compounds. Changes in CGC are observed in the pH
range 2.0-7.4, and can therefore be attributed to the presence of
the ionisable carboxylic groups (Table 2). While the CGC values
decrease at acidic pHs for both 2 and 3, the CGCs of 3 are much
lower than the CGCs of 2 at any of the pHs tested. The pKa for
the carboxylic groups of structurally related compounds such as 2
and 3 is assumed to be similar in the solution state (i.e. around
340) and in first approximation in the gel state.l' At high pHs
where all the carboxylic groups are ionised the difference in
CGCs is easily explained in terms of total charge and thus
solubility of the compounds: 2 has a net charge of -2, while 3 has
a net charge of -1. However, the differences in CGCs are
maintained also for low pHs where it is reasonable to assume a
similar extent of ionization (and therefore similar charge) for
both gelators. 1% This result shows that the presence of the
additional NAC moiety makes 2 more soluble than 3, regardless
of the protonation state of the carboxylic groups.

A B

Transmission electron microscopy (TEM) revealed the
formation of fibrillar aggregates for both hydogelators (Figure 2).
The fibers are entangled and undergo splitting and overlapping in
some areas of the micrographs. This arrangement of the fibers is
consistent with a possible mechanism for the formation of cavity
and subsequent entrapment of the water molecules that leads to
gelation and that is a typical feature of the assembly of LMWG.
(1,247 Whilst the morphology of the aggregates was similar, the
distribution of fibers width appears to be different for the two
gelators. In aggregates of 2, 67% of the total fibers shows a 8-11
nm width and are formed by the lateral assembly of thin fibers of
4-6 nm width (Figure 2C). In the aggregate of 3, there are no
fibers with width above 8 nm and narrow fibrils of 4-5 nm width
represents nearly 50% of the total fibers (Figure 2C). Since both
gelators were analyzed at concentration corresponding to half the
CGC, the observed difference in width distribution is consistent
with 3 being a smaller molecule that yields narrower assemblies
than 2.

Table 2. CGC values for gelators 2 and 3 (in mmol/l and % wt in brackets) at
different pHs. The hydrogels were obtained at the pH listed in the table by
acidification of solutions of 2 and 3 in 80 mM phosphate buffer pH 6.2-8.4 and
were observed approximately 10 minutes (hydrogel 2) and 20 minutes (hydrogel 3)
after formation of the solution phase.

Gelator pH7.4 pH 6.0 pH 4.5 pH2.0
2 100 [5.5] 80 [4.8] 30[1.8] 12.5[0.92]
3 15 [0.86] 10 [0.57] 2.510.14] 1.510.10]

2345678 9101112
width, nm

Figure 2. TEM images of hydrogel 2 (A), hydrogel 3 (B) and histograms (C) of the fibers width frequency distribution of both hydrogels (grey bars for gel 2 and black bars for gel 3).
In (A) and (B) the width of some of the fibers is marked by black bars and black arrows point to regions of splitting of the fibers. In A, the black box contours an area of fibers that

are laterally assembled, this area is further magnify at

the

bottom of  the micrograph. The scale bar is 100 nm



Multistimulus responsiveness of hydrogels 2 and 3. The gel-sol
transition of 2 and 3 can be triggered by changes in temperature, pH
and by the presence of a reducing agent.

Reversibility in response to heat was observed for both
hydrogelators by the stable-to-inversion-of-the container method
and it was studied by changes in the absorbance of the gels upon
heating and cooling to accurately determine the gelation temperature
(Figure 3 and Figure 5S). The hysteresis observed for hydrogel 2
indicates that gelation is thermally reversible and kinetically
controlled. For 3, the hydrogel obtained after the cooling cycle
showed an absorption at 330 nm higher than before the melting
cycle suggesting thermal degradation (Figure 3B). The Uv/vis
spectrum of the solution obtained by dilution of the hydrogel after
the melting/cooling cycle showed a an increase of the absorption in
the 280-320 nm region relative to the spectrum of the gel before the
melting consistent with hydrolysis of the imide moieties of 3 as
observed in the study of the kinetics of hydrolysis of 2 and 3 in
solution (see above) (Scheme 1S).[*!l The presence of these
additional carboxylic groups increases the solubility of the
hydrolyzed mixture and it is consistent with the observed increase in
CGC of 3 after the heating-cooling cycle.[?!
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Figure 3. Thermoreversible gel-sol transitions of hydrogel 2 (A) and hydrogel 3 (B)
monitored by optical density changes at 366 nm and 370 nm respectively. Empty
symbols represent the melting cycle and filled symbols the cooling cycles. In A) the two
hysteresis cycles corresponds to 30 mM hydrogelator 2 in 80 mM phosphate buffer pH
4.5 before (black symbols) and after consecutive addition of DTT and H»O: (grey
symbols). In B) 15 mM hydrogelator 3 in 80 mM phosphate buffer pH 6.5 was used to
collect the data.

In the melting transition of the two hydrogels and in the cooling
transition of hydrogel 2, sloping baselines were observed. For
hydrogel 3 these baselines can be attributed to the irreversible
hydrolytical degradation of the gelator, but for hydrogelator 2 such
degradation was not observed. The sloping baselines were therefore
attributed to structural changes occurring within the residual fibrillar
assemblies of the melted hydrogel. Similar baselines are also
observed in the unfolding of proteins induced by denaturants or
temperature and they are believed to result from residual structure in
the unfolded state or non cooperative effects such as the aggregation
of hydrophobic surfaces exposed to the solvent.!*3!

Both hydrogelators showed pH responsive behavior attributed to
the ionization of the carboxylic moieties: changing the pH of the
solutions from alkaline to acidic triggered the transition to hydrogel
and the subsequent addition of a base to the hydrogel induced
complete dissolution allowing the reversible switching from
hydrogel to solution to be controlled by changes in pH. The pH
reversibility was clearly observed by the stable-to-inversion-of-the
container method for both hydrogelators.

A pH dependent hydrogel to solution transition, although a non-
reversible one, could also be triggered by the hydrolysis of the imide
groups of hydrogelator 3. Samples of hydrogel 3 (15 mM) at pHs
6.0, 7.0 and 8.0 undergo transition to solution in approximately 7
days, 3 days and 12 hours respectively, as observed by the stable-to-
inversion-of-the container method. The kinetic of hydrolysis of 3 in
the hydrogel state at pH 6.6 and 7.2 was quantified by following the
changes in the UV/Vis spectrum of 3, diluting aliquots of the
hydrogel below the CGC at different time intervals (Figure 6S and
Table 1). Similar to what is observed in solution, the hydrolysis in
the hydrogel is pH dependent but more than an order of magnitude
slower. Less than 20% of hydrolyzed 3 is observed after 10 hours
from preparation of the gel at the pH values monitored in contrast to
quantitative hydrolysis observed in solutions of 3 (Figure 6S). This
result shows that the imide moieties are protected from hydrolysis in
the hydrogel state and it is consistent with these groups being in a
more hydrophobic environment relative to the solution state. Such
protective modulation of the hydrolysis reaction is also observed for
succinimide groups within the folded state of proteins and it is
attributed to different exposure of these groups to the aqueous
environments in addition to other structural factors.*¥ The stability
to hydrolysis observed for hydrogel 2 relative to 3 is explained in
terms of pH dependence of the hydrolysis reaction: at the acidic pH
that induces gelation of 2 the hydrolysis reaction is extremely slow
(Table 1).Although the gel-sol transition triggered by hydrolysis is
irreversible, the timescale makes it a potentially useful trigger for
drug release applications as shown by experiment of release of
bioactive substances from hydrogelator 3 (see below).

The gel-sol transition of 2 can be reversibly tuned using
thiol/disulfide exchange as the redox reaction (Scheme 2A). A gel-
sol transition was observed by the vial-inversion method 30 minutes
after the addition of the reducing agent dithiothreitol (DTT) to
hydrogelator 2 (Figure 4A).
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Scheme 2. A) Conversion of 2 into 2a by reductive cleavage initiated by addition of
excess DTT and re-oxidation of 2a to 2 initiated by addition of excess H20> or by
atmospheric oxygen. B). Reaction of 3 with an excess of the reducing agents DTT or
GSH.

The transition to solution is attributed to the reductive cleavage
of hydrogelator 2, which yields the non-gelating thiol 2a (Scheme
2A), as demonstrated by mass spectroscopy analysis of an aliquot of
the gelator at different time intervals after addition of DTT (Figure
4B and C). Addition of an excess of the biological oxidant H2O2
over a DTT treated sample resulted in the reverse sol to gel
transition, attributed to re-formation of hydrogelator 2 by oxidation
of thiol 2a (Scheme 2A, Figure 4C).*5 The vial inversion
experiment showed that the sol-gel transition was complete in 30
minutes. An aliquot of the hydrogel was analyzed by LC-MS,
confirming that 2 had been almost completely regenerated after this
time (Figure 4B and C). Other higher oxidation state sulfur
compounds, that can form by reaction of thiol 2a with H>O: and that
could potentially lead to degradation of 2 were not detected (Figure
4C). Furthermore, the hydrogel obtained after oxidation has a
melting and cooling cycle identical to the hydrogel before the redox
cycle showing that the process is reversible (Figure 3A). Re-
formation of the hydrogel followed also atmospheric oxidation of
thiol 2a. However in this case the sol to gel transition took up to 12
hours, as showed by the vial inversion experiment.

Like 2, hydrogelator 3 contains a disulfide bond that can
undergo reductive cleavage. However since 3 is a non-symmetric
disulfide it is not possible to re-generate pure 3 after oxidation of the
reduced mixture as this reaction would lead to the formation of a
mixture of disulfides and thus to a decrease of the CGC of 3.146]
Moreover the thiols formed by reduction of 3 can react with the
maleimide moieties leading to the formation of further side products
(Scheme 2B).’71 However, while the reductive cleavage of 3 is
irreversible it initiates a gel-sol transition which can be used as an
effective trigger for the release of drugs entrapped in the
hydrogelator (see below).
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Figure 4. A) Seven photos of inverted hydrogel 3 taken 10 minutes (first test tube on the left) and subsequently at intervals of approximately 1 minute after addition of DTT. B) UV
absorption HPLC traces (detector at 250 nm) from the HPLC-MS experiments of an aliquot of 2 in the hydrogel state (lower trace), and the same sample turned into a sol 30 min
after addition of DTT (middle trace) and the hydrogel resulting from the addition of H2O2 over the DTT treated solution (30 min after H2O, addition) (upper trace). The shaded areas
labelled with roman numerals yield the corresponding MS spectra depicted in C. C). MS of the corresponding shaded areas of the HPLC chromatogram. Only the masses of the peaks
corresponding to the major products 2 and 2a are shown for clarity Satellite peaks labelled with symbols corresponds to fragments of the major products 2 and 2a. The masses and

structures of these fragments

are shown in Scheme2S



Release of bioactive substances from hydrogelator 3.
Gelators that can be formed under biocompatible conditions and are
responsive to biologically relevant stimuli are good candidates for
the development of drug delivery systems.[!:1222-23321 We used
hydrogelator 3 with entrapped vitamin Bi2 as an in vitro model to
investigate the potential of 3 as a controlled release drug delivery
system. Compound 3 was chosen instead of 2 because it is the best
hydrogelator with a CGC ten times lower than 2 in a range of pH
values that are biologically relevant (Table 2). Vitamin Bi> was
chosen as the drug because of its pharmacological importance and
its spectroscopic properties that allow following release of the drug
in a spectral region (550 nm) where many gelators, including 3, are
optically transparent.?*3?! Three different stimuli were used to
control the release of the vitamin from the hydrogel: changes in pH,
the spontaneous hydrolysis of the gelator and the reductive cleavage
of 3’s disulfide bond initiated by the addition of gluthatione (GSH),
a thiol that regulates the redox balance in cells (Figure 5).14!
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Figure 5. Initial stages (A) and overall time course (B) of vitamin B2 release (5% mol
in the gel) from hydrogel 3 (15 mM ) triggered by three different stimuli: addition of a
solution 1 mM of GSH , pH 7.4 (and hydrogel-vitamin at pH 7.4)(®), a pH change
(hydrogel-vitamin at pH 5.3 and surrounding buffer at pH 7.4)(®) and spontaneous
hydrolysis of the hydrogelator at pH 7.4 (®) ( both hydrogel-vitamin and surrounding
solution at pH 7.4). The pH 6.0 curve (A), where no hydrolysis-induced release is
observed during the monitored period, shows the release due purely to the dissolution of
the hydrogel in the surrounding buffer. Note that the rate of release between the 10" and
40™ hour approximately is very similar for all the stimuli (except reduction,®), and is
attributed to the spontaneous dissolution of the hydrogel.

The release of vitamin was followed by continuous
spectrophotometric assay of a solution that was into contact with the
hydrogel and that was buffered at the physiological pH value of 7.4
or at pH 6.0, (See experimental section and Figure 7S, for details of

the experimental set up). We found that irrespective of the external

stimulus, the release of vitamin is accompanied by the dissolution of
the hydrogel by dilution in the surrounding buffer, consistent with a
strong affinity of the relatively hydrophobic drug for the hydrogel 3.
Release triggered by pH changes was achieved by preparing the
hydrogel with entrapped vitamin at lysosomal pH (5.3) and using as
the release solution buffer at pH 7.4.1471 The release of vitamin
begins upon contact with the high pH buffer. The rate of both
vitamin release and gel dissolution is approximately constant for the
first two hours. During this time, around 50% of the vitamin is
released (Figure 5A). After this time the rate of vitamin release
decreases rapidly and levels off to a value more than 30 fold slower,
which is maintained until total dissolution of the gel, approximately
60 hours after the start of the experiment (Figure 5B). The fast
initial release phase is consistent with a structural change of the gel
induced by the exhaustive de-protonation of 3 upon change of the
pH. The second slower release phase is on the other hand attributed
to the dissolution of the gel, once the gel reaches the pH of the
external buffer. This interpretation is supported by the observation
that the rate of release observed in the second phase is similar to the
rate of release observed in absence of an external stimulus (see
below and Figure 5).

Release triggered by spontaneous hydrolysis was achieved by
preparing the hydrogel with entrapped vitamin and the surrounding
buffer at the same pHs (7.2 and 6.0, Figure 5). At pH 7.2, the release
is biphasic: in the initial phase it is similar to the release observed at
pH 6.0 (Figure 5) and was therefore attributed to the process of
dissolution of the hydrogel. After this phase that last approximately
40 hours when nearly 40% of the vitamin is released, the rate
suddenly increases 4 fold and in this second phase the remaining
60% of the vitamin is released. The onset of the second faster phase
is attributed to the presence of a critical amount of the more soluble
hydrolyzed hydrogelator that increases the rate of gel dissolution
relative to the first phase of release. At pH 6.0 on the other hand the
rate of release is approximately constant and similar to that of the
first phase of release observed at pH 7.2, and does not change for
the period of time monitored (60 h), consistent with the slower
hydrolysis of the hydrogel at lower pH.

Release of vitamin Bi2 triggered by the reductive cleavage of 3’s
disulfide bond was achieved by addition of GSH to the buffer
surrounding the hydrogel, with the hydrogel and the buffer both at
pH 7.2. All the vitamin is released between 3-4 hours after addition
of GSH in a single phase with a rate increase of 30 fold relative to
release induced by the dissolution of the hydrogel in the surrounding
buffer. This increase in the rate of vitamin release is attributed to the
reductive cleavage of the disulfide bond of 3 that leads to a mixture
of thiols more hydrophilic and therefore more readily soluble in the
surrounding buffer relative to hydrogel 3 (Scheme 2 B).

Conclusion

Our limited ability to predict the assembly properties in water of
novel compounds makes it difficult to design multi-responsive
LMWHs. As a consequence, the design of many LMWHs is
typically based on the functionalisation of structural motives that are
known to assemble in gel-forming fibrils and are usually responsive
to a single stimulus. The gelators described in this work, while
discovered rather than designed, suggest a general strategy to
achieve multiresponsiveness with minimal disruption of the
hydrophobic-hydrophilic balance of the molecule: to introduce
hydrophobic (i.e. disulfide bonds) and hydrophylic (i.e. carboxylic
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moieties) stimuli-responsive moieties in the appropriate parts of the
molecule. The ability of LMWH 2 to gelate water can be controlled
by at least 3 stimuli: changes in pH, temperature and the presence of
specific red-ox agents (Figure 6), showing that 2 is an excellent
blueprint for the development of smart materials. LMWH 3 on the
other hand shows reversible gel-to-sol transitions upon pH and
temperature changes, but also a non-reversible one due to hydrolytic
degradation of the imide moieties (Figure 6). 3 has also a
remarkable low CGC at physiologically relevant pHs. Therefore 3 is
an excellent model of drug release vehicle, with a release rate that
can be modulated by the presence of three different stimuli. It is
worth noting that the development of 2 and 3 into derivatives that
are more efficient for drug release or for other soft nanotechnology
applications should be relatively straightforward thanks to their
modular structures that is easily amenable to molecular design.
There are obvious points of this structure that can be modified in the
search for novel gelators: other thiols or ligands bearing amines can
be added to the maleimide moieties and different aromatic disulfides
can be appended to the maleimide group. Previous work has shown
that these aromatic disulfides undergo reversible photocleavage and
we anticipate that this could provide a further tool to expand the
responsiveness and hence applicability of these gelators. Current
work in our lab is focusing on these developments.
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Figure 6. Stimuli responsivenes of gel 2 and 3 characterized in this work.

Experimental Section

Materials and Methods. Chemicals and solvents were obtained from commercial
sources and used without further purification. '"H and '*C NMR spectra recorded on a
Bruker AMX400 . All chemical shifts are quoted in ppm and spectra were referenced to
the residual solvent signal. All buffers were filtered through a 0.2 um cellulose
membrane (Amicon) and the pH values given are not corrected for the deuterated
solutions.Positive electrospray (ES*) mass spectra were recorded on a Fison VG
Platform using a quadrupole detection system. UV-vis absorbance spectra were
recorded with a Thermoelectron Corporation UV1 Thermospectronic UV-vis
spectrometer and with a Varian Cary 3 spectrophotometer equipped with a Varian Cary

temperature controller for the gel melting measurements. For ES* mass spectroscopy
(MS) analysis of hydrogel 2 after subsequent addition of DTT and H>O», a Agilent 1100
series LC-MS platform equipped with a Phenomenex-Gemini C-18 (3 um) prepacked
column (20 x 4.0 mm)was used. RP-C18 preparative chromatography was performed
with a Phenomenex-Jupiter Proteo (90 A, 10 um ) prepacked colum (150 x 21.2 mm)
connected to a Gilson 300 series HPLC setup equipped with a quaternary gradient pump
(flow rate: 10 mL min™'), and a UV/Vis detector set at A = 220 nm.

Synthesis of 2 and 3. The procedure for the synthesis of 2 and 3 was modified from a
previously reported procedure 3 as follow: a solution of NAC (0.58 g, 3.60 mmol) was
added slowly and under vigorous stirring to a solution of 1 (1 g, 2.45 mmol) in MeCN.
The reaction mixture was left overnight stirring under nitrogen. The solvent was then
removed under reduced pressure and the resulting hydrogel was dissolved in
water/dioxane = 50/50 v/v. The solvent was then removed using a freeze drier to give a
white residue (1.5 g). This solid was dissolved in 10 mL of DMF and was purified by
RP-HPLC eluting with 0.1% TFA-MeCN/0.1% TFA-H2O with the following gradient:
0-15 min, 50% MeCN, 15-20 min, 50—20% MeCN, 20-30 min 20—50% MeCN.
Fractions corresponding to 2 (tr = 15 min) and 3 (tr = 20 min) were collected and
concentrated under reduced pressure. Residual water was removed with a freeze drier to
give pure 2 (0.9 g, 50 % yield) and 3 (0.42 g, 30% yield). For the characterization of 2
and 3 see Supplementary Material.

Hydrolysis Measurements. Stock solutions of 2 (2.5 mM) or 3 (2.5 mM) in 50 mM
phosphate buffer pH 6.6, 7.2, and 7.7 were diluted in the same buffers down to 120 pM
(2) and 41 pM (3). The diluted solutions were maintained at 25 °C and UV/ Vis. spectra
were recorded in the 250-450 nm region using the automated acquisition of the scanning
kinetics program of the spectrophotometer. Rate constants were derived by fitting the
spectral data to the relevant kinetic models using SPECFIT 3.0.* For hydrolysis of 2,
an irreversible one step kinetic model of the type A—B was used whilst for hydrolysis
of 3 an irreversible two step consecutive model of the type A—B—C was used. In these
models only the following species are considered: unmodified (A), single hydrolyzed
(B) and hydrolyzed (C) specie and it is assumed that hydrolysis of the succinimide rings
of 2 and imide rings of 3 occurs independently given the distance between the two rings
(see Supplementary information and Figure 4S for further details).’® Hydrolysis
measurements of hydrogel 3 were carried out as follow: two samples of hydrogel 3 were
prepared in 80 mM phosphate buffer pH 6.6 and pH 7.2 and then aliquots of the
hydrogels were withdrawn and transferred in a vial containing the same buffers and
diluted down to 41 puM. These solutions containing hydrogel were sonicated for five
minutes and aliquots of the supernatant were withdrawn for UV/Vis measurements at
different time intervals from preparation of the hydrogels (1-47 hours). The absorbance
of these solutions was compared with the UV/Vis spectra recorded to monitor
hydrolysis of 3 below the CGC using SPECFIT 3.0.® This allowed determining the
percentage of hydrolyzed 3 in gel 3 from the known percentages of hydrolyzed species
determined using SPECFIT for solution of 3 (e. g. below the CGC) (see Figure 6S).

Gelation. In a typical experiment, 2 (0.9-5 % w/v) and 3 (0.1-09 % w/v) were dissolved
in 80 mM phosphate buffer pH 8.4 (for 2) and pH 7.4 or 6.2 (for 3) in a vial equipped
with a magnetic stirrer. To this solution small aliquots (1-5 pL for 1 mL) of HC15-10 M
were added up to formation of a precipitate. This precipitate was dissolved by heating
(approximately 50°C) and the warm solution was left to cool at r.t.. The vial was then
inverted to test for gelation and if the system was not self supporting, more HCI was
added and the above procedure repeated. The final pH of the hydrogels was then
measured.

Electron microscopy. Hydrogel 2 (CGC 30mM, pH 4.5) and 3 (CGC 15 mM, pH 7.4)
prepared in 80 mM phosphate buffer were melted by heating at 50 °C and aliquots of the
warm solutions were diluted in distilled water to 15 mM for 2 and 7.5 mM for 3. 5 ul of
these solutions were loaded on freshly discharge carbon coated grids, blotted with filter
paper and negatively stained with 2% (w/v) uranyl acetate. Low dose images were
recorded on a 200 keV F20 microscope (FEI) at magnifications of 29,000 x, 50,000 x
and 80,000 x on Kodak SO-163 film with a defocus range of 1-3 um. Micrographs
were digitized on a Zeiss SCAI scanner at a pixel size of 14 um corresponding to 4.82
A,2.80 Aand 1.75 A pixel size on the specimen for magnifications of 29,000 x , 50,000
x and 80,000 x respectively. The width of approximately 100 fibrils for each
hydrogelator was determined using the measure distance and angles tool of GIMP 2.6.4
Only segments of fibrils that appeared straight and flat were selected for the
measurements.

Gel Melting Temperature Measurements. Hydrogel 2 (30 mM) and 3 (15 mM)
prepared in 80 mM phosphate buffer pH 4.5 and 6.5 respectively were melted at
approximately 50 °C and aliquots of 200 pL were transferred to a quartz cuvette with a
1 mm path length and allowed to cool at r.t.. For gel 2 the sample was first heated at 60
°C and then allowed to cool to 15 °C. The cooled sample was then re-heated to 60 °C.
The rate was 2 °C/min for both cycles and the absorbance of the sample at 366 nm was
recorded. For gel 3, the sample was first subjected to a melting cycle from 15 to 60 °C
and then to a cooling cycle from 60 to 15 °C. The rate was 3 °C/min for both cycles and
the absorbance of the sample at 370 nm was recorded.



Reversible tuning of gelation by pH changes. 1 ml of hydrogel 2 (30 mM, pH 4.5)
was melted to 50 °C under stirring and to the solution, aliquots (1-5uL) of NaOH 1-5M
were added up to complete dissolution of the gel phase (pH 5.2, NaOH 6 mM). To the
cold solution aliquots of HCl 1M were added under stirring and up to formation of the
gel phase (pH 4.5, HCl SmM) as tested by the vial inversion method.!" The above
procedure was repeated 3 times and the resulting gel was subjected to a cycle of melting
and cooling as described in Gelation Temperature Measurements. A similar procedure
was used to test pH reversible gelation of 3: 1 mL of gel 3 (2.5 mM in 80 mM
phosphate buffer pH 4.5) was melted and to the solution 3uL of NaOH 1M were added
under stirring. The cold solution was then added of aliquots of HCI 1M up to formation
of the gel phase as test by the vial inversion method. This procedure was repeated three
times and a hydrogel was formed for each cycle of the pH switch. This indicates that
hydrolysis of hydrogelator 3 did not take place during the course of the pH switch
probably due to the slow kinetic of this reaction relative to the time scale of the pH
switch experiment.

Reversible tuning of gelation of 2 by redox reactions. Gelator 2 (30mM) in 80 mM
phosphate buffer pH 4.5 was melted by heating it to 50 °C in a water bath. An aliquot
(10 pL) was diluted into 500 pL of water and was immediately subjected to LC-MS
analysis (see Figure 4C). To the remaining sample, a solution of DTT 5M in H20 was
added to yield 36 mM DTT in the sample. An aliquot of 130 pL was transferred to a
vial and then inverted to take pictures at intervals of 1 minute. After 30 minutes from
DTT addition the hydrogel had turned to solution. 10 pL of this solution were diluted
into 500 pL of water and immediately subjected to LC-MS analysis (see Figure 4C). To
the remaining sample a solution of H.O> 8.5M in H.O was added to yield 42 mM
H20..in the sample. After 30 minutes the sol had become gel again. 10 pL of the gel
were diluted into 500 pL of water and immediately subjected to LC-MS analysis (see
Figure 4). The remaining gel sample was subjected to a cooling and melting cycle as
described above for Gel Melting Temperature Measurements (see Figure 3A). The
timescale and reproducibility of the redox switch were assessed by repeating the above
procedure 3 times.

Release experiments: In a typical experiment, 55 pl of melted hydrogel 3 (30 mM in
phosphate buffer 160 mM at the required pH ) were mixed with 55 pl of vitamin B2
0.76 mM in water (obtained by dilution of a 7 mM stock) to yield a solution 15 mM in 3
and 0.38 mM in vitamin Bi2 in phosphate buffer 80 mM at the required pH. 30 uL of
this solution were quickly transferred into a volume-displacement plastic pipette tip that
had had the thin end cut off so that the diameter of the aperture of the end of the pipette
tip was identical to the diameter of its cylindrical section. After the solution became gel
upon cooling at r.t., the pipette tip containing the vitamin loaded hydrogel was place on
top of a quartz cuvette in contact with ImL of 80 mM phosphate buffer at the
appropriate pH and UV/Vis spectra of the surrounding buffer were recorded up to 80-
100% release of vitamin (see figure 7S). The pH of the stock hydrogel loaded with
vitamin B12 and supernatant buffers were identical except for measurements of release
triggered by a pH change. For these experiments hydrogel 3 was prepared in 80 mM
phosphate buffer pH 5.3 and the same solution buffered at pH 7.4 was used as the
supernatant. The pH of the hydrogel and the supernatant for measurements of release
triggered by hydrolysis were 6.0 and 7.4. For measurements of release triggered by a
redox reaction hydrogel 3 was prepared in 80 mM phosphate buffer pH 7.4 and the
same buffer added of 1 mM glutathione was used as the supernatant. During all the
experiments the pink color of the remaining gel inside the tip did not change,
qualitatively showing that the release of the vitamin required the dissolution of the
hydrogel.
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Supplementary Material

Characterisation of 2 and 3. The HRMS (ES*), 1H and 13C NMR of 2 in DMSO-ds have been reported
previously.?” In this work we report the assignment of the 1H NMR spectrum of 2 based on 'H-'H
COSY.(Figure 1S and 25).

The 1H NMR spectrum of 3 is identical to the 1H NMR of 2, except for the presence of the maleimide
protons signal therefore we can assign the 1H NMR of 3 based on the assignment of the 1 H NMR of 2
(Figure 3S). 'H NMR (300 MHz, DMSO-ds), & ppm: 1.84 (s, 1.5 H), 1.86 (s, 1.5 H), 2.66 (ddd, J=18.27,
10.37,4.28 Hz, 1 H), 2.91 (dd, J=13.65, 9.10 Hz, 0.5 H), 2.99 - 3.21 (m, 0.5 H), 3.23 - 3.34 (m, 1.5 H),
4.16 (dt, J=9.03,4.45 Hz, 1 H), 4.35 - 4.55 (m, 1 H), 7.18 (s, 2H), 7.25 - 7.45 (m, 4 H), 7.57 - 7.75 (m, 4
H), 8.34 (dd, J=8.03, 2.41 Hz, 1 H), 12.95 (br. s, 1 H) ppm. 13C NMR of 3: (DMSO-ds) 6 ppm: 175.75,
175.63, 174.04, 174.00, 169.69, 169.47, 169.34, 135.84, 134.79, 134.76, 131.49, 131.04, 127.99, 127.97,
127.66, 127.59, 127.40, 51.98, 51.50, 40.48, 36.19, 22.36. HRMS (ES™): expected for C25sH21N307 NaS3

(M + Na)* 594.0468, found 594.0439
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Figure 1S. 1H NMR spectrum of 2 (5SmM) in DMSO-ds (bottom trace) and expansions of the same
spectrum (upper traces). The numbers below each set of peaks are the values for the integration. Letters
on top of each set of peaks refer to the assignments of the spectrum according to the labelling scheme
shown on the structure of 2 (inset). For each set of peaks between 2.5 and 3.5 ppm, a double letter
labelling scheme is shown to indicate that these peaks can be equally assigned to any of two

diastereotopic hydrogens.
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spectrum (upper traces). The numbers below each set of peaks are the values for the integration. Letters
on top of each set of peaks refer to the assignments of the spectrum according to the labelling scheme
shown on the structure of 3 (inset). For each set of peaks between 2.5 and 3.5 ppm, a double letter
labelling scheme is shown to indicate that these peaks can be equally assigned to any of two

diastereotopic hydrogens.
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Scheme 1S. A. Products of the hydrolysis of the succinimide moiety of 2 and 3. B. Product of hydrolysis

of the maleimide moiety of 3.

Hydrolysis of 2 and 3. The kinetic of hydrolysis of 2 and 3 in solution was quantified following changes
in the UV/Vis absorbance. The increase in absorbance at 300 nm of a solution of 2 follows a 1% order
kinetic, with a rate constant that is proportional to the concentration of the OH™ specie, consistent with the
base-catalysed hydrolysis of the succinimide moiety (Figure 4S A, B, C and G).***! For 3, the absorbance
follows a bi-exponential increase, consistent with the hydrolysis of the succinimide (slow hydrolysis)
and maleimide (fast hydrolysis) moieties (Figure 4S D, E and F). As with 2, the rate constants are
proportional to the concentration of OH", consistent with base-catalysed hydrolysis of the imide moieties
(Figure 4S G). The slow process is assigned to the hydrolysis of the succinimide moiety by comparison
with the hydrolysis of 2. The observed faster hydrolysis of the maleimide moiety in relation to the

succinimide is consistent with literature data.*s%
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Figure 4S. Variation of the absorbance at 300 nm of a solution of 2 (120 uM) in phosphate buffer (80
mM) at pH 6.6 (A), 7.2 (B) and 7.7 (C) (empty circles) and fitting to a first order kinetic process, using
the program Specfit 3.0 (grey line). Variation of the absorbance at 300 nm of a solution of 3 (41 uM) in
phosphate buffer (80 mM) at pH 6.6 (D), 7.2 (E) and 7.7 (F) (empty circles) and fitting to a bi-exponential

kinetic process, using the program Specfit 3.0 (grey line).*® Panel G shows the correlation (R?> > 0.999 in

14



all cases) between the calculated rate constants k and the concentration of OH . The rate constant for the
hydrolysis of the succinimide moieties of 2 is represented by filled triangles, for the hydrolysis of the
same moiety in 3 by empty circles and for the hydrolysis of the maleimide moiety of 3 by filled circles.

See Table 1 for the numerical values of k...
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Graphical representation of the first derivative of the gel melting curves for hydrogel 2 (see Figure 3),
showing the melting temperature (Tm) as the absolute maximum of the curve (i.e., the inflexion point on
the original curve shown in Figure 3).The black trace corresponds to the heating phase of the cycle and
the grey trace to the cooling phase of the cycle. B. Idem for hydrogel 2 after reduction with DTT and

oxidation with H20O:. C. Idem for hydrogel 3.
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Figure 6S. A. Grey line: correlation between the percentage of hydrolyzed 3 with either or both

maleimide and succinimide hydrolyzed and the increase in absorbance at 300 nm calculated from the
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fitting of the UV/Vis data of 3 (41 uM) with Specfit 3.0 (see Figure 4S and Table 1).*® Empty dots:
absorbance of samples of 3 obtained by diluting gel 3 (15 mM kept at pH 7.2) down to 41 uM. The dots
have been graphically placed over the grey line in order to estimate the percentage of hydrolysed 3 in the
hydrogel form at different time intervals. Crosses: idem for gel 3 kept at pH 6.6. B. Percentage of
hydrolysed 3 hydrogel (15 mM) in 80 mM phosphate buffer pH 7.2 (O) and pH 6.6 (+) with time as
determined graphically in A and fit to a first order kinetic process (solid grey line). See Table 1 for rate
constants. For comparison, the increase in hydrolysed 3 in solution, calculated from the fitting of the

hydrolysis data (see Figure 4 and Table 1), is also shown as dashed lines (grey: pH 7.2; black: pH 6.6).
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Scheme 2S. Fragments of 2 (A) and 2a (B) detected in the LC-MS of samples of hydrogel 2 treated with

DTT and H20:. (see Figure 4).
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Figure 7S. Schematic representation of the UV/Vis cell adapted for the vitamin release experiments.
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