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ABSTRACT:

Understanding the factors that control the formation of (supra)molecular hydrogels permits a
rational tuning of their properties and represents a primary challenge for developing smart
biocompatible soft materials. Hydrogel formation by molecular amphiphilic anions at
millimolar concentrations is counterintuitive, considering the solubility of these species in
water. Here we report hydrogel formation by a simple anionic molecular amphiphile and a
rationale for the fibrillisation process observed. The studied molecule, DodValSuc, consists of
a 12C alkyl chain, an L-valine unit and a terminal succinic acid moiety. Hydrogelation depends
to a large degree on the nature and concentration of the alkaline cations present in the medium
(Li",Na® or K"). As aresult, gelation efficiency and properties like thermal stability or rheology
are highly tunable using the alkaline cation present or its concentration as variables.

A detailed study is reported, which includes the determination of minimum gelation
concentration (MGC) by tabletop rheology, critical micelle concentration (CMC) using pyrene
as a fluorescent probe, thermal stability (solubility) by '"H NMR, the morphology of the fibres
by transmission electron microscopy (TEM), crystallinity by X-ray diffraction (XRD) and gel
strength by oscillatory rheology. Additionally, dynamic light scattering (DLS) was used to
evaluate the size of the micelles and permitted monitoring of the fibrillisation process.
Altogether, the results are consistent with the formation of micelles that experience head

crystallisation and subsequent aggregation into crystalline fibres. The alkaline cations play a
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crucial role in providing the cement that glues together the gelator molecules, making their
concentration a critical parameter for gelation efficiency and properties. Furthermore, the
gelation-promoting effects are inversely correlated with the size of the cations so that the
highest thermal stability and rheological strength were found for the hydrogels formed in the

presence of Li*



Introduction

Molecular (supramolecular) gels are built from low molecular weight molecules which form
self-assembled solvent-percolating fibrillar networks. These soft materials have been studied
extensively during the last decades.!™ In particular, molecular hydrogels are of great interest
because of their biomedical applications, such as controlled therapeutic delivery, tissue
engineering or wound healing.>

A distinctive property of molecular gels is their intrinsic stimuli responsiveness associated with
the non-covalent nature of the interactions that hold together the fibrillar network. Often, the
gel can be reversibly assembled/disassembled in response to different stimuli such as
temperature, salts, light, enzymes or different chemical species.’ !! Also, stimuli responsiveness
permits gel-to-gel transitions, affording reconfigured fibrillar networks.!?

In particular, pH changes have often triggered molecular hydrogel assembly/disassembly. For
example, different molecular gelators that experience transitions from cationic to neutral
species upon increasing pH values have been reported.!*~'® Also, a pH decrease associated with
the protonation of anions such as carboxylates can promote hydrogelation.!”'* Commonly, the
rationale behind pH-regulated molecular hydrogel formation is that ionic species are water
soluble, precluding aggregation, while neutralisation initiates a favourable self-assembly and
gelation process.

However, hydrogel formation is not at all restricted to neutral species. A well-known case
corresponds to alginate macromolecular hydrogels, which form in the presence of low
concentrations of divalent cations that crosslink the polysaccharide chains via complexation

with the carboxylate units.?’ As for molecular gels, anionic low molecular weight species,
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mainly carboxylates or sulfonates,’”’can also form hydrogels. Most carboxylate-

type molecular hydrogelators present an amphiphilic structure, although bolaamphiphiles?*>!-3

have also been reported. In the case of carboxylate amphiphiles, n-alkyl chains are a common



motif.?* Still, the hydrophobic moiety can also be an aromatic unit,?*?"** a bile acid,*** or a
triterpenoid.’! The carboxylate unit can be part of an amino acid or dipeptide unit.>>*® The
molecules used in this work present an n-alkyl chain, an amino acid unit and a terminal
carboxylate, which is introduced upon reacting the amino group with a dicarboxylic acid (see
Scheme 1), a motif already used in some anionic hydrogelators reported previously by other

2122 and us."

groups
Considering the expected electrostatic repulsion in the self-assembled fibres, the formation of
molecular gels by aggregation of anionic species is counterintuitive at first glance. In this
regard, several possible driving forces for the self-assembly have been proposed, such as
complementary hydrophobic and hydrogen bonding interactions®' or the increased ionic
strength of the media leading to charge screening and salting-out effects.?>2%32 The formation
of tight ion pairs between carboxylates and ammonium or guanidium units has also been used
to rationalise hydrogel formation.?*?*?" In some cases, hydrogelation is triggered by adding a
cationic surfactant.?!-3!

Here we report that simple anionic amphiphiles, see Scheme 1, can form hydrogels easily in
aqueous media, showing a unique behaviour in terms of responsiveness to the presence of
alkaline cations and temperature, affording highly tunable soft materials. Up to our knowledge,
we report an unprecedented detailed study of the mechanism and responsiveness of gels formed
by aggregation of anionic molecules and the role of cations based on the use of complementary
information obtained from NMR spectroscopy, electron microscopy, dynamic light scattering

(DLS), X-ray diffraction and rheology. Overall, the results presented aim to contribute to the

rational design of smart aqueous soft materials.

Results and discussion
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Scheme 1. Structure of the molecules studied as hydrogelators.

The main compound of this study, DodValSue, contains an n-alkyl hydrophobic tail, the amino
acid L-valine, and a terminal anionic carboxylic group. Two analogue compounds were
prepared to replace the L-valine unit with L-phenylalanine (DodPheSuc) and L-alanine
(DodAlaSu). Compounds DodValSuc and DodPheSuc were prepared previously by us for the
study of the hydrogelation capabilities of their non-ionic, carboxylic acid form.!” Additionally,
here we report on analogues DodValSuc without the amino acid unit (DodSuc) and with an
amide bond in the tail, increasing polarity and H-bond formation capabilities (OctButValSuc).
In this latter case, the preparation involved monoprotection of 1,4-butanediamine and N-
acylation with octanoyl chloride. For detailed synthetic procedures, see the Experimental
Section.

The formation of hydrogels by the carboxylate form of DodValSuc was discovered
serendipitously. Initially, this compound was dissolved in aqueous NaOH to form gels upon
acidification and consequent formation of the non-charged carboxylic acid species.!
Unexpectedly, in some cases, gel formation was observed for the starting solutions before
acidification ( pH > 11). In the first instance, gel formation by anionic DodValSuc showed

poor reproducibility, ascribable to the strong dependence on sodium cation concentration and



temperature revealed below. These preliminary results prompted us to conduct a detailed study
of the aggregation process resulting in gelation.

Minimum gelation concentration (MGC) values of DodValSuc in water (pH > 10) were
determined in a medium with a controlled concentration of the alkaline cations Li*, Na* and K*
as well as a thermostated temperature of 25 °C. For this purpose, DodValSuc was ionised and
dissolved in water in the presence of a slight excess of the corresponding alkaline hydroxide.
The desired concentration of alkaline cation was achieved by adding its chloride salt. The
presence of a gel was assessed in the first place by tabletop rheology using the vial inversion
procedure.*®

As seen in Figure 1, gelation efficiency depends very much on the nature and concentration of
the alkaline cation present in the medium. For example, the MGC values in the presence of 0.4
M K", Na" or Li" are 49, 10 and 7 mM, respectively. Also, for a given cation, its concentration
has a striking effect on hydrogel formation. Taking the system with Na' as an example, the
MGC values at 0.2 M and 0.6 M are 29 and 4 mM, respectively. In Figure 2, pictures of vials
containing gels are shown. For a concentration of DodValSuc of 26 mM, an opalescent colloid
is observed for [K*] = 0.4 M. Still, a self-sustained hydrogel is obtained for [K'] = 0.6 M. Also,
a gel formed in the presence of 0.6 M Li" is depicted in Figure 2, showing a related behaviour
to that of the system with K, but using a much lower gelator concentration.

Systems without alkaline cations were assayed employing, respectively, tetrabutylammonium
(TBA) hydroxide and chloride as base and electrolyte. No gel was formed in a concentration

range of 0.2-1 M of TBACI, remaining the samples as solutions.
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Figure 1. Minimum gelation concentration values of DodValSuc in water at 25 °C in the

presence of different alkaline cations (pH > 10).

[DodValSuc] = 26 mM
[K*]=0.6 M

[DodValSuc] =5 mM [Li*]=0.4 M_

Figure 2. Pictures of gels and colloidal dispersions formed by DoedValSuc in basic water in

the presence of K™ and Li" cations.



A proposed rationale for the influence of the cations on MGC values is based on the fact that
deprotonated DodValSuc is an anionic amphiphile capable of forming conventional fluid
micelles. The micelles would experience a head crystallisation process in the presence of the
alkaline cations, resulting in fibrillisation and gel formation (see Scheme 2). The evolution of
spherical fluid micelles upon head crystallisation into transient disks that further evolve into
rods (fibrils) was reported in detail by Furhop.?**** Seemingly, the crystallisation effect is much
stronger for the small Li" cation than for the bigger and polarisable K species, being Na*
cations in between.

Considering the potential use of these hydrogels in biologically related applications, the
gelation properties were also assayed in a TRIS (tris(hydroxymethyl)aminomethane) buffered
medium with a final pH of 7. The amount of alkaline cation was regulated by adding the
corresponding chlorides. The results coincided with those obtained at basic pH values, as

expected, taking into account that the molecule should be in its carboxylate form in media at

neutral pH.
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Scheme 2. Pictorial representation of the micelle crystallisation process and evolution of the

transient species into gel fibres or particles.



The influence of cations on critical micelle concentration (CMC) was studied for DodSucVal.
CMC values were determined using pyrene as a fluorescent probe. It has been shown
extensively that the ratio of the first (373 nm) and third (384 nm) peaks of the emission
spectrum of pyrene is susceptible to the polarity of the environment and is especially suited to
detect micelle formation.*! As seen in Figure 3, CMC values determined in this way are in the
range of ca. 0.2-0.05 mM and show a dependence on the nature of the cation and its
concentration. These values are one or two orders of magnitude lower than a conventional
anionic surfactant like SDS (CMC = 8 mM). For Li*, CMC decreases continuously from 0.13
mM at 0.2 M to 0.02 at 0.8M. In the case of Na”, there is a steep decrease in CMC values upon
increasing its concentration up to 0.8 M. However, for K*, the CMC value is invariable, ca.
0.08 mM, for values above 0.4 M.

Although both CMC and MGC show dependence on the nature and concentration of the alkaline
cations, there is no direct correlation between them. For example, although changing the
concentration of K* from 0.4 M to 1 M reduces the MGC from 49 to 16 mM, the value of CMC
is similar in this range of concentrations, ca. 0.08 mM. Also, 0.2 M solutions of the cations
show values of CMC relatively similar (ca. 0.1-0.2 mM), but the MGC value dramatically
changes with values of 8 mM and 29mM, respectively, for Li" and Na" while no gel formation
at 50 mM was observed for K. These results support that the micelles experience a cation-

promoted aggregation yielding gel fibres, strongly dependent on the alkaline cation species.
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Figure 3. Critical micelle concentration values of DodValSuc in water at 25 °C in the presence

of different alkaline cations (pH > 10).

The thermal stability of the gels could be nicely monitored using 'H NMR spectroscopy to
evaluate the solubility of the gelator. Gel fibres are NMR silent, and the free gelator molecules
can be detected upon gel disassembly.*? Figure 4 collects the variation of the solubility of
DodValSuc at pH > 10 with the temperature in water in the presence of the different
concentrations of Na'. It can be observed how the solubility presents a pronounced exponential
dependence. Up to a specific critical temperature, the gel fibres are not temperature sensitive,
but once a temperature threshold is reached, a dramatic solubility increase is observed. This
critical temperature can be considered the Kraft temperature of the system.*** Below this
temperature, the micelles aggregate and become insoluble. As shown in Figure 4, the Kraft
temperature is highly dependent on the concentration of Na*, revealing its crucial role in micelle

aggregation. The critical solubilisation temperatures are ca. 20°C, 30°C and 35°C, respectively,

10



for solutions with a concentration of Na” of 0.2 M, 0.6 M and 1 M, pointing to clear stabilisation

of the fibres by the presence of the cation.
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Figure 4. Variable temperature solubility study of DodValSuc in water at 25 °C in the presence

of different concentrations of Na* (pH > 10).

The nature of the cation has an even more substantial influence on the Kraft temperature, as
observed in Figure 5. For a given concentration of 1 M of cation, the gels formed in the presence
of Li" present thermal stability up to ca. 70 °C. However, the gel formed by Na" dissolves at

ca. 30 °C and that of K* at ca. 20 °C.
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Figure 5. Variable temperature solubility study of DodValSuc in water at 25 °C in the presence

of I M Li", Na"or K" (pH > 10).
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The fibrillar network of the hydrogels was observed by transmission electron microscopy (TEM,
Figure 6, top). A typical pattern for molecular hydrogels constituted by curved fibres was
observed in the presence of Na” and K*, but in the case of Li+ straight fibres were predominant.
This morphological change could reflect the stronger cementing ability of the Li* cations. TEM
micrographs were also obtained by depositing a hot solution (60°C) of a dissolved gel onto the
microscopy grid. Figure 6, bottom, reveals nanoparticles of ca. 200 nm. A rationale for this
observation is that nanometric particles from micelle aggregation are stable in solution at
temperatures above the Kraft point. These particles would represent a polymorph of the fibres

formed at lower temperatures.

Figure 6. Top: TEM images from hydrogels of DodValSuc in the presence of 1 M alkaline
cations. Bottom: TEM images from samples of solutions of DodValSuc taken at 60°C in the
presence of 1 M alkaline cations.

A dynamic light scattering (DLS) analysis of the aggregation in the presence of Na" cations at
different concentrations and temperatures agreed with the formation of discrete nanometric

particles in these systems. Figure 7, left, shows that for a solution with a low concentration of
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sodium, 0.05 M, objects with an apparent diameter of ca 5 nm and 300 nm are present,
corresponding to micelles and aggregated micelles. Upon increasing the concentration of Na*
to 1 M, micelles are hardly detected. The system is composed mainly of the mentioned
nanoparticles and large macroscopic aggregates associated with fibrillisation (see the peak at
an apparent diameter higher than ca. 3 um). In Figure 7, right, the effect of temperature is
analysed by DLS. The fibrillated sample at 30 °C evolves into a colloidal solution showing by
DLS the disappearance of the micron-sized objects and restoring the presence of micelles in a

situation resembling the sample at 30°C with 0.05 M of Na*.
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Figure 7. DLS size distribution analysis for samples with 5 mM DodValSuc (pH > 10).

X-Ray powder diffraction (XRD) revealed that the fibres present a crystalline packing, which
supports that the cations promote a crystallisation-mediated fibrillisation. Figures 8 contains

the X-ray diffraction patterns of lyophilised hydrogels formed in the presence of Li+, Na+, and
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K+. All the samples show crystallinity being the longest interplanar distances observed,
respectively, 38A, 36 A, and 37 A. In a first estimation, this is approximately twice that of the
extended length of DodValSuc and could be ascribed to the diameter of the micelles that
originate the fibres upon aggregation. The xerogel formed in the presence of sodium shows
three interplanar distances, related by 1/2, namely, 36 A, 18A and 9 A. This pattern would
agree with orthogonal phases (orthorhombic, tetragonal, or cubic), presenting three 90° angles
in the cell unit. Alternatively, the pattern could come from a hexagonal phase with three 120°
angles in the cell unit. More diffraction peaks would be required to ascertain the crystalline

system.
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Figure 8. XRD analysis of xerogels obtained from hydrogels of DodValSuc by lyophilisation.

14



Mechanical strength is commonly a property of paramount relevance in hydrogels. Therefore,
a study was carried out to assess how the alkaline cations affect the rheological properties of
the gels formed by DodValSuc. Oscillatory stress sweeps were carried out for gels formed in
the presence of the different cations (1 M) using the same amount of gelator. The data were
acquired at a frequency range corresponding to a linear viscoelastic regime. In all the cases,
the value of G’ (elastic modulus) was higher than G’’ (viscous modulus), a definitory
characteristic of gels in terms of rheology (see Figure S2). By means of simplicity, only the G’
values are shown in Figure 8. It can be seen that gel strength, considering the value of G’, is
highly dependent on the nature of the cation. The G’ value for hydrogels formed in the presence
of Li+ is ca. 12 105 Pa, while those of Na" and K* containing samples are orders of magnitude
below, with values respectively of ca. 4 10° Pa and 8 10? Pa. Therefore, the effect of the cations
correlates with that observed for the previous results shown above regarding MGC values and
thermal stability. In this regard, it has to be considered that the higher efficiency of gelation of
DodValSuc in the presence of Li" comes from a higher degree of aggregation of molecules into

fibres, resulting in an increased content of fibrillated material and, consequently, stronger gels.
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Additionally, studies of MGC and CMC were carried out for the derivatives shown in Scheme
1, aiming to evaluate how sensitive gelation properties are to structural changes. The results
are collected in Table 1. Two derivatives were built by replacing the L-valine unit of
DodValSuc with L-phenylalanine (DodPheSuc) and L-alanine (DodAlaSuc). In this way, the
hydrophobic nature of the compound is modified, as shown by the ClogP values in Table 1.
DodPheSuc, DodValSuc and DodAlaSuc have ClogP values of 3.0, 2.5 and 1.6, respectively.
Notably, the higher hydrophobic nature of DodPheVal results in the lowest CMC value, but
hydrogel formation was not observed. Instead, DodPheSuc formed macroscopic, phase-
separated aggregates, but no gelation was achieved, indicating a 3-D aggregation rather than
the anisotropic growth in one preferred direction that affords fibrillisation.* On the other hand,
DodAlaSuc was too water soluble to provide efficient aggregation in water. The compound
SucDod constitutes a simple model without the presence of the amino acid unit. Again, this
compound was too soluble, and no aggregation was detected in the studied conditions. Finally,
OctButValSuc is an analogue of DodValSuc with an amide unit inserted in the aliphatic tail,
which presents additional hydrogen bonding sites at the cost of a considerable increment in the
hydrophilic nature, affording a negative ClogP value. Remarkably this compound preserves

the hydrogelation capabilities but at a much higher concentration of 85 mM.

Table 1. Critical micelle concentration (CMC) and hydrogel formation capability for various
analogues of SucValDod in 1M aqueous NaCl. Values in parentheses indicate the estimated
error.

Compound ClogP CMC/ mM MGC / mM
DodPheSuc 3.0 0.016 (0.003) no gel (precipitate)
DodValSuc 2.5 0.04 (0.01) 3.9(0.7)
DodAlaSuc 1.6 0.08 (0.03) no gel (solution)
SucDod 1.9 0.18 (0.04) no gel (solution)
OctButValSuc -0.8 1.8 (0.6) 85 (12)

16



Conclusions

Molecular hydrogels are formed by the carboxylate form of the compound DodValSuc, driven
by the presence of alkaline cations Li", Na* or K. Therefore, the nature of the cation has
paramount importance in the gelation process and properties of the gel. The evidence above
agrees with a gelation mechanism consisting of cation-promoted micelle head crystallisation
above a critical alkaline cation concentration and subsequent aggregation into fibrils.
Furthermore, the results indicate that alkaline cations act as the cement that holds together the
fibres.

MGC determination by vial inversion, thermal stability by NMR and rheology reveal that the
gelation-promoting capabilities of the cations follow the order Li* > Na* > K" indicating that
the small diameter and poor polarizability of the Li" are favourable factors for the micelle
crystallisation and fibre formation. Additionally, the crystalline nature of the fibres revealed
by XRD diffraction supports crystallisation-driven fibrillisation.

Importantly, insight into the gelation process has been obtained by DLS, showing how the
interconversion of micelles into fibres is regulated by the temperature of the medium and
concentration of the cation. Also, DLS and TEM revealed the presence of ca. 200 nm diameter
nanoparticles that seem to constitute a polymorph of the fibres, which is metastable at room
temperature but predominates at temperatures above the gel-sol transition temperature.
Although the formation of hydrogels from anionic molecular species has been reported in quite
some cases, as cited in the introduction, such dramatic effect in hydrogelation of the cation
concentration and nature has not been reported so far. For example, gel formation efficiency
by the carboxylate form of an L-lysine derivative was similar in the presence of Li* or K*.2* In
related cases, the properties of two-component hydrogels by variation of the alkylammonium

species were reported.’!3
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In the system studied here, the alkaline cations have a strong influence not only on gelation
efficiency but also on hydrogel properties. MGC values vary from 49 mM to 3mM. Gel-sol
transition temperatures can be regulated within a broad temperature range from ca. 70 °C to 20
°C. Additionally, the cations can control the rheological elastic module with variations up to
three orders of magnitude. Such versatile modulation of hydrogel properties by alkaline cations
is unprecedented to our knowledge.

The tailorability of these soft materials opens the way for their use in various applications
requiring stimuli-responsive hydrogels, such as drug delivery,* scaffolds for tissue

engineering?’ or 3D printing.*®

Experimental section

Gel preparation and determination of MGC. A stock dissolution of MOH 0.1 M (M= Li, Na or K)
was prepared. Then, the corresponding amount of solid MCI was added to achieve the targeted
concentration of cation (M+).

In a typical experiment, 4mg of DodValSuc and 1 mL of stock dissolution were introduced into a
cylindrical screw-capped glass vial (8 mL, diameter =1.5 cm). The system was gently heated with a
heat gun (air temperature 100 °C) until the solid was dissolved. Then the sample was cooled by
immersion into a thermostated water bath at 25°C for 30 minutes. Finally, gel formation was checked
with the inverted vial test. All determinations were done in triplicate.

Critical micelle Concentration. Samples were prepared similarly to the procedure described for
MGC using water containing pyrene 1 mM. The fluorescence of pyrene was measured at
different concentrations of DodValSuc (Aexc= 334 nm). The plot of the intensity ratio of the
bands at 373 nm (I1) and 384 nm (Im) vs the concentration affords a critical point ascribed to
CMC.

'H NMR study of solubility. Gel samples were prepared in conventional NMR tubes using the

procedure described above. Samples were stabilised for 5 minutes at the desired temperature,
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and signals of the gelator were integrated using as a reference an electronic signal (ERETIC
procedure).

Transmision electron microscopy. TEM images were obtained using a JEOL 2100 electron
microscope with thermionic gun LaB6 100 kV equipped with a GatanOrius high-resolution
CCD camera. TEM samples were prepared over carbon formvar copper grids.

Dynamic light scattering. DLS measurements were carried out with a Zetasizer Nano ZS device
(Malvern). Analyses were carried out using a He—Ne laser (633 nm) at a fixed scattering angle
of 173°. Automatic optimisation of beam focusing and attenuation was applied for each sample.
Samples were measured in 3 mL disposable poly(methyl methacrylate) cuvettes (10 mm optical
path length). The particle size was reported as the average of three measurements.

X-ray powder diffraction. Data were collected at room temperature with a Bruker D4 Endeavor
X-ray powder diffractometer by using Cu-a radiation. A sample of the respective freeze-dried
powder was placed on a sample holder, and data were collected for 20

values between 2 and 40° with a step size of 0.03° and a time step of 10 s.

Rheology. A parallel plate geometry with a diameter of 25 mm was used. Oscillatory stress
sweeps were carried by triplicate at 1 Hz or 10 Hz within the linear viscoelastic regime.
Synthesis. The synthesis and characterisation of DodValSuc, DodPheSuc!® and DodSuc®
were reported previously.

DodAlaSuc ((9-4-((1-(dodecylamino)-1-oxopropan-2-yl)amino)-4-oxobutanocic acid) was
prepared similarly as DodValSuc and DodPheSuc starting from the corresponding L-alanine
derivative.

"H NMR (300 MHz, DMSO-de): 8 0.86 (t, 3H), 1.17 (d, 3H), 1.25 (br, 18H), 1.37 (t, 2H), 2.39
(m, 4H), 3.02 (m, 2H), 4.19 (quint, 1H); 7.70 (t, 1H); 8.02 (d, 1H); 12.11 (br, 1H)

3C NMR (75 MHz, DMSO-de): & 14.4, 18.8, 22.6, 26.7, 29.3 (br, 3C) , 29.4 (br, 4C), 29.5,

30.4,31.2,38.9,48.7,171.2,172.4, 174.4
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OctButValSuc was prepared according to Scheme 3.
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Scheme 3. Reagents and contitions for the synthesis of OctButValSuc: a) Boc2O, HCI, MeOH,
2 h., 56 %; b) Octanoyl chloride, EtsN, CH2Cl2, 1 h., 98%; c¢) TFA, CH2Cl2, 6 h., 99%; d)
ZValOSu, THF, 16 h., 77 %; e) Pd/C, H2, MeOH, 4 h., 100 %; f) Succinic anhydride, K2CO3,

THF, 16 h., 37%.

ButBOC (tert-butyl (4-aminobutyl)carbamate) A solution of 1,4-diaminobutane (34 mmol,
leq.) in MeOH (50 mL) previously acidified with conc. ag.HCI (34 mmol, 1 eq.) was stirred
for 20 minutes at 0 °C. Next, distilled water, 7 mL, was added, and the solution was stirred for
30 minutes more. Di-tert-butyl dicarbonate (Boc20) (51 mmol, 1,5 eq.) in MeOH (30 mL) was
added with a dropping funnel to the previous mixture and stirred for 1 h. Then, the mixture
was cooled at room temperature, and the solvent was removed under reduced pressure. The
residue was suspended in 40 mL of 1 M NaH2POs4 sonicated for 10 minutes and the solid was
filtered out. The solution was washed with diethyl ether (3x40 mL). Next, a I M NaOH solution
was added to the aqueous phase until pH 10 and the product was extracted with AcOEt (3x 40
mL). The organic phase was dried with Na2SO4 anhydride and concentred under reduced
pressure. The product was dried under reduced pressure and 50 °C overnight. A white solid
was obtained (56% yield).

"H NMR (300 MHz, CDCls): § 4.63 (s, 1H), 2.86 (d, ] = 6.0 Hz, 2H), 2.45 (t, ] = 6.7 Hz, 2H),

1.32 (bs, 2H), 1.28 — 1.20 (m, 4H), 1.18 (s, 9H).
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13C NMR (75 MHz, CDCl3): § 156.0 (C=0), 78.9 (C), 41.7 (CHz), 40.3 (CH2), 30.7 (CHz), 28.4

(CHs x3), 27.4 (CHa).

OctButBoc (tert-butyl (4-octanamidobutyl)carbamate). A solution of tert-butyl (4-
aminobutyl)carbamate (19 mmol, 1 eq.) and triethylamine (22.8 mmol, 1.2 eq.) in
dichloromethane (100 mL) was stirred at 0 °C for 30 minutes. Then a solution of octanoyl
chloride (19 mmol, leq.) in dichloromethane (5 mL) was added with a dropping funnel and
stirred 1 h at room temperature. The mixture was washed with aq. 1 M NaH2PO4 (3 x 40 mL).
The organic phase was dried with anhydrous MgSOs4, and the solvent was removed under
reduced pressure. The product was dried under reduced pressure and 50 °C overnight. A white

solid was obtained (98% yield)

'"H NMR (300 MHz, CDCl3): § 5.81 (s, 1H), 4.67 (s, 1H), 3.26 (q, J= 6.1, 2H), 3.12 (q, J= 6.1
Hz, 2H), 2.15 (t, J= 7.6, 2H), 1.68 — 1.56 (m, J= 14.1, 6.8 Hz, 2H), 1.55 — 1.46 (m, 4H), 1.43
(s, 9H), 1.32 — 1.21 (m, 8H), 0.86 (t, J= 6.8 Hz, 3H).

3C NMR (75 MHz, CDCl3): § 173.4 (C=0), 156.3 (C=0), 79.3 (C), 40.2 (CH>), 39.1 (CH>),
36.9 (CH2), 31.8 (CH2), 29.4 (CH>), 29.1 (CH2), 28.5 (CH3 x3), 27.7 (CH2), 26.8 (CH2), 25.92
OctBut (N-(4-aminobutyl)octanamide). Trifluoroacetic acid (30 mL, 0.39 mol, 21 eq.) was
added with a dropping funnel to a solution of tert-butyl (4-octanamidobutyl)carbamate (18.7
mmol, 1 eq.) in dichloromethane (50 mL) and stirred for 6 h at room temperature. Then, the
solvent was removed under reduced pressure. The yellow oil was diluted with water, and a 1
M NaOH solution was added until pH 10. The product was extracted with dichloromethane (3
x 40 mL). The organic phase was dried with anhydrous Na2SO4, and the solvent was removed
under reduced pressure. The compound was dried under reduced pressure and 50 °C overnight.
A white solid was obtained (98% yield).

'"H NMR (300 MHz, CDCl3): § 6.20 (s, 1H), 3.19 (q, J = 6.4 Hz, 2H), 2.68 (t, ] = 6.5 Hz, 2H),

2.11 (t, ] =7.6 Hz, 2H), 1.67 — 1.35 (m, 8H), 1.33 — 1.15 (m, 8H), 0.84 (t, 3H).
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3C NMR (75 MHz, CDCls): § 173.3 (C=0), 41.7 (CHz2), 39.3(CHz2), 36.9 (CH2), 31.7 (CH),
30.9 (CH2), 29.3 (CH2), 29.1 (CH2), 27.1 (CH2), 25.9 (CH2), 22.6 (CH2), 14.1 (CH3).
OctButValZ (benzyl (9-(3-methyl-1-((4-octanamidobutyl)amino)- 1-oxobutan-2-
yl)carbamate). A solution of activated ester ZValOSu (2,5-dioxopyrrolidin-1-yl
((benzyloxy)carbonyl)-L-valinate) (18.3 mmol) in DME (100 mL) was added dropwise under
N2 at room temperature with a dropping funnel to a solution of OctBut (18.3 mmol, 1 eq.) in
DME (120 mL). The mixture was stirred under N2 for 5 h at 55 °C. After that, the mixture was
cooled to room temperature, and the solvent was removed under reduced pressure. Then the
residue was poured into dissolution 0.1 M aq. HCI, then the mix was sonicated for 5 minutes.
Next, it was filtered under a vacuum, and the residue was washed with water until pH =7. The
compound was dried under reduced pressure and 50 °C overnight. A white solid was obtained
(77% yield).

"H NMR (300 MHz, CDCl3): § 7.43 — 7.29 (m, 5H), 6.33 (s, 1H), 5.73 (s, 1H), 5.43 (s, 1H),
5.11 (s, 2H), 3.96 (dd, J= 8.6, 6.3 Hz, 1H), 3.34 — 3.15 (m, J=16.6, 5.6 Hz, 4H), 2.15 (t, J=
15.9, 8.1 Hz, 3H), 1.66 — 1.57 (m, 2H), 1.51 (s, 4H), 1.37 — 1.19 (m, 8H), 0.97 (d, J= 6.8 Hz,
3H), 0.92 (d, J= 6.8 Hz, 3H), 0.88 (t, J= 6.7 Hz, 3H).

BC NMR (75 MHz, CDCls): § 173.7 (C=0), 171.7 (C=0), 156.6 (C=0), 136.4 (C), 128.6 (CH
x2), 128.3 (CH), 128.1 (CH x2), 67.0 (CH2), 60.7 (CH), 39.1 (CH2), 39.0 (CH>), 36.8 (CH2),
31.8 (CH2), 31.2(CH), 29.4 (CH2), 29.1 (CH2), 27.0 (CHz), 26.7 (CH2), 25.9 (CH2), 22.7 (CH2),
19.4 (CH3), 18.0 (CH3), 14.1 (CH3).

OctButVal ((S)-N-(4-(2-amino-3-methylbutanamido)butyl)octanamide). Palladium on C
catalyst (20% w/w) was suspended in MeOH (100 mL) and stirred under H2 at room
temperature for 10 min. Subsequently, a solution OctButValZ (14.1 mmol) in MeOH (50 mL)
was added via a syringe, followed by stirring under H2 at room temperature for 4 h. The reaction
mixture was then filtered through Celite, and the solvent was removed under reduced pressure

to yield a white solid, which was used without further purification for the next step (98 % yield).
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"H NMR (300 MHz, CDCl3): & 7.43 (s, 1H), 5.83 (s, 1H), 3.37 — 3.23 (m, 4H), 3.23 (d, J=3.7
Hz, 1H), 2.40 —2.23 (m, J=17.7, 8.8, 5.0 Hz, 1H), 2.15 (t, J = 7.6 Hz, 2H), 1.69 — 1.59 (m,
2H), 1.58 — 1.47 (m, 4H), 1.38 — 1.16 (m, 8H), 0.99 (d, J= 7.0 Hz, 3H), 0.88 (t, J=9.2, 4.3 Hz,
3H), 0.83 (d, J=7.1 Hz, 3H).

OctButValSuc ((9-4-((3-methyl-1-((4-octanamidobutyl)Jamino)-1-oxobutan-2-yl)amino)-4-
oxobutanoic acid). A solution of OctButVal (14.1 mmol, 1 eq.) in THF (150 mL) was treated
at 0 °C under N2 with solid K2CO3 (53.6 mmol, 3.8 eq.). The mixture was stirred for 15 minutes
at 0 °C, after a solution of commercially available succinic anhydride (28.2 mmol, 2.0 eq.) in
THF (100 mL) was added with a dropping funnel. The mixture was further stirred vigorously
for 16 h at room temperature. After this time, the solution was concentrated under reduced
pressure, and the crude residue was dissolved in water (100 mL). Concentrated aqueous HCl
was added dropwise at 0 °C to form a white precipitate, with final pH of ca. 2. The white solid
obtained was filtered under vacuum, and the residue was washed with water (300 mL). The
compound was dried under reduced pressure at 50 °C overnight. A white solid was obtained
(37% yield).

'H NMR (400 MHz, D;0): 5 3.97 (d, J=7.1 Hz, 1H), 3.24 — 3.01 (m, 4H), 2.55 — 2.32 (m,
4H), 2.12 (t, J= 7.4 Hz, 2H), 2.04 — 1.91 (m, 1H), 1.57 — 1.37 (m, 6H), 1.27 — 1.08 (m, 8H),
0.86 (dd, J=6.6, 4.8 Hz, 6H), 0.76 (t, J= 6.7 Hz, 3H).

13C NMR (101 MHz, D,0): § 180.9 (C=0), 175.9 (C=0), 175.7 (C=0), 173.1 (C=0), 59.7
(CH), 38.8 (CH2), 35.9 (CH2), 33.0 (CH2), 32.1 (CH2), 31.4 (CH), 30.0 (CH2), 28.7 (CH2), 28.6

(CHa), 26.2 (CHz), 26.0 (CHz), 25.7 (CHz), 22.2 (CHa), 18.6 (CH3), 17.8 (CH3), 13.6 (CH3).
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Alkaline cations dramatically control molecular hydrogelation by an amino
acid-derived anionic amphiphile
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Figure S6. 'H-NMR spectrum of OctBut in CDCl3
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Figure S7. *C-NMR spectrum of OctBut in CDCl3
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Figure S8. 'H-NMR spectrum of OctButValZ in CDCl3
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Figure S9. *C-NMR spectrum of OctButValZ in CDCl3
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Figure S10. "H-NMR spectrum of OctButVal in CDCl3
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Figure S11. "H-NMR spectrum of OctButValSuc in D20
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Figure S12. >*C-NMR spectrum of OctButValSuc in D20
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Figure S14. "H-NMR spectrum of DodVal in DMSO-ds
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