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to hydrogelsw
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The formation of soluble nano-spheres or stable hydrogels

through the self-assembling of a simple gemini amphiphilic

pseudopeptide can be controlled by the tuning of the hydrophilic/

hydrophobic interactions in aqueous medium.

The aggregation of peptide-like molecules is an extremely

important process, closely related to serious diseases like prion-

diseases1 and other neurodegenerative problems.2 However, a full

understanding of the mechanisms at the molecular level is still far

from being achieved. These aggregation processes have been

related to the misfolding of certain peptides, thus connecting

folding/unfolding and self-assembling of biological systems. On

the other hand, the hierarchical and controlled self-assembly of

simple molecules has attracted much attention in the last decade,

as the bottom-up approach to nanotechnology.3 Initially inspired

by nature and encouraged by previous results,4 we designed a

family of gemini amphiphilic pseudopeptides (GAPs), which are

simple C2 symmetric molecules built from two amino acids

connected at their acid ends by a flexible spacer, and bearing

two hydrophobic tails at both extremes.5,6 We found that these

simple molecules are able to self-assemble into different

nanostructures through the cooperative action of polar

(H-bonding and dipole–dipole) and non-polar (van der Waals)

intermolecular interactions.7 Moreover, those GAPs showing

specific structural features behaved as stimulus dependent

systems, forming amorphous materials in chloroform, fibers

in methanol or aqueous methanol at neutral or basic pH, while

vesicles when protonated in this medium.6 After studying the

processes with different techniques, we proposed a structural

model for the observed properties, based on the flexibility of the

molecules that allows them to fold and unfold upon the action

of external chemical forces.6 Following the same structural

design, we envisioned the preparation of a second generation

of GAPs that were more soluble in water,8 since this is the

most interesting medium for studies of biological relevance.

Accordingly, we hypothesized that a GAP bearing a nitrogen

atom in the middle of the central spacer should be a reasonable

structural motif (1 in Scheme 1) for the improvement of the

aqueous solubility. Within our model, this spacer is responsible for

the folding–unfolding process and belongs to the water-exposed

moiety in the vesicular assembly of the folded conformation in

very polar environments (Scheme 1). For this design, we kept the

valine and the decyloxybenzyl moieties because they were the most

efficient fragments in our initial systems.6

The synthesis of 1 was accomplished following the previously

reported general synthetic procedure and is described in detail in

the ESI.w5,6 The first satisfying observation was the apparently

good solubility of 1 in pure water at neutral and, especially, at

acidic pH. However, fluorescence studies in pure water using

pyrene as a probe rendered a critical aggregation concentration

(CAC, Fig. S6, ESIw) of 5.7 � 10�5 M at pH 2.7 and 1.4 � 10�5

at pH 7.9 On the other hand, the 1H NMR spectrum of 1 in D2O

(500 MHz, 3 mM of 1 at acidic pH, far above the CAC, Fig. S2,

ESIw) displayed very broad signals, most likely due to fast

spin–spin cross relaxation.10 Accordingly, the NOESY spectrum

(Fig. S3, ESIw) showed large negative peaks between all the

proton signals, implying the efficient spin diffusion and a very

slow tumbling time in solution. Actually, DOSY NMR

spectroscopy (Fig. S5, ESIw) rendered a self-diffusion rate of

Scheme 1 Chemical structure of 1 and schematic representation of

the proposed assembly of extended or folded conformations of 1 into

fibers and vesicles, respectively.
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2.8 � 0.3 � 10�11 m2 s�1, which corresponds to an apparent

hydrodynamic radius of B7.1 nm (more than ten times larger

than the one expected for a single molecule of 1). All these

observations supported the presence of relatively large aggregates

of 1 in aqueous solution. Scanning electron microscopy (SEM) and

transmission electron microscopy (TEM) showed the formation of

spherical nanostructures (Fig. 1 and Fig. S7–S9, ESIw). Analysing
the SEM/TEM images, these vesicles are prone to undergo

deformation and fusion processes. Besides, the different sizes

observed in the evaporated samples for SEM/TEM reflect the soft

matter nature of these supramolecular assemblies. Attenuated total

reflectance (ATR) FT-IR spectroscopy of these vesicles showed a

band at 2852 cm�1 assigned to the symmetric C–H stretching

vibrational mode, suggesting the role of the van derWaals contacts

between the hydrophobic tails in the formation of the nano-

structures.6,11 All these data confirmed the success of our initial

design toward the formation of vesicles in biologically relevant

environments, namely pure water at neutral or acidic pH.

The nano-spheres formation occurs through the assembly of

folded 1 in a gemini surfactant-like fashion (Scheme 1). We

hypothesized that the presence of an organic co-solvent would

maintain the GAP in an extended conformation, where the

hydrophobic and H-bonding intermolecular interactions could

operate in a preferred direction,12 leading to the formation of

nanofibers upon self-assembly. The 1H NMR spectrum of 1 in

CD3OD (Fig. S2, ESIw) showed well-defined signals, suggesting

the efficient solvation of 1 in a flexible unfolded conformation,

and the absence of aggregation at the mM concentration.

Surprisingly, the addition of water produced the spontaneous

formation of a stable gel within minutes at room temperature

(Fig. 2A and movie in the ESIw).13 Interestingly, gelation does

not require the previous heating of 1with the solvent mixtures, as

needed for most gelators. The systematic study of this process

showed that 1 spontaneously and rapidly forms stable room-

temperature hydrogels14,15 under a wide range of experimental

conditions from 30–90% aqueous methanol (Table 1). For

instance, at 2 wt% of 1, room temperature supramolecular

hydrogels can be formed from 70 : 30 to 10 : 90 MeOH:H2O

mixtures. On the other hand, for ca. 1 : 1 MeOH:H2O mixtures,

the minimum concentration of 1 to form a stable gel is as low as

0.1 wt%. Additionally, the microscopic morphology of the

hydrogel was studied with SEM and TEM (Fig. 2A and

Fig. S7 and S10, ESIw). The dried gel showed the presence

of an interpenetrated network of nanofibers, which can be

rationalized analysing the experimental data. The compound 1

is well solvated in MeOH solution and thus, an extended

flexible conformation could be proposed, as suggested by

NMR. The addition of water triggered the aggregation of

the molecules of 1 through the van der Waals contacts between

the hydrophobic tails. Concomitantly, the central polar pseudo-

peptidic moiety would set intermolecular H-bonding inter-

actions, which would produce a preferred directionality for

the self-assembly, rendering the observed fibrilar morphology.

The interpenetrated network thus formed is able to trap the

solvent molecules, finally rendering a stable gel. The main

intermolecular interactions implicated in the assembly of the

hydrogel were supported by ATR FT-IR spectroscopy. The

bands at 3289 and 3315 cm�1 implied the presence of

H-bonded N–H amide groups, while the symmetric C–H

stretching at 2851 cm�1 indicated a hydrophobic packing of

the aliphatic chains.6,11 Very interestingly, the addition of

MeOH to a solution of compound 1 in water failed to form

Fig. 1 SEM (A, B, D and E) and TEM (C and F) micrographs of 1 in

pure water at pH 7 (A–C) and pH 2.3 (D–F).

Fig. 2 (A) Formation of a hydrogel from 1 and the effect of the pH,

with the corresponding microscopic morphology (SEM). (B and C)

Plots of the temperatures of gel disassembly as a function of

(B) solvent and (C) gelator content. Error bars represent the temperature

intervals for the observed disassembly with the symbols at the midpoint

of the transitions.

Table 1 Gelation properties of 1 as a function of the gelator content
(wt%) and the MeOH :H2O proportion

MeOH :H2O 0.1% 0.25% 0.5% 1.0% 1.5% 2.0%

1 80 : 20 — S S S S S
2 70 : 30 — S S wG wG G
3 60 : 40 — wG G G G G
4 50 : 50 wG G G G G G
5 40 : 60 wG G G G G G
6 30 : 70 — S G G G G
7 20 : 80 — S G G G G
8 10 : 90 — S wG G G G
9 0 : 100 — S S S S S

S: soluble, wG: weak gel, G: gel.
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a gel, even after intensive heating or sonication. TEM images

of these solutions showed the presence of mixed spherical and

fibrilar nanostructures (Fig. S10, ESIw). This implies that the

vesicles formed in pure water by the assembly of the folded

GAP are partially protected from the unfolding action of the

MeOH. These observations suggested that the formation of

the hydrogel is a result of a delicate interplay between hydro-

phobic and hydrophilic intermolecular interactions, which are

possible only in the unfolded conformation of 1.12,15,16

The thermal stability of the supramolecular hydrogel was

also studied as a function of the gelator content and the

amount of water added to the MeOH (Fig. 2B and C).

Interestingly, the stability of the gel depended on both variables,

being maxima at different ratios for every case. The suitable

comparison of the plots suggests that the stability of the gel is

more sensitive to changes in the solvent composition (Fig. 2B)

than to the gelator content (Fig. 2C). Besides, for the most

suitable MeOH:water ratios, the stability of the hydrogels

remains constant at different gelator contents above 0.5% w/v

(see Fig. 2C, blue and green plots). These results suggest that

the hydrogel of 1 is formed by the synergic action of hydro-

phobic and H-bonding interactions and thus, a possible

enthalpy/entropy compensation effect could be operating,

leading to some irregular trends in the temperature dependence.

The hydrogel of 1 can be also disassembled by changes in the

pH (Fig. 2A). Thus, simple addition of an acid (HCl) to the gel

produced the transition to a solution (see Fig. S21w, ESIw, for
snapshots of the acid-promoted gel disassembly) despite the

hydrogel being perfectly stable to the addition of a base

(Fig. 2A). The SEM images of the disassembled gel in acidic

medium showed the presence of large microspheres, suggesting a

cationic surfactant-like behavior (Fig. 2A). On the other hand,

according to the stability of the gel in basic medium, its SEM

micrographs still showed a fibrilar network (Fig. 2A). Thus, the

simple compound 1 can be considered as a stimulus-responsive

(temperature, pH and solvent) room-temperature hydrogelator.

In summary, we report the efficient design of a simple GAP

able to self-assemble in aqueous medium. In pure water, 1

self-assembles into vesicles at both acidic and neutral pH. The

addition of water to a methanolic solution of 1 spontaneously

forms room-temperature stable hydrogels, which can be

disassembled by heating or protonation. Very importantly,

the alcoholic co-solvent needed for the formation of the

hydrogel can be substituted by the more bio-compatible

EtOH.w For instance, compound 1 at 1% wt/v concentration

forms a stable gel (Tg = 53 1C) in 90 : 10 H2O :EtOH, a

mixture commonly used for drug formulation and biological

assays (see ESIw) and thus foreseeing the potential bionano-

technological applications of 1.
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