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a b s t r a c t

Small-molecule hydrogels based on amino acid derivatives have promising applications in many bio-

logical fields, including cell culture, drug delivery, and tissue engineering. Although these hydrogels

have been widely reported to have low cytotoxicity, biocompatibility, and tunable bioactivity, problems

such as harsh preparation conditions and complex material design hinder their application. Herein, by

adjusting pH to induce non-covalent interactions between small-molecule tryptophan derivatives (N-

[(phenylmethoxy)carbonyl]-l-tryptophan, Mw: 338.35), we developed a self-assembled three-dimensional

network hydrogel that can be rapidly formed in seconds. And the supramolecular self-assembly mecha-

nism of the hydrogels was also investigated in detail through experimental characterizations and density

functional theory calculation. As-prepared hydrogels also exhibit reversible pH-stimulated response and

self-healing properties. This study details a research process for the simple and rapid preparation of tryp-

tophan derivative-based hydrogels, which provides more reference ideas for the future development of

materials based on other amino acid derivatives.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Small-molecule hydrogels based on amino acid derivatives have

received extensive attention in recent years, occupying an indis-

pensable position in biology and material arrays, such as cell

culture, drug delivery and tissue engineering and other fields

[1–4]. In contrast to most polymers, these hydrogels typically have

supramolecular networks composed of ordered, regular, and repet-

itive building blocks, which are particularly important for studying

the gelling mechanism. Most of them are widely available, simple,

versatile and useful self-assembled building blocks, including ac-

ceptors and donors. In addition, amino acids are cheap and widely

available, and most of the hydrogels prepared from amino acid

derivatives have high water content, diversity and utilization [5–8].

More importantly, this highly biocompatible hydrogel can not only

provide an optimal moist environment for physiological conditions
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to promote wound healing, but also play a unique curative effect

by blending with other drugs or grafting special groups [9–11].

The physical and physiological performance of amino acid

derivatives hydrogels often originate from the property of their

functional groups. This leads to the fact that the preparation pro-

cess of traditional solid-phase peptide synthesis not only requires

precise design of multiple amino acid combinations, but also in-

volves multiple steps and complicated procedures [12–14]. In ad-

dition, some short peptides synthesized from amino acids require

additional additives (metal ions, polymers), as well as sufficient gel

formation conditions (light time, temperature). Certain synthetic

additives may cause side effects such as inflammation, immuno-

genic and oxidative DNA damage, and concerns about degradabil-

ity or toxicity [15–17]. In recent years, more and more attention

has been paid to developing safe and rapidly prepared hydrogels.

Especially in emergency situations, after the injured part forms a

hydrogel protective layer faster, it can be isolated from the out-

side world in time, and the moist environment of the wound can

be maintained to avoid bacterial infection. The formed gel can also

release the corresponding drugs, thereby realizing various physio-
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Scheme 1. (A) Molecular structure of ZW and (B) pH regulation process.

Fig. 1. (A) Photographs of ZW solutions at different pH conditions. (B) gelation time

and (C) storage modulus G’ of hydrogels conditioned with different acids.

logical functions such as rapid hemostasis and pain relief [18–20].

Furthermore, reducing the requirements for process conditions and

shortening the lengthy preparation process will further expand the

application range of gels, which is conducive to the large-scale pro-

duction of functional gels. Therefore, amino acid derivative hydro-

gels are the main carriers of most drugs, and it is particularly im-

portant to explore safe and fast preparation methods.

It has been reported that many amino acid derivatives with aro-

matic rings can also form hydrogels through non-covalent forces

[21–24]. In some self-assembled hydrogels of small molecules,

strong π-π stacking and hydrophobic interactions exist between

cyclic conjugated systems such as benzene, naphthalene, and an-

thracene [25–27]. In addition, the formation of the ordered struc-

ture of self-assembled hydrogels is the result of the synergistic ef-

fect of various non-covalent bonds between molecules, and hydro-

gen bonds are also an important intermolecular force that forms

the gelation process [28–31]. These non-covalent forces are impor-

tant driving forces for the self-assembly of network fibers to form

hydrogels.

Based on these theoretical foundations, we explored a com-

mon small molecule of tryptophan derivatives, namely N-

[(phenylmethoxy)carbonyl]-l-tryptophan (ZW, Z stands for ben-

zene ring, W stands for tryptophan, Mw: 338.35), and found that it

has the property of rapid gelation. Usually, it is widely used as an

intermediate for synthetic raw materials and pharmaceuticals, like

most amino acids with protective groups. Therefore, its potential

properties have not been fully reported. Notably, ZW was not sol-

uble in ordinary deionized water and did not change significantly

even when heated to 80 °C (Fig. S1 in Supporting information).

While it can be dissolved in alkaline solution in the form of salt

and dispersed uniformly. By adding the acid to the solution, the

molecule will return to its original shape (Scheme 1). Due to the

presence of groups such as benzene rings and carboxyl groups in

the structure, self-assembly behaviors based on π-π stacking and

hydrogen bonding may occur in this process.

The preparation process is shown schematically in Fig. 1A. First,

30.0mg ZW powder was dissolved in Na2CO3 solution by ultra-

Fig. 2. (A) SEM images of the ZW hydrogel at (A1) pH 7.0, (A2) pH 6.5, (A3) pH 5.0,

and (A4) pH 3.0, scale bar: 100nm. (B) Mass spectra of the ZW hydrogel.

sonic treatment to obtain 5mL colorless and transparent solution.

Then 0.05mL of HCl solution (0.1mol/mL) was gradually added

dropwise, and the pH and morphological changes of the mate-

rial were monitored. Meanwhile, invert the tube to confirm gela-

tion. Initially, the solution did not produce a clear precipitate, but

a milky white suspension. Interestingly, the ZW solution rapidly

gelled when adjusted to pH 6.5. When pH was changed from 6.5

to 3.0, the hydrogel changed from a translucent state to eventually

a white and fully opaque hydrogel. The appearance of the ZW hy-

drogel did not change significantly after pH was lower than 3.0. In

addition, it is also proved that 3.6mg/mL is the lowest gel-forming

concentration (Fig. S2 in Supporting information), and the G’ (stor-

age modulus) of hydrogel samples is always greater than G” (loss

modulus), indicating the elastic properties of this hydrogel (Fig. S3

in Supporting information).

Subsequently, common citric acid and acetic acid were also

used to test the sol-gel transition with different concentrations

(Fig. 1B). Both of them were made into a 0.1mol/mL solution,

and then gradually added to 0.15mL, and compared with HCl. As

shown in Fig. 1B, with the increase of the concentration of ZW so-

lution, the gel formation time is significantly reduced. Especially

after the addition of HCl and citric acid, the gel can be rapidly

formed within 10 s. The reason for the slow rate of acetic acid

forming a gel may be that the acidification of the weak acid takes a

period of time. It can be seen that after the addition of citric acid,

the G’ value of the ZW hydrogel is the highest among the three

acids (Fig. 1C), even reaching 1260Pa. It is noted that after the con-

centration reaches 6.0mg/mL, the G’ value is basically unchanged,

indicating that the self-assembly of the molecule has reached sat-

uration. These results are beneficial to making the hydrogel more

convenient by adjusting the concentration and the type of acid,

and the preparation process of the hydrogel is very simple and

easy to form.

Scanning electron microscopy (SEM) images showed that the

scaffold of the ZW hydrogel (6mg/mL) at pH 3.0–7.0 was a 3D

interconnected network composed of nanofibers with diameters

of 40–80nm (Fig. 2A), while the ZW solution at pH 9.0 showed

no obvious fibrous structure but only irregular granular (Fig. S4

in Supporting information) [32]. The structure formed at pH 6.5

showed several long fibers with diameters of approximately 40–

60nm and lengths greater than 500nm overlapping each other,

forming a distinctly cross-linked fiber network. These results sug-

gest an adjustment of pH can achieve solution gelation of ZW hy-

drogels.

To investigate the self-assemble mechanism of the hydrogel,

mass spectrometer (MS) was applied to analyze aggregate struc-

tures. As shown in Fig. 2B, in negative ion mode (m/z 200–

2400), the mass spectrometer detected monomer (m/z 337.1195),

dimer (m/z 675.2463 and 697.2279), trimer (m/z 1013.3743 and

1057.3370), tetramer (m/z 1417.4452), pentamer (m/z 1777.5571)

and higher-order aggregates were detected in the ESI-MS spectra

of nanofibrils. In the complete mass spectrum (Fig. S5 in Support-
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Fig. 3. (A) FT-IR spectra and (B) 1H NMR spectra of ZW solution and ZW hydrogel.

The concentration was 6mg/mL. (C) Possible structures and interaction energies of

ZW dimers. (D) Possible process of hydrogel formation during pH adjustment.

ing information), there are some fragment ion peaks in addition to

the molecular ion peak. The relative content of dimer was consis-

tently highest, indicating that is more stable than other aggregates

and is not easily broken by the ion source. It can be speculated

from the above that a three-dimensional network of ZW hydrogels

is composed of nanofibers, which in turn are formed by continuous

aggregation of ZW monomers.

Further characterizations were carried out to investigate the

driving force of the ZW molecules to form hydrogels. As shown

in Fig. 3A, the stretching vibration peak belonging to O–H/N–H

shifted from 3348 cm−1 to 3344 cm−1 during the sol-gel transition.

The shift of the IR absorption bands to lower wavenumbers sug-

gested the existence of stronger hydrogen bonds during the self-

assembly process [33–35]. Moreover, the vibration associated with

the carboxyl group at 1589 cm−1 was enhanced after self-assembly,

indicating that the carboxyl and ester groups of the molecule may

be involved in the formation of hydrogen bonds.

The driving force of ZW molecular aggregation was further in-

vestigated by 1H NMR. The vicinal proton-proton coupling relation-

ship was first recorded by 2D 1H-1H–COSY NMR to determine the

chemical shift of each proton of the structure (Figs. S6 and S7 in

Supporting information). Notably, the hydrogens of the secondary

amides (-NH-marked 14) on the solution clearly shifted downfield,

from δ 6.37 to δ 6.48 (Fig. 3B). It has been reported that after the

molecule forms hydrogen bonds, the density of the electron cloud

around the hydrogen nucleus decreases, resulting in a deshielding

effect [36–38]. The shielding effect of hydrogen-bonded protons is

smaller than that of non-hydrogen-bonded protons, so resonances

occur at low fields with larger δ values. This illustrates the for-

mation of obvious hydrogen bonds between -NH- on the structure

and other groups. In addition, the aromatic proton signal (marked

2) attributed to the benzene ring exhibits a distinct change and

begins to shift downfield from the position of δ 7.25 to δ 7.35, in-

dicating intermolecular generated π-π interactions.

Intermolecular π-π stacking and hydrogen bonding interac-

tions are the two driving forces for the formation of hydro-

Fig. 4. (A) Photographs of ZW hydrogel preparation in a common centrifuge tube.

(B) Alternate step-strain sweep measurements with high strain (100%) to low strain

(0.1%) for five cycles. (C) Dynamic frequency sweep of the hydrogel with a fixed

strain (0.1%).

gels, and stable dimers may be the key to the rapid gelation

of such small molecules. Considering the nature of the molecu-

lar structure, the possible ZW dimer structure was further de-

duced by density functional theory (DFT). As shown in Fig. 3C,

the structure C1 is formed by π-π stacking of benzene rings, and

C2 is formed by hydrogen bonding of secondary amino groups

(-NH-) and carbonyl groups (C=O). By further calculation, the

interaction energies of C2 have the lowest binding energy

(−14.49 kcal/mol), indicating that the formation of hydrogen bonds

may be more conducive to the stability of the structure [39–41].

In addition, among other possible structures, the binding energy

of the hydrogen-bonding-based dimer is also lower than that of

the indole ring-based π-π stacking (Fig. S8 in Supporting informa-

tion). The interaction energies of these structures are mostly be-

low −7.0 kcal/mol, and one or several of them may be involved in

the formation of ZW fibers in the sol-gel transition (Fig. 3D). Fur-

thermore, dimers are relatively easy to form in water, and the two

molecules have already presented an obvious dimer form at 45ns

(Fig. S9 in Supporting information). It is possible that dimers or

multimers determine the chemical properties and biological activ-

ities of ZW hydrogels, which need to be further explored in the

future.

The reversible breaking and reformation of π-π stacking and

hydrogen bonds generally can endow gels with self-healing prop-

erties. It is found that the gel will turn into a solution after

adding Na2CO3 solution, and the gel can still be formed quickly by

adding HCl again. Additionally, the conversion can also be achieved

by shaking tests. When the hydrogel was shaken vigorously and

turned into a sol, it could be recovered after standing for a few

minutes (Fig. 4A). Further rheological tests were performed to ver-

ify the performance of the hydrogel. Experiments show that the

ZW hydrogel will undergo an obvious gel-sol transition when the

strain is higher than 19.8% (Fig. S10 in Supporting information). In

the gel state, at a small strain of 0.1%, G’ is greater than G" (Fig. 4B).

When the strain is increased to 100%, the G’ and G" values reverse,

indicating the formation of a sol state. When 0.1% strain was ap-

plied again, the G’ value became higher than the G" value in about

5 s. The repeatability of this gel-sol was confirmed in three cycles.

Reducing the strain (γ =0.1%, frequency=0.5Hz) after the rapid

recovery of G’ and G" indicates reorganization of the gel structure.

This rapid destruction-formation process also proves that the sol-

gel is very easy to form with obvious self-healing properties. More-

over, dynamic frequency sweeps indicated that G’ was 10 times
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larger than G”, showing a weaker frequency dependence in this

range (Fig. 4C). It is worth noting that the carboxyl and secondary

amino groups in the molecular structure are easy to form strong

coordination bond with metal ions, which may destroy the hydro-

gen bonds of the gel structure itself. The experiment also proved

that the addition of the latter obviously led to the precipitation of

the system (Fig. S11 in Supporting information).

What is more, good biocompatibility is the prerequisite for

biomedicine application of the material. The CCK-8 assay was used

to evaluate cell toxicity of the hydrogel and analyze the influence

of different ZW concentrations on cell viability [42,43]. After in-

cubating the solution and hydrogel with L929 fibroblasts for 24h,

cell viability was assessed by CCK-8 reagent. Compared with the

control group, the hydrogels induced no significant cytotoxic effect

at 8mg/mL (Fig. S12 in Supporting information), indicating that

this hydrogel material possessed high biocompatibility that offered

an important foundation for its biological research. Therefore, this

simple condition and rapid process of ZW hydrogel with excellent

thixotropic is promising as an injectable biomedical material for

drug delivery and release.

In conclusion, we developed a tryptophan derivative small-

molecule hydrogel with protective groups. By adjusting the pH of

the solution, hydrogels can be rapidly prepared within seconds.

Experimental characterization and theoretical calculations demon-

strate that intermolecular hydrogen bonds and π-π stacking of

aromatic rings are the main driving forces for gel formation. Exper-

iments further proved that the material has self-healing properties

and good compatibility with normal mammalian cells. The results

may contribute to the development and utilization of amino acid

derivatives, and also provide valuable ideas for exploring the rapid

preparation of small molecule hydrogels.
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