
Enzyme-instructed self-assembly of hydrogelators consisting of
nucleobases, amino acids, and saccharide

Dan Yuan, Rong Zhou, Junfeng Shi, Xuewen Du, Xinming Li, and Bing Xu*

Department of Chemistry, Brandeis University, 415 South St., Waltham, MA 02453, USA. Fax:
781-736-2516; Tel: 781-736-5201

Abstract

We report the first example of the use of enzymes to trigger the self-assembly of the conjugates of

nucleobases, amino acids, and saccharide to form supramolecular hydrogels in water, which

illustrates a facile approach for the development of a new class of multifunctional soft materials

for biomedical applications.

Nucleobases, amino acids, and saccharide are the fundamental building blocks chosen by

nature for constructing nucleic acids, proteins, and carbohydrates, which ultimately leads to

the evolution of life.1 This fact implies that these building blocks are suitable for the

development of biomaterials, particularly soft biomaterials. Recognizing the promises of

biological building blocks in the development of soft materials, considerable amount of

efforts have focused on the use of biological building blocks for generating supramolecular

soft materials (e.g., gels and liquid crystals), which already have made considerable

progresses.2 For example, saccharide-based hydrogels have found applications for thermally

controlled release of DNA,3 or sequestering of RNA,4 and a colorimetric sensor array chip.5

Hydrogels based on β-hairpin scaffold of peptides have exhibited selective inhibition

bacterial growth.6 Small peptides or even amino acids have resulted in pH-controlled, self-

sorting hydrogelators,7 a tris-glycine-SDS gel for electrophoresis of proteins,8 sensors for

the detection of proteases,9 an acid sensitive copolymer for drug delivery,10 and numerous

of enzyme-responsive materials.11 Besides as a building block for self-assembly in water,12

nucleobases form oligomer of DNA to result in unique liquid crystals.13

Encouraged by the above-mentioned progresses, we have been developing supramolecular

hydrogelators based on the three types of fundamental building blocks of

biomacromolecules. We have found that the simple covalent linkage of nucleobase, amino

acids, and saccharide12c, 14 affords a new class of supramolecular hydrogelators that exhibit

multiple functions (e.g., hydrogelation, cell biocompatible, and binding and delivery of

nucleic acids14a). The remarkable structural and functional diversities offered by the self-

assembling conjugates of nucleobases, amino acids, and saccharide make them attractive
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candidates for the further development of this class of supramolecular hydrogels15 as new

soft biomaterials. To serve as a “smart” soft biomaterial, one useful property for the

hydrogelators is to self-assemble and to form a hydrogel according biological cue, such as

enzymatic transformation. In fact, enzymatic reaction has become a powerful way to control

the spatiotemporal profile of supramolecular hydrogels, which has already led to new

discoveries, for example, phosphatase catalysed hydrogelation of D-peptides16 for selective

inhibition of cancer cells.17 Inspired by those works and other exciting development on

enzymatic hydrogelation,18 we choose to investigate the enzyme-instructed self-assembly of

the hydrogelators consisting of nucleobase, amino acids, and saccharide since it has yet to be

studied despite their promises.

Scheme 1 shows the structures of the conjugates (1-4), which all consist of a thymine (as the

nucleobase), phenylalanine(s) (as the amino acids), phosphorylated tyrosine(as the

enzymatic trigger15d and an amino acid), and D-glucosamine (as the saccharide). After

phosphatase-catalysed dephosphorylation, the conjugates transform from the precursors

(1a-4a) to the hydrogelators (1b-4b). The solutions of all precursors, upon the addition of

alkaline phosphatase (ALP), are able to turn into the hydrogels of the corresponding

hydrogelators (Fig. 1). Due to the structural difference among them, each precursor exhibits

the transition at slightly different conditions. For example, 2b forms a hydrogel after being

aged for a relatively long time (8 days), while other compounds are able to form hydrogels

in 5 minutes. At the concentration of 1.0 wt%, precursor 3a self-assembles to form

nanofibers and results in hydrogel even without the treatment of ALP. Interestingly, while

1a and 2a exhibit similar cell compatibility, the cytotoxicity of 3a differs drastically from

that of 4a. This result suggests that the judicious choice of the length of the peptide and the

chirality of the amino acids in the conjugates, together with enzymatic conversion, is an

effective approach to modulate the biological activity of the assemblies of the conjugates for

desired applications. As the first case of enzyme-instructed self-assembly and hydrogelation

of these molecular conjugates, this work, thus, provide a useful insight for designing

molecular conjugates as new soft materials for various biological and biomedical

applications.

We choose to design, synthesize, and examine the substrates shown in Scheme 1 according

the following rationale: (i) To introduce enzyme-instructed self-assembly, we incorporate

phosphorylated tyrosine (pTyr). (ii) To evaluate intermolecular aromatic–aromatic

interactions,19 we use different numbers of phenylalanine (one or two). (iii) To examine the

influence of the chirality of the amino acids, we used L-amino acid residues (for 1 and 3)

and D-amino acid residues (for 2 and 4). The switch of the chirality of the amino acid

residues (but not the chirality of the saccharide) affords two pairs of diastereomers, which

allow us to examine the influence of the stereochemistry to the biological activities of this

class of conjugates, an intriguing aspect that has yet to be evaluated. To prepare the

conjugates (Scheme 1), we first followed the previously reported procedures to make

phosphorylated tyrosine.20 Then, by using solid phase peptide synthesis (SPPS), we

obtained the nucleopeptides.14c Next, we attached C-terminal of amino acids to D-

glucosamine by coupling reagents HBTU and DIEA. Finally, using HPLC to purify the

crude products, we obtained 1a, 2a, 3a, and 4a at 25~31% in total yields.
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After the synthesis of the precursors, we tested their transformation to the hydrogelators for

enzyme-instructed self-assembly. As shown in Fig. 1, the precursors, 1a-4a, are transparent

solutions in PBS buffer (1a, 2a and 4a at 1.0 wt%, 3a at 0.5 wt%). The addition of ALP

(12.5 u/mL) removes phosphate group from the precursors and results in the corresponding

hydrogelators (1b-4b) that are more hydrophobic than their precursors. While all the

hydrogelators form the hydrogels, each exhibits its own characteristics. 1b and 4b form

stable hydrogels in 5 minute, but 2b requires relative long time of aging to afford a self-

support hydrogel. 3b, at 0.5 wt%, self-assembles to form a hydrogel in two hours.

Interesting, 3a forms a hydrogel at 1.0 wt% (Fig. S2) in one hour, suggesting that there is

sufficient intermolecular interactions among 3a to drive the formation of the network of 3a
(at 1.0 wt%) as the matrices of the hydrogel.

To understand the rheological behaviors of the hydrogels, we compared their profiles of

strain sweep and frequency sweep at the hydrogelator concentrations of 1.0 wt% (Fig. 2).

Hydrogel of 3b possesses the highest maximum storage modulus of 6.97 × 103 Pa.

Hydrogels of 1b and 4b have similar storage moduli of 1.56 × 103 Pa and 1.57 × 103 Pa,

respectively. Hydrogel of 2b exhibits the lowest storage modulus of 1.15× 103 Pa. These

results are consistent with that 2b requires the longest time for hydrogelation. The critical

strains of the hydrogels 1b-4b differ only slightly and are 0.52, 0.74, 0.52, and 0.58%,

respectively, suggesting that hydrogels 1b-4b exhibit similar properties to resist external

force. Frequency sweep (Fig. 3B) shows that storage modulus is always higher than loss

modulus for each hydrogel, which is consistent with the viscoelasticity ofthe hydrogels.

We used transmission electron micrograph (TEM) to evaluate the microstructures of these

enzymatically formed hydrogels. Besides the non-fibrillar aggregates and large fiber bundles

as the dominated morphology, there are a small fraction of nanofibers with average widths

of 6 ± 2 nm in the hydrogel of 1b (Fig. 3A). Before 2b self-assembles to form the hydrogel,

solution of 2b has similar morphologies with the hydrogel of 1b, which comprises of

aggregates and nanofibers. After 8 days’ aging, the hydrogel of 2b consists of thin, long, and

entangled nanofibers with diameters about 5 ± 1 nm (Fig. 3B). The presence of bundles or

non-fibrillar aggregates in Figure 3A, B suggests the polymorphism of the self-assembling

of 1b and 2b. While the hydrogel of 3b contains long and flexible nanofibers with average

widths of 5 ± 2 nm (Fig. 3C), which largely entangle, the long and rigid nanofibers (with

average widths of 7 ± 2 nm) in the hydrogel of 4b self-assembles to afford bundles (Fig.

3D). Although the detailed correlation between the molecular structures and the

morphological differences of the nanostructures in these hydrogels remains to be

established, the chirality of amino acids and numbers of phenylalanine in the hydrogelators,

obviously, likely play a vital role in their self-assembly in water.

To examine the cytotoxicity of 1a-4a, we incubated HeLa cells with them at different

concentrations for 3 days (Fig. 4). Precursors 1a and 2a, which employ one phenylalanine

residue, are essentially compatible with cells as the cell viabilities are both around 80 % at

500 μM for 72 hours (Fig 4A and 4B). However, conjugates 3a and 4a, which contain two

phenylalanine residues, exhibit remarkable differences in cell compatibility at 500 μM. As

shown in Fig 4C and 4D, precursors 3a and 4a hardly inhibit the proliferation of the cells at
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the concentrations from 20 μM to 400 μM. But 3a, at 500 μM, significant inhibits the

proliferation of the HeLa cells (viability less than 10%), while 4a is slightly cytotoxicity

(cell viability about 70 %). More detailed cell viability test in the presence of 3a, from 100

to 500 μM (Fig. S4A), determines the IC50 of 3a to be 371 ± 2 μM for 72 hours, which is

much lower than that of 4a (higher than 500 μM). The mixing of 3a and A10 (a single-strand

deoxyribonucleic acid) to treat HeLa cells (Fig. S4B) hardly affects the efficacy of 3a,

suggesting that there is little interaction between A10 and 3a. TEM of 3a at 500 µM reveals

considerable amount of aggregates (Fig. S5), which likely are responsible for the

cytotoxicity of 3a. Moreover, with the treatment of ALP, 3a (500 μM) turns to 3b and

affords thin, long and flexible nanofibers with average widths of 4 ± 1 nm (Fig. S5D).

However, 4a (at 500 μM) turns to 4b and still results in aggregates (Fig. S5F). Like 4b, 1b
self-assembles to form aggregates (Fig. S5B) at 500 μM. Although such morphological

differences coincide with the different cytotoxicities, the detailed mechanisms remain to be

elucidated.

In summary, we developed a new type of molecular conjugates made of nucleobases, amino

acids, and saccharide for enzyme-instructed self-assembly in water. This approach

illustrated in this work will allow one to choose candidates from the large pool of peptide

epitopes and lectin-binding small saccharides for developing novel soft biomaterials.21

Particularly, the drastically different cytotoxicities exhibited by 3a and 4a and the recently

observed self-assembled pericellular nanonets17 suggest that one may tailor the cell

compatibility of the hydrogelators by switching the chirality of the peptides in the

conjugates.
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Scheme 1.
Structures of the precursors and the corresponding hydrogelators consist of nucleobase,

amino acids, and saccharide. E is a phosphatase.
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Fig. 1.
Optical images of the solutions of the precursors and the corresponding hydrogels. After

being dissolved in PBS buffer (pH = 7.4), the precursors (1a, 2a, and 4a at 1.0 wt %; 3a at

0.5 wt %), upon the addition of ALP (12.5 U/mL), turn into their corresponding

hydrogelators (1b, 2b, 3b, and 4b) to result in the hydrogels. E is an alkaline phosphatase.
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Fig. 2.
(A) Strain sweep and (B) frequency sweep of the gels of 1b, 2b, 3b, and 4b at the

concentration of 1.0 wt%.
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Fig. 3.
Transmission electron micrograph (TEM) images of (A) gel of 1b, (B) gel of 2b, (C) gel of

3b, (D) gel of 4b shown in Fig. 1. Scale bar = 100 nm.
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Fig. 4.
Cell viability test of (A) 1a, (B) 2a, (C) 3a, (B) 4a against HeLa cells for 72 hours.
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