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Abstract
Here we report the generation of a novel class of supramolecular hydrogelators based on the
integration of nucleobase, Arg-Gly-Asp (RGD) peptides, and glucosamine in a single molecule.
These novel small molecule hydrogelators self-assemble in water to form stable supramolecular
nanofibers/hydrogels and exhibit useful biostability. This approach provides a new opportunity for
systematic exploration of the self-assembly of small biomolecules by varying any individual
segment to generate a large array of supramolecular hydrogels for biological functions and for
biomedical applications.

Introduction
Biological systems have extensively relied on the self-assembly of three classes of
biomolecules, nucleic acids, proteins, and polysaccharides for performing biological
functions. These biomacromolecules interact with each other through multiple, cooperative
non-covalent interactions (e.g., hydrogen bonding, π-π stacking, hydrophobic forces,
electrostatics, etc.) to form wide range of complex architectures for carrying out many key
activities of living cells. These facts have led to the researches of molecular self-assembly,
besides as a ubiquitous process in biology, as an important strategy in soft nanotechnology1

for the preparation of supramolecular nanostructures and nanomaterials by the use of small
molecules2, 3 or oligomers.4 The addition of small molecules as possible components of self-
assembly offers a unique opportunity to address the usually neglected issue—cost5—in the
use of biomacromolecules for self-assembly.

Although it is possible to use biomacromolecules to form assemblies or materials that mimic
the structures and (sometimes) the functions of biological systems, it is still relatively
prohibitive for using the biomacromolecules in large quantities because of the high cost
associated with their production, isolation, and purification. On the other hand, small
molecules are much more accessible and less expensive; but how to use the self-assembly of
small molecules for mimicking biomacromolecules remains a challenge that has yet to be
met through systematic exploration of the self-assembly of small molecules. One of the
easiest starting point of such endeavor is to explore the self-assembly of small, biologically
important building blocks in water for mimicking the structures and functions of
biomacromolecules. Some early works on this direction have underscored the feasibility and
promises of this approach. For example, Shinkai et al.6 demonstrated that a uracil-appended
cholesterol gelator not only showed excellent ability of self-assembly in most of organic
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solvents, but also displayed an increased stability of the molecular assembly (in the form of
gels) by complementarily binding to oligonucleotide DNA via base-pairing. Shimizu et al.7

reported that nucleotide-appended bolaamphiphiles are capable of gelling water very
effectively through the self-assembly that forms a fibrous network, and are able to form
supramolecular helical nanofibers in the presence of specific target DNA. Barthelemy et al.8

described that uridine phosphocholine amphiphiles self-assemble into diverse
supramolecular structures including vesicles, fibers, hydrogels, and organogels. Inspired by
those pioneer works, we have recently demonstrated that the integration of nucleobase,
amino acid, and glycoside leads to a new supramolecular system that exhibits diverse
structural morphologies in nanoscale (e.g., nanoparticles, nanofibers, or other
nanostructures) and has useful biological properties (e.g., biostability, biocompatibility, and
the ability to bind and transport DNA into live cells).9 The above-mentioned works not only
generated the structural mimic of biological system, but also proved the feasibility of using
the self-assembly of small molecules to achieve the functions of biomacromolecules.
Moreover, the conjugates of nucleobase, amino acid, and glycoside provide a unique
opportunity for a systematic exploration of the self-assembly of small molecules because it
is relatively easy to vary any individual segment and to generate a large number of different
molecules for self-assembly.

To explore the strategy for expanding the current repertoire of building blocks and
generating supramolecular assemblies from biomolecules, and to produce more functional
supramolecular hydrogels with biological functions for biomedical applications, we design
and synthesize molecules that contain a nucleobase (e.g., adenine, guanine, thymine, or
cytosine), a tetrapeptide (e.g., Phe-Arg-Gly-Asp) or a pentapeptide (e.g., Phe-Phe-Arg-Gly-
Asp), and a glycoside (e.g., D-glucosamine) via covalent bonds, and successfully obtain a
new class of hydrogelators (Scheme 1) that self-assemble in water to afford supramolecular
nanofibers and hydrogels. We specifically include Arg-Gly-Asp (RGD) in the peptide
segment because RGD, besides as a tripeptide motif responsible for cell adhesion through
the selective binding to αvβ3 and αvβ5 integrins,10 is able to help target drugs and
diagnostic agents to cancer cells that overexpress integrins.11 Our results show that the
designed molecules (1 and 2, Scheme 1) act as hydrogelators that self-assemble in water to
form nanofibers and produce hydrogels at the concentration of 3.0 wt% and proper pH.
Moreover, the inclusion of glucosamine at the C-terminal of the peptides increases the
ability of the hydrogelators to resist enzymatic digestion if the peptide sequences are
appropriate. This work illustrates a simple and systematic approach for making a large array
of potentially biostable and multifunctional hydrogelators for applications that require long-
term biostability.

Results and discussion
Scheme 2 shows the synthesis of 1T and 2T via the combination of solid phase synthesis
and simple coupling reactions in solution phase. Following the protocols reported for
making protected peptide fragments,12 we first prepare thymine-Phe-Arg(Pbf)-Gly-Asp(tBu)
and thymine-Phe-Phe-Arg(Pbf)-Gly-Asp(tBu) using Fmoc-amino acids and thymine acetic
acid. Starting from 2-chlorotrityl resin, the peptide chain is extended from the C-terminal
towards the N-terminal through step-by-step peptide chain elongation procedure. After
condensations of the peptides with thymine acetic acid, we cleave the protected
nucleopeptides fragments from the resin and obtained 3 and 4 in 70–80% yield. After being
activated by N-Hydroxysuccinimide (NHS), thymine-Phe-Arg(Pbf)-Gly-Asp(tBu) or
thymine-Phe-Phe-Arg(Pbf)-Gly-Asp(tBu) reacts with D-glucosamine, to give the
intermediate compounds 5 and 6; the subsequent removal of the protecting groups from
them by the addition of trifluoroacetic acid (TFA) gives the hydrogelator 1T or compound
2T in a fair total yield. The syntheses of other hydrogelators (i.e., 1A, 2A, 1C, 2C, 1G and
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2G) use other protected nucleobases (i.e., (N6-bis-Boc-adenine-9-yl)-acetic acid, (N4-bis-
Boc-cytosine-1-yl)-acetic acid, and (N2-bis-Boc-guanine-9-yl)-acetic acid) (Fig. S1, S2, S3),
which are prepared according to the procedures of making nucleobase acetic acids reported
by Nieddu.13

The synthesis of 1 and 2 allows us to test their abilities to form hydrogels in water. All the
molecules, except 2T and 2G, behave as small molecule hydrogelators and self-assemble to
form hydrogels at the concentration of 3.0 wt% (Table 1). Typically, they have good
solubility and give clear solutions in water at a slightly basic condition or raised
temperature. The solutions turn into stable hydrogels (Fig. 1) upon the change of their pH to
different values. For example, hydrogelator 1T or 1C can form a transparent hydrogel at pH
4.0, and hydrogelator 1A or 1G can afford a semi-transparent hydrogel at pH 7.4. 2C
produces a semi-transparent hydrogel at pH=4.0, and hydrogelator 2A self-assembles in
water to form a semi-transparent hydrogel at pH around 4.0. The different optical
appearances of the hydrogels, as well as the pHs for hydrogelation, between 1T, 1C, 1A,
1G, 2C, and 2A suggest the difference of the self-assembly of these hydrogelators, which
probably arises from that purine bases favor the formation of Hoogsteen base pair and strong
π-π interaction of purine nucleobases due to two fused five- and six-member heterocyclic
rings. Interestingly, 2T and 2G fail to form hydrogels under the condition tested, suggesting
that the additional phenylalanine group in 2T and 2G (comparing to 1T and 1G) may
disfavor the self-assembly. By following the study of Ulijin et al. on pKa shifts with
supramolecular self-assembly14, we calculate the pKa value of carboxylic acid group on the
side chain of aspartic acid using SPARC web calculator. The pKa values of the carboxylic
groups all are around 3.84, suggesting that hydrogelators exist as carboxylates at the pH
higher than 3.84 and also favor ionic association. These results confirm that the covalent
connection of nucleobase, RGD peptide, and glycoside offers a valid, simple approach to
construct new supramolecular hydrogelators.

Since supramolecular hydrogelation usually associate with the generation of one-
dimensional nanostructures, which physically cross-link and entangle with each other to
form a fibrous three-dimensional network as the matrices of the hydrogels, we use
transmission electronic microscope (TEM) to image the nanostructures formed by the self-
assembly of the hydrogelator 1 or 2 in water. To prepare the TEM samples, we incubate 10
μL of the sample from the hydrogel on a carbon-coated copper grid, followed by removing
the excess solution. The grid is negatively stained with 2.0% (w/v) uranyl acetate.15

According to the TEM images shown in Fig. 2, each hydrogelator self-assembles into high-
aspect-ratio nanofibers with several micrometers in length and tens of nanometer in width.
These well-defined fibrous nanostructures also form bundles to give a hierarchical
organization (Fig. S4), indicating that the presence of ionic complementary peptide (RGD
segment) may contribute to the formation of the bundles while the difference in the
nucleobases may lead to the difference in the morphology and polymorphism of the
nanofibers (Table 1). For example, 1T self-assembles to form three different kinds of
straight nanofibers, including a large amount of thin single fibers, untwisted nanoribbons
formed by parallel association of single fibers, and small quantities of twisted, helical
nanofibers. The thin single nanofibers have widths about 15 nm and length over microns. In
contrast, the widths of the untwisted nanoribbons range from 25 nm to 50 nm, and the
helical nanofibers is twisted along the fiber long axis with a diameter of 23 nm and a helical
pitch of 220 nm. Being different from that of 1T, the TEM images from the assembly of 1A
show short nanoribbons that aggregate with a width of tens of nanometers to one hundred
nanometers and a length of several micrometers. The enlarged images of TEM indicate that
the nanoribbons of 1A contain lamellar structures or bundles of parallel nanofibers. TEM
images of 1C reveal three self-assembled nanostructures in the hydrogel: individual
nanofibers, bundles of two parallel nanofibers, and double helical nanofibers. The single
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fibers have lengths about several micrometers and uniform widths around 10 nm. The
widths of bundles of two parallel nanofibers are about 20 nm, and the double helical
nanofibers consist of two single fibers, which twist along the fiber long axis with a diameter
of 18 nm and a helical pitch of 85 nm. The hydrogel of 1G contains both short and long
fibers with 12 nm in diameter and tens of nanometers to several micrometers in lengths.
Two long single nanofibers tend to aggregate together through parallel association to form
nanobundles with a width of 16 nm. The easy observation of short nanofibers aggregated
from hydrogelator 1A and 1G implies that the presence of purine nucleobase containing two
fused five- and six-member heterocyclic rings favors relatively strong π-π interactions and
molecular self-assembly, possibly resulting in more nucleating sites, and these nanofibers
stop growing when they meet each other rather than continue to grow on top of each other at
the junctions of the fibers. The self-assembly of 2A at pH 4.0 affords a large quantity of
bundles of nanofibers that have widths of tens of nanometers and a length of hundreds of
nanometer to several micrometers, in addition to a small quantity of individual thin
nanofibers with a diameter of 7 nm and a length of hundreds of nanometers. The hydrogel of
2C consists of nanofibers, nanobundles and helical nanoribbons. The nanofibers have widths
of about 10 nm and lengths of around hundreds of nanometers, the nanobundles are
composed of untwisted lamellar structures or aggregates of nanofibers by lateral
associations, and the helical nanoribbons self-assemble from the twisted structures in a
diameter of 26 nm and a helical pitch of 39 nm. Although 2G fails to form a hydrogel, TEM
image of the viscous solution of 2G shows two kinds of nanostructures: individual thin
nanofibers which have a width of 6 nm and a length of hundreds of nanometers, and a small
amount of nanobundles with 16 nm in diameter and several micrometers in lengths,
indicating the self-assembly of 2G in the solution.

In order to investigate their viscoelastic properties, one of the essential features of hydrogels,
we perform dynamic rheology experiments to study the viscoelasticity of hydrogels 1 and 2.
The viscoelastic behavior of a hydrogel gives two key parameters, storage modulus (G′) and
loss modulus (G″), to indicate, respectively, the ability of the deformed hydrogel to restore
its original geometry and the tendency of a material to flow under exerted stress. For a gel
material, G′ is greater than G″, indicating the dominant elastic behavior of the system. In
the oscillatory strain sweep experiment, we monitor the variation of storage modulus and
loss modulus as a function of strain under a constant frequency 10 rads−1. The hydrogels
exhibit typical solid-like rheological behavior with the storage moduli (G′) greater than the
loss moduli (G″) within the investigated oscillating strain limit, and the storage moduli
show linear viscoelastic responses between 0.1 and 1.0%, providing the elastic properties of
hydrogels made of 1T, 1A, 1C, 1G, 2A, and 2C, respectively. Fig. 3 shows the strain sweep
profiles of elastic moduli (G′) and loss moduli (G″) at 25 °C. For example, hydrogel 1T
exhibits the highest storage modulus of 35.0 kPa among the hydrogels tested in this work,
the hydrogels of 1A and 2A possess relatively high storage moduli of 17.0 and 6.0 kPa,
respectively, and the hydrogels of 1C, 1G, and 2C show much lower storage moduli of 2.3,
2.1, and 2.4 kPa, respectively (Table 1). The value of critical stain (γc, the strain amplitude
at which G′ begins to decrease by 5% from its maximum value) also reflects the stability of
hydrogels to strain. The critical strain (γc) is the measurement of the minimum strain
amplitude at which storage moduli just begins to decrease by 5% from its maximum value.
It derives from the storage-strain profiles of the hydrogel sample when the strain increases
from 0.1 to 10% (10 rad/s and 25°C). Over a certain strain, the elastic modulus starts to
decrease, and the strain amplitude at the onset of decrease to 5 % of decrease from its
maximum value is the critical strain of the hydrogels, which corresponds to the breakdown
of the cross-linked network in the hydrogel sample.16 For example, hydrogels of 1A and 1G
show the critical strain values of 0.8 %; the hydrogels of 1T, 1C, 2A, and 2C exhibit the
relatively low critical strain values at 0.5, 0.5, 0.6, and 0.6 %, respectively (Table 1). The

Li et al. Page 4

Soft Matter. Author manuscript; available in PMC 2013 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



oscillatory frequency sweep experiment help further characterize the strengths of the
hydrogels (at 0.1–200 rad/s, a strain of 0.4 %, and within the linear regime). The G′ and G″
values measured in the frequency sweep experiment agree with those obtained from the
strain sweep measurement, suggesting the reproducibility of both moduli and the formation
of stable hydrogels from hydrogelator 1T, 1A, 1C, 1G, 2A, and 2C, respectively (Fig. S5).

Supramolecular hydrogels, made from small peptides or short L-amino acid sequences,
usually are susceptible to biodegradation through hydrolysis catalyzed by proteolytic
enzymes.3, 17 Such an inherent susceptibility towards enzymes shortens the in vivo lifetime
of these peptide-based hydrogels, thus reducing their efficacy and limiting their scope of
applications that require long-term bioavailability.18 Therefore, many efforts have focused
on designing and synthesizing peptidomimetic molecules to achieve prolonged or controlled
stability and bioavailability. Besides peptidomimics,19, 20 it is also possible to employ
glycosylation, a strategy used in biological systems, at the C-terminal of amino acids/
peptides for enhancing the stability of the hydrogelators without comprising functions, thus
developing biostable and multifunctional hydrogels for applications that require long-term
biostability.9, 21 To examine the biostability of 1 and 2, we incubated hydrogelators 1T, 1A,
1C, 1G, 2A, 2C, and compound 2T and 2G with proteinase K, a powerful protease that
degrades a wide range of peptidic substrates.20, 22 As shown in Fig. 4A, more than 45 % of
1T, 52% of 1A, 37 % of 1C, and 50% of 1G remain intact after 24 hrs of incubation with
proteinase K. Compared with thymine-FRGD, the nucleopeptide without the conjugation of
glycoside hydrolyzes completely in 4 hours after the treament with proteinase K (Fig. S6),
and these results demonstrates that the incorporation of glycoside renders hydrogelators 1 to
be fairly resistance to enzymatic digestion. However, 100% of hydrogelator 2A and 2C, and
compound 2T hydrolyzes in 12 hours, and more than 96 % of 2G degrades after 24 hour
upon the same treatment (Fig. 4B), indicating the low proteolytic resistance of 2, likely due
the longer peptide backbone of 2 and poor tendency to self-assemble to form nanostructrues.
We exmanined the biostability of the conjugates in solution state with the concentrations of
0.2 wt%, which are much lower than the gelation concentration (3.0 wt%). This excludes the
possibilities that the formation of the supramolecular hydrogels slow down the degradation
of the conjugates, thus validating the protective effect conferred by the attachment of
glucosamine.

Conclusions
By integrating nucleobase, RGD, and glycoside, we generate a new kind of biostable and
biofunctional hydrogels for applications that require long-term biostability. The
incorporation of RGD into hydrogelators affords the hydrogels with inherent functionality to
bind with live cells through αvβ3 and αvβ5 integrin receptors;23 the attachment of glycoside
at the C-terminal not only improves the biostability of the hydrogels, but also allows the
self-assembled glycoside to mimic polysaccharides that are the important components of
extracellular matrices. For example, hydrogelator 1A or 1G can self-assemble to form stable
hydrogels at physiological conditions (pH=7.4), which promise a variety of potential
applications, including 3D cell culture, tissue engineering, and drug delivery, which are the
subject under continuing exploration. From the systematical evaluation, we find that the
conjugation of different nucleobase, FRGD (tetrapeptide), and glucosamine generates stable
supramolecular hydrogels with fair biostability to resist proteinase K digestion (Table 1).
The integration of FFRGD (pentapeptide) with nucleobases and glucosamine, however, fails
to increase biostability. These results underscore the limitation of the predication of the
properties of hydrogels from molecular structures, but highlights the importance of the
synthesis and experimental evaluation of the supramolecular hydrogels. Nevertheless, this
study not only generates new hydrogelators for making gel biomaterials, but also contributes
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to the rational design of the building blocks for supramolecular nanofibers/hydrogel
formation from small bioactive molecules.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Optical images of the hydrogels of 1T (pH=4.0), 1A (pH=7.4), 1C (pH=4.0), 1G (pH=7.4),
2A (pH=4.0), 2C (pH=4.0), and the solution of 2T (pH=4.0) and 2G (pH=4.0). All are at 3.0
wt%.
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Fig. 2.
Transmission electron micrograph (TEM) of the negative stained hydrogels of 1T, 1A, 2A,
1C, 2C, and 1G and the solution of 2T and 2G. Scale bar = 100 nm, and the concentration
and pH value for each of them are as same as in Fig. 1.
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Fig. 3.
(A) Strain dependence of the dynamic storage moduli (G′) and the loss moduli (G″) of the
hydrogels of 1T, 1A, 1C, 1G shown in Fig. 1; (B) strain dependence of the dynamic storage
moduli (G′) and the loss moduli (G″) of the hydrogels of 2A and 2C shown in Fig. 1.
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Fig. 4.
(A) The time-dependent course of the digestions of (A) hydrogelators of 1T, 1A, 1C, and
1G; (B) hydrogelators of 2A, 2C, and compound 2T and 2G by proteinase K.
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Scheme 1.
The molecular structures of the hydrogelators 1 and 2 consisting of nucleobase, RGD
peptides, and glycoside.
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Scheme 2.
The synthetic routes of the hydrogelators 1T and 2T.
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