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Abstract

Here we report the examination of two convenient strategies, the use of a D-amino acid residue or
a glycoside segment, for increasing the proteolytic resistance of supramolecular hydrogelators
based on small peptides. Our results show that the introduction of D-amino acid or glycoside to
the peptides significantly increases the resistance of the hydrogelators against proteinase K, a
powerful endopeptidase. The insertion of D-amino acid in the peptide backbone, however, results
relatively low storage moduli of the hydrogels, likely due to the disruption of the superstructures
of the molecular assembly. In contrast, the introduction of a glycoside to the C-terminal of peptide
enhances the biostability of the hydrogelators without the significant decrease of the storage
moduli of the hydrogels. This work suggests that the inclusion of a simple glycogen in
hydrogelators is a useful approach to increase their biostability, and the gained understanding from
the work may ultimately lead to development of hydrogels of functional peptides for biomedical
applications that require long-term biostability.

Introduction

Supramolecular gels are the gels formed by the self-assembly of small molecules via
noncovalent molecular interactions in a solvent.! Made from short L-amino acid sequences
to possess inherent and excellent biofunctionality, biocompatibility and biodegradability,
small peptide-based supramolecular hydrogels®3 have received considerable attention and
made rapid progress in the past ten years for the development of biomaterials>* that serve as
scaffolds for tissue engineering,” matrices for biomineralization,® dressings for wound
healing,” media for protein chips® and drug delivery,” platforms for screening enzyme
inhibitors, !0 and components for enzyme mimetics.!! Being used in vivo, these small
peptide-based hydrogelators may degrade faster than desired because an array of
endogenous proteolytic enzymes catalyze the hydrolysis of peptide bonds. Obviously, such
an inherent susceptibility towards enzymatic hydrolysis shortens the in vivo lifetime of these
small peptide-based hydrogels, thus reducing their efficacy and limiting their scope of
applications when long-term bioavailability is required.!2

Because of the advantages and limitations of peptides described above, active efforts have
focused on designing and synthesizing non-peptide molecules that mimic the structures and
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functions of peptides or proteins to achieve prolonged or controlled stability and
bioavailability 7n vivo.'3 Among the reported works on peptidomimics,'# a large pool of
unnatural amino acids, such as D-amino acids!® and B-amino acids,!0 have received the
most intensive attention for achieving long-term biostability, including the use of D-amino
acids and B-amino acids for making hydrogelators.!”!® Though it is possible, it remains a
challenge to achieve the functions of native peptides using peptide analogues entirely made
of D-amino acids or f-amino acids because the changes of the stereochemistry of the
peptide motif, unavoidably, leads to the loss of functions. In nature, biological systems,
however, widely use glycosylation as a strategy to enhance the stability of proteins without
comprising the functions of the proteins, which implies that the incorporation of glycoside to
the C-terminal of amino acid/peptide should be an advantageous approach for developing
biostable and functional hydrogels for long-term applications.!*20 OQur preliminary works
have shown that the supramolecular hydrogelators made from D-amino acid derivatives
resist the enzymatic hydrolysis catalyzed by proteinase K and exhibit exceptional
biostability comparing to their L-amino acid counterparts.'8 This approach provides a
hydrogel that can serve as a medium for carrying bioactive molecules or therapeutics
agents.!8 Encouraged by the works used glycosides to form gels,”-2921 we found the
incorporation of a simple glycoside (e.g., glucosamine) to the C-terminal of short L-peptides
confers substantial resistance to proteolytic degradation relative to their unmodified peptidic
counterparts.20 These results, clearly, demonstrate that the incorporation of a D-amino acid
or a glycoside to the peptide backbone is a useful strategy for enhancing the resistance of the
peptide derivatives towards proteolytic digestions. Each of the approaches, however, still
has its own limitations. For example, the excessive utilization of D-amino acids or B-amino
acids often results in immunogenic response and limits their applications 7n vivo.2? The
employment of glycosylation, though being effective, still poses considerable challenge in
synthesis if there is a need of more elaborated glycosides. Thus, it is necessary to compare
these two approaches systematically for the development of the hydrogelators that have both
the desired functions and biostability.

In this work, we compared the incorporation of D-amino acids and the incorporation of B-
amino acids in the same small peptide hydrogelators and evaluated their effects on
biostability of the hydrogelators and the rheological behaviors of the corresponding
hydrogels. Our results show that a D-amino acid or a glycoside in the peptides significantly
increases the resistance of the hydrogelators against proteinase K, a powerful protease, but
the D-amino acid in the peptide backbone changes the configuration of the peptides,
apparently disrupts the superstructures of the supramolecular self-assemblies, and reduces
the elasticity of the hydrogels. On the other hand, the incorporation of glucosamine or
chondrosine to the C-terminal of peptide enhances the biostability of hydrogelators without
significant decrease of the elasticity of the hydrogels. This work suggests that the
incorporation of a simple glycoside to the C-terminal of peptides is a viable way to tailor the
stability of hydrogels in complex biological environment and provides useful insights for
ultimately expanding the ranges of applications of the hydrogels as biomaterials.

Results and Discussion

Scheme 1 shows the molecular structures and modular representations of the hydrogelators
based on two known supramolecular hydrogelators (1! and 523). Compound 1 enables
many other bioactive molecules to self-assemble in water when it covalently connects to
those molecules,2* and 5 represents a new class of hydrogelators that exhibit exceptional
biocompatibility.23 The replacement of the L-phenylalanine residue by a D-phenylalanine at
the N-terminal or the C-terminal of 1 gives the hydrogelators 2 or 3, respectively. The
addition of a disaccharide (e.g., chondrosine) to the C-terminal of 1 affords hydrogelator 4.
The addition of D-phenylalanine or glucosamine to the C-terminal of 5 results in
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hydrogelators 6 or 7, respectively. We used the previous reported procedures’-!8:2 to
synthesize the new hydrogelators (2, 3, 4, 6, and 7) shown in Scheme 1. Briefly, the
synthesis starts with N-hydroxysuccinimide (NHS) assisted coupling of 2-(naphthalen-2-yl)
acetic acid (Nap) with L-phenylalanine in two consecutive steps that afford 1. The use of D-
phenylalanine in the first coupling step or the second coupling step generates 2 or 3,
respectively. After being activated by NHS, 1 couples with chondrosine to form
hydrogelator 4. Based on the nucleopeptide (5), we combined solid phase synthesis and
simple coupling reactions in liquid phase to attach D-phenylalanine or D-glucosamine to the
C-terminal of 5 to obtain hydrogelators 6 or 7, respectively, in a fair total yield (Figure S1).

After the synthesis of the hydrogelators, we examined their ability to form hydrogels. All the
analogues of 1 or 5 synthesized in this work behave as hydrogelators to self-assemble in
water at proper pHs (Table S1) and concentrations to form the hydrogels. Figure 1 shows the
optical images of the hydrogels made of the analogues. As summarized in Table S1, similar
to hydrogelator 1, hydrogelators 2 and 3 have good solubility in water at a slightly basic
condition and turn into stable hydrogels upon the change of their pH to 7.0. The minimum
gelation concentrations of 2 and 3, are 1.0 and 1.5 wt%, respectively, which are higher than
that of hydrogelator 1 (0.6 wt%).2* This result suggests that the insertion of D-amino acid in
the peptide backbone changes the configuration of the peptides and apparently reduces the
intermolecular interactions of the hydrogelators for supramolecular self-assembly. Since the
attachment of D-glucosamine to the C-terminal of 1 gives a compound that has the solubility
too low to behave as a supramolecular hydrogelator,” we, in this study, attached chondrosine
to 1, to improve the balance between hydrophilicity and hydrophobicity for hydrogelation.
Indeed, hydrogelator 4 shows improved solubility in water and is able to form a stable
hydrogel at pH 4.0 and the concentration of 2.0 wt%. Containing multiple ionic groups,
molecules 5, 6, and 7 all exhibit good solubility in water at pH 7.0 and turn into stable
hydrogels at the concentrations of 3.0 wt% upon reducing the solution pH to 4.0.

Negative staining transmission electronic microscopy (TEM)2° helps reveal the
characteristic morphologies of the nanostructures formed by the self-assemblies of the
hydrogelators in the hydrogels of 2, 3, 4, 5, 6, or 7. Since the staining occurs after the
absorption of the nanofibers on the TEM grid, it is unlikely the staining agent would induce
the observed structures. As shown in Figure 2, hydrogelators of 2, 3, and 4 self-assemble
into high-aspect-ratio nanofibers with several micrometers in length and 8 nm, 11 nm, and
15 nm in width, respectively, showing resemblance to the morphology of the nanofibers of 1
(8.5+2.5 nm)# in the corresponding hydrogels. While the change of the C-terminal residue
of 1 to D-amino acid leads to little increase of the width of the molecular nanofibers, the
attachment of disaccharide at the C-terminal of 1 almost doubles the width of the molecular
nanofibers. These results suggest that the use of different motifs at the C-terminal of 1 can
be a useful approach for tailoring the nanostructures of the self-assembly of the analogues of
1. TEM images of the hydrogels of 5, 6, and 7 share a common feature of nanoribbons or
bundles of nanofibers, such as nanoribbons with 35 nm in width in hydrogel 5, bundles of
nanofibers (~26 nm) in hydrogel 6, and untwisted nanoribbons (~33 nm) in hydrogel 7
(Figure 2 and Table S1). The formation of the nanoribbons or bundles indicates the strong
interfiber interactions, likely originating from the presence of ionic complementary peptide
(i.e., arginine and aspartic acid residues in the RGD segment) on hydrogelators 5, 6 and 7. In
addition to nanoribbons or bundles of nanofibers, each of the hydrogels has its own
characteristic features. For example, hydrogel 5 mainly contains nanoribbons; hydrogels 6
and 7 have nanofibers of 8§ nm and 15 nm in widths, respectively. The TEM of hydrogels 5
and 6 also show large aggregates, which agrees with the opaqueness of the hydrogels 5 and
6. The polymorphism of the nanostructures in hydrogels 5, 6, and 7, reflects the diverse
intermolecular interactions and results in diverse nanostructures, which may provide a
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possible structural foundation for multiple functions from the hydrogelators consisting
different classes of building blocks.

The biostability test of the hydrogelators shows that hydrogelators 2, 3, 4, 6, and 7 exhibit
increased resistance towards the proteolytic digestion catalysed by proteinase K,27 a
powerful endopeptidase that degrades a wide range of peptidic substrates and dictates
various regulated cascades in biological processes. The concentration of each hydrogelator
in its solution is at 0.02 wt%, a concentration that is significantly lower than the critical
gelation concentration of the hydrogelators, so that there is little resistance contributed from
the hydrogelation. As shown in Figure 3, hydrogelator 2, in which the D-amino acid is at C-
terminal, exhibits the highest biostability to resist the enzymatic digestion; more than 92 %
of 2 remain after 24 hrs of incubation with proteinase K. When the D-amino acid is at the
middle of the hydrogelator (3), only 42% of 3 remain after the incubation with proteinase K
for 24 hrs. The presence of the chondrosine at the C-terminal of the hydrogelator 4 results in
a considerable increase of the resistance of 4 towards proteinase K (e.g., 57% of 4 remain
intact after 24 hrs of incubation with proteinase K). Comparing to the fact of complete
degradation of hydrogelator 1 within 4 hrs of proteinase K treatment, the use of D-amino
acid at the C-terminal of dipeptide-based hydrogelator could be an exceptional effective
approach to increase the resistance towards proteolysis. Unlike the case of 2, only 15% of 6
remain after 24 hrs of incubation with proteinase K, suggesting that the D-amino acid at the
C-terminal of 5 confers the limited proteolytic resistance to the hydrogelator. This result is
hardly surprising because proteinase K, as an endopeptidase, will likely have high
probability to catalyze the bond cleavages of longer peptides. Interestingly, almost half of
hydrogelator 7 remain after 24 hrs of incubation with proteinase K, which clearly proves that
the attachment of glycoside at the C-terminal of peptides is still an effective approach to
increase the biostability of the hydrogelators. Because hydrogelators 1, 2, and 3 have similar
hydrophobicity and morphology of their nanofibers, the difference of their proteolytic
resistance indicates that the hydrophobicity of the hydrogelators and the morphology of the
nanostructures, though may affect the rate of proteolysis, unlikely are the critical factor for
proteolytic resistance in the case of supramolecular hydrogels in which self-assembly and
disassembly are in equilibrium. In addition, since the biostability of the hydrogelators at the
physiological pH determines the biostability (not the physical stability) of the
supramolecular hydrogels in vivo, it is more relevant to evaluate the stability of the
hydrogelators at the physiological pH than at the pH of the hydrogelation.

The mechanical properties of peptide-based hydrogels are essential because the mechanical
strength or viscoelastic behaviors of the hydrogels directly affect their applications (e.g.,
modulating the differentiation of stem cells?®). Thus we used oscillatory rheology to assess
the elasticity of the hydrogels made of the hydrogelators. As shown in Figure 4 and Table
S1, the hydrogel formed by 2 or 3 shows liquid-like rheological behavior with the magnitude
of the storage moduli (G") close to the value of the loss moduli (G”) within the oscillating
strain limit investigated during strain sweep, which suggests the weak mechanical properties
of hydrogels of 2 and 3. The absence of a stable value for hydrogel 2 or 3 during frequency
sweep (Figure 4C) is consistent with the features of a weak hydrogel. Though the
rheological measurement indicates the hydrogels of 2 and 3 are weak gels when the
concentration of the hydrogelators at 1.0 wt%, it is feasible to enhance the strength of the
gels by the increase of the amount of hydrogelators 2 and 3. Containing the D-amino acid in
its peptide backbone, hydrogelator 6 also exhibits a considerable lower storage modulus
(G'=0.4 kPa) than that of its parent hydrogel (hydrogel of 5; G’ = 40 kPa). The frequency
sweep (Figure 4D) indicates that the storage modulus of the hydrogel of 6 is independent to
the frequency, suggesting that the hydrogel of 6 is solid-like. These results, collectively,
suggest that the incorporation of D-amino acid to the peptidic backbones likely causes the
distortion of their molecular packing, thus weakening the intermolecular interactions that are
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critical for the physical crosslinking of the nanofibers of the hydrogelators. On the other
hand, the attachment of the glycoside at the C-terminal of the peptides 1 or 5, results in little
drop of the storage moduli of the hydrogels 4 and 7. For example, hydrogel 7 exhibits
essentially same storage modulus as that of hydrogel 5. Although it is difficult to link the
rheology to the sequence, the only difference between 1 and 4 (or 5 and 7) is the addition of
glycoside. Therefore, it is reasonable to evaluate the effect of the addition of the glycoside to
the rheological properties since the peptide sequences remain the same between 1 and 4 (or
5and 7). As shown in Figure 4C and 4D, the G’ and G values measured in the frequency
sweep experiment are independent to the oscillatory frequency of the sweep, indicating the
elastic feature of the hydrogels 4 and 7. In addition, the storage modulus (G’) of hydrogel 4
is higher than its loss moduli (G”), suggesting a solid-like rheological behavior. These
results indicate that the attachment of glycoside at the C-terminal of peptides will be an
effective approach to construct supramolecular hydrogel with little compromise of the
elasticity of the resulting hydrogels.

Conclusions

By integration of a D-amino acid residue or a simple glycoside segment into the backbones
of small peptides, we developed two new types of biostable supramolecular hydrogels. Our
results suggest that the attachment of the glycoside to the C-terminal of peptides that have
more than two residues appears to be a more viable approach to enhance the biostability and
preserve the mechanical strength of the hydrogels. Unlike the use of oligomeric or
polymeric ethylene glycol (PEG) for increasing the biostability of molecules, the much
smaller size of a simple glycoside (comparing to PEG) causes little decrease of effective
collisions in the binding process. The results suggest that the use of a single glycoside for
extending the biostability of biofunctional hydrogels is a more attractive approach than that
of the use of PEG. Moreover, since there are various bioactive peptides or molecular
recognition motifs in nature, it is highly desirable to incorporate them in the hydrogelators to
form hydrogels for long-term applications. In fact, the RGD (Arg-Gly-Asp) motif in
hydrogelator 5, 6, and 7 is a well-established ligand to bind with cells through a3 and
a.,Bs integrin receptors,?? and the incorporation of glycoside to the C-terminal not only
improves the biostability of the hydrogels, but also offers a new way to use hydrogelators
like 7 to mimic the functions of glycoproteins, which is an area under our active
investigation.20-25
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Figurel.

Optical images of the hydrogels of (A) 2 (1.0 wt%, pH 7.0); (B) 3 (1.5 wt%, pH 7.0); (C) 4
(1.5 wt%, pH 7.0); (D) 5 (3.0 wt%, pH 4.0); (E) 6 (3.0 wt%, pH 4.0); and (F) 7 (3.0 wt%,
pH 4.0).
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Figure 2.
Transmission electron micrograph (TEM) of the negative stained hydrogels formed by (A)
2;(B) 3;(C) 4; (D) 5; (E) 6; and (F) 7 shown in Figure 1 (scale bar = 100 nm).
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Figure 3.
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The digestions of hydrogelators (A) 1, 2, 3 and 4; and (B) 5, 6 and 7 over the course of the
incubation with proteinase K for 24 hours. All the hydrogelators are at the concentrations of

0.2 wt%.
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Figure4

(Ag) Strain dependence of the dynamic storage moduli (G’) and the loss moduli (G”) of the
hydrogels of 2, 3 and 4 shown in Figure 1; (B) strain dependence of the dynamic storage
moduli (G’) and the loss moduli (G”) of the hydrogels of 5, 6 and 7; (C) frequency
dependence of the dynamic storage moduli (G’) and the loss moduli (G”) of the hydrogels of
2, 3 and 4 shown in Figure 1; (D) frequency dependence of the dynamic storage moduli (G”)
and the loss moduli (G”) of the hydrogels of 5, 6 and 7 shown in Figure 1.
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Scheme 1.
The molecular structures and the modular representations of the hydrogelators.
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