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We report the co-assembly of aromatic carbohydrate and dipeptide amphiphiles under physiological
conditions as a strategy to generate minimalistic proteoglycan mimics. The resulting nanofibers present
a structural, fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF) core and a functional carbohydrate
(Fmoc-glucosamine-6-sulfate or -phosphate) shell. The size, degree of bundling and mechanical
properties of the assembled structures depend on the chemical nature of the carbohydrate amphiphile
used. In cell culture medium, these nanofibers can further organize into supramolecular hydrogels. We
demonstrate that, similar to proteoglycans, the assembled gels prolong the stability of growth factors
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Introduction

Molecular self-assembly is a versatile bottom-up approach for
the design and synthesis of functional biomaterials."® The
main advantage of this approach is the possibility to create
structural and functional biomimetics with simple and
systemically customizable compositions.>* As an example,
bioactive peptide amphiphiles (PA) of varying complexity have
been used as simple functional analogues of various proteins.>™*
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the design of extracellular matrix (ECM) substitutes for future regenerative therapies.

These building blocks can code specific biochemical informa-
tion and transfer it to the surrounding (biological) environ-
ment. Glycosylation, the process of functional decoration of
proteins with carbohydrate chains, is the most common post-
translational modification that diversifies the roles of proteins
by instructing their folding and by activating specific recogni-
tion events and different signalling pathways.® Attached carbo-
hydrate chains can also have a protective role which contributes
to the stability and activity of proteins.®” So far, these diverse
roles of carbohydrates have received little attention, compared
to peptides, in the design of molecular self-assembling blocks
for the synthesis of functional supramolecular gels.***

Aiming to develop extracellular matrix (ECM) mimics, recent
studies introduced the use of peptide amphiphiles (PAs) end-on
functionalized with carbohydrate moieties.*** Upon assembly
of such amphiphiles, the carbohydrate units are exposed on the
surface of the assembled fibre and are able to participate in
multivalent biospecific interactions. While this approach seems
straightforward for generating supramolecular mimics of
proteoglycans, the introduction of the carbohydrate unit is
challenging in terms of PA synthesis and assembly as it may
disturb the delicate balance of forces governing the process of
self-organization.'>*

Multicomponent co-assembly offers a possibility to expand
the chemical diversity and functional complexity of supramo-
lecular systems without compromising the simplicity of the
building blocks.” The feasibility of this approach has been
demonstrated by a combination of different PAs.">™® We
hypothesized that a similar strategy can also be applied for co-
assembly of simple carbohydrate amphiphiles (CAs, 1) and their
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Schemel (A) Chemical structures of the carbohydrate amphiphiles (1)
and the peptide analogue Fmoc-FF (2). (B) Schematic representation
of the assembly of the individual components (1) and (2) in water
resulting in the formation of micelles and nanotapes, respectively. (C)
Co-assembly of (1) and (2) to form carbohydrate functionalized
peptide nanotapes and supramolecular hydrogels. Green dots repre-
sent divalent cations.

peptide analogues (2) and the result will be a synergistic
modular system mimicking proteoglycans (Scheme 1).

The range of carbohydrates found in biological systems
provide a rich library of water soluble, chiral building blocks.*
Simple carbohydrate amphiphiles (CAs) functionalized with
aromatic moieties such as naphthalene and fluorenylmethox-
ycarbonyl (Fmoc) have been recently developed and shown to
form self-assembled structures.>*>* However, the amphiphiles
bearing the naphthalene unit do not form gels and the ones
functionalized with Fmoc require a heating—cooling cycle or
a specific enzymatic stimulus to enable the formation of gels
under physiological conditions.>***

Herein, we describe bi-component systems, in which
fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF) provides
the structural component, while Fmoc-carbohydrate is the
solvent-exposed functional element, which can be systemati-
cally exchanged (Scheme 1). We demonstrate that these
modular materials combine the simplicity of small molecules
with the versatility and biofunctionality of glycans and proteins,
respectively.

Results and discussion

Self-assembly of aromatic carbohydrate amphiphiles (1) and
Fmoc-FF (2)

The amphiphiles Fmoc-glucosamine-6-sulfate (GlcN6S, 1b) and
Fmoc-glucosamine-6-phosphate (Fmoc-GIcN6P, 1c¢) were ob-
tained from the respective glucosamines in a single-step reac-
tion using an excess of Fmoc chloride (details on the synthesis
and chemical characterization of the amphiphiles are provided
in the ESI, Fig. S1-S131).
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Fmoc-GlcN (1a) is not soluble in water at room temperature.
Upon temperature rising (80 °C), it dissolves and organizes
spontaneously into nanofibers that, at room temperature, form
a highly hydrated scaffold (Fig. 1A).>° On the other hand, Fmoc-
FF (2) dissolves in water only at basic pH (~11) and self-
assembles upon pH decrease.”*>* The assembly of 2 is
controlled by peptidic hydrogen bonds that result in the
formation of B-sheet-like structures that are further stabilized
by aromatic - interactions, whilst the organization of 1a is
driven by a combination of CH-m and m-m (T-shape) stacking
interactions.?***2¢

We compared the properties of the formed assemblies by
AFM (Fig. 1B and C, black outlines) and found that the fibres
have a similar size but their Young's moduli are significantly
different: the PA 2 assembles in very rigid fibres (~16 GPa) that
have a 4-fold higher modulus than the ones obtained from the
carbohydrate analogue 1a (~4 GPa).
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Fig. 1 Characterization of single (10 mM) and bi-component (ratio
PA : CA 2 :1) assemblies: (A) AFM images; (B) fibre diameter and (C)
Young's modulus of the assembled fibres measured by AFM; (D) CD
spectra of the PA Fmoc-FF (2), its CA analogues Fmoc-GIcN6S (1b) and
Frmoc-GIcN6P (1c), and the respective co-assemblies; (E) FTIR spectra
of the precursor amphiphiles and their co-assemblies. Statistically
significant differences (p < 0.01) are marked with (*). Of note, Fmoc-
GlcN (1a, 10 mM) was dissolved at 80 °C and the solution gels upon its
cooling to room temperature and thus, AFM analysis was performed
on the gel.

This journal is © The Royal Society of Chemistry 2019
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The co-assembly of 2 and 1a is challenging as both
compounds have limited solubility in water and dissolve under
different conditions. We functionalized 1a with polar groups
aiming to improve the solubility and to impart relevant func-
tionality. Sulphate groups (1b) were chosen because of their
biological relevance: most ECM glycosaminoglycans are sulph-
ated and they interact specifically with other biological entities
(involved in cell-cell and cell-ECM interactions) depending on
their sulphation patterns.® On the other hand, carbohydrates
internalized by cells are activated via their functionalization
with phosphate groups and thus, we have also chosen this
functionality (1c). As expected, incorporation of these func-
tional groups resulted in improved solubility and affected the
assembly of Fmoc-GIcN6S (1b) and Fmoc-GIcN6P (1c): the
introduced polar, negatively charged groups cause electrostatic
repulsion between the modified CA, thus disturbing the unidi-
rectional assembly observed for 1a. Such Coulomb forces favour
self-assembled morphologies with a high surface to volume
ratio. Indeed, 1b and 1c form micellar assemblies with negative
zeta potentials (—112.0 £ 23.7 mV for 1b and —74.4 £+ 5.3 mV for
1c), indicating that the sulphate group of 1b and the phosphate
group of 1c are displayed on the surface of the micelles formed
in water (Fig. 1A). Of note, the micelles of 1c are bigger than the
ones assembled from 1b due to the different Coulomb forces
(Fig. S177). The circular dichroism (CD) analysis supports the
formation of micellar assemblies: no signals were observed in
the CD spectra of 1b and 1c (Fig. 1D).

Co-assembly of 2 with either 1b or 1c was performed in water
at room temperature. The respective amphiphiles were dis-
solved at basic pH (~11) at different ratios (i.e. PA: CAof 2 : 0.5,
2:1, 2 :2) but transparent solutions were observed only for the
ratios 2 : 0.5 and 2 : 1 (Fig. S1471). The pH was then adjusted to 8
by drop-wise addition of HCI. CD spectra of these solutions were
recorded 24 h after the pH adjustment and indicated the
formation of assemblies that clearly differ from 2 (Fig. 1D and
S187). The peak at 204 nm is associated with the m-7* transi-
tion and is clearly observed for all systems that contain 2.
Formation of a superhelical arrangement (n-mc* transition) is
shown by the signal at 225 nm in the spectrum of 2.>**” A blue
shift of this peak, observed in the mixed systems (217 nm for
2/1b and 220 nm for 2/1c), indicates changes in the superhelical
structure.”®?® This shift was concomitant with polarity changes
upon addition of CAs and increased intensity especially for 2/1c,
indicating co-assembly of the CAs with 2. Signals associated
with the t-7t* transition of the Fmoc groups (the signal with the
maximum at 278 nm and the peak at 306 nm in the spectrum of
2, Fig. 1D) are also blue-shifted in the spectra of the mixed
systems confirming co-assembly.””

TEM and AFM characterization corroborated the CD and
fluorescence data. The co-assembled fibres differ from the
single component fibres in several aspects: both 2/1b and 2/1c
fibres are bundled (and appear branched), thicker and less stiff
than the Fmoc-FF fibres (Fig. 1A-C and S16, S207). Furthermore,
the co-assembled fibres have higher Young's moduli compared
to the single component CA (1a) fibres, i.e. the co-assemblies
have intermediate mechanical properties when compared
with the PA and CA single component fibres. FTIR spectroscopy

This journal is © The Royal Society of Chemistry 2019
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was also performed to characterize the co-assemblies
(Fig. 1E).>*3* Absorptions at 1625 and 1687 cm™ " are associ-
ated with the formation of H-bonding by Fmoc-peptide amide
and carbamate groups.** As expected, these peaks are missing in
the spectra of CA (1b and 1c) solutions. On the other hand, the
amide I peaks are clearly observed for the co-assembled systems
(2/1b and 2/1c) demonstrating that the B-sheet structure
remains intact in the presence of the CA although the lower
intensity of these peaks suggests that a degree of intercalation
might have occurred.

Previously, different models for assembly of two-component
systems have been proposed.'®*”?* Our results (AFM; CD and
FTIR spectra) indicate that 2 co-assembles with 1b and 1c into
core-shell nanofibers with the carbohydrate moieties exposed
on the surface. Such co-assembly would involve intercalation
between the Fmoc moieties of the CA and PA on the formed
fibre surface (Scheme 1B), thus shielding the hydrophobic Fmoc
while exposing the carbohydrate unit.** We studied the surface
charge of the formed nanofibers in order to confirm this orga-
nization (Table S11). The value determined for 2 was —0.04 mV,
which agrees with our previous work showing that the apparent
PK, of the terminal carboxylic acid in 2 is substantially shifted
due to the favoured self-assembly of the uncharged form.* The
co-assembled systems 2/1b and 2/1c have negative zeta poten-
tials, —56.0 + 1.5 mV and —55.4 + 6.1 mV respectively. As ex-
pected, the absolute values are smaller than the ones of the
precursor CAs due to the lower density of the functional groups
on the co-assembled fibres as compared with the single
component micelles. These results further confirm our
hypothesis for co-assembly resulting in the formation of
systems with a peptide-based core and carbohydrate shell.

Characterization of the supramolecular gels

Upon contact with cell culture medium (pH 7.4), the PA 2 and its
co-assemblies with the CAs form self-sustained macroscopic
gels (Fig. 2A).

We used an AFM to analyse the gels and observed a typical
entangled fibrous network for all studied compositions (Fig. 2B
and S21%). However, two major differences can be observed in
the AFM images: fibres of 2 are thinner and more entangled
compared to the ones generated by co-assembly (2/1b and 2/1c).
These differences are also reflected in the viscoelastic properties
of the gels: mixed systems form more robust gels in all studied
media (Fig. 2C and S237). Previous studies have demonstrated
that gelation of similar PA systems can be either pH- or salt-
triggered via the formation of salt bridges between the anions
exposed on the fibre surface (Scheme 1C).**** Our rheological
studies confirmed that these stabilizing interactions are also at
play in our current system: upon reduction of the pH by adding
Dulbecco's Phosphate-Buffered Saline (DPBS, pH 7.4, only
monovalent cations), we observed the formation of soft gels.
The moduli of the formed gels increased significantly in the
presence of divalent Ca*>* cations (Fig. 2C, DPBS + CaCl,). This
difference depends on the anions exposed on the fibre surface
and we observed the following order HPO,> /H,PO,~ (2/1c 3.3-
fold increase) > SO,>~ (2/1b, 3-fold increase) > COO™ (2, 2.7-fold

Chem. Sci,, 2019, 10, 2385-2390 | 2387
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Fig.2 Characterization of the formed gels: (A) optical images showing
the macroscopic integrity of the gels after formation in cell culture
medium (DMEM) at 37 °C (0D) and after immersion for 21 days under
the same conditions (21D); (B) tangled nanofibrous structures
observed using an AFM; (C) mechanical properties of the gels deter-
mined by rheology. DPBS: Dulbecco’'s Phosphate-Buffered Saline
(with no Ca?* and Mg?*); DMEM: Dulbecco's Modified Eagle's Medium;
DMEM was supplemented with 10% fetal bovine serum.

increase). These results confirmed that the carbohydrate units
are exposed on the fibre surface.

After confirming the exposure of the carbohydrate units on
the fibre surface and their ability to form gels under physio-
logical conditions, we evaluated the bioactivity of the generated
co-assemblies by their ability to interact specifically with
proteins. We designed two experimental setups to evaluate two
fundamental roles of proteoglycans in the ECM: the ability of
the assembled gels to protect growth factors and to host cells.

Interactions of the supramolecular gels with basic fibroblast
growth factors (FGF-2)

Basic fibroblast growth factor (FGF-2) is a glycoprotein that has
a pleiotropic effect in different tissues and organs: it is crucial
for processes such as angiogenesis, development, wound heal-
ing, cell survival and differentiation, among others.*>*¢ It is also
known for its thermal instability: it loses most of its activity after
24 h of incubation at 37 °C (Fig. S241).*” In its native environ-
ment - the pericellular space — FGF-2 interacts specifically with
cell surface proteoglycans, which protect it from degradation
and aggregation.® Electrostatic interactions and hydrogen
bonding are the main driving forces for the formation of
proteoglycan-FGF-2 complexes.***® Proteoglycan charge density
is crucial for these interactions as basic amino acid residues in
the growth factor, usually ordered in Cardin-Weintraub
sequences, are the main contributors to the formation of the
complexes.**® Indeed, addition of heparin (the most negatively
charged natural biomolecule) or heparan sulphate to the FGF-2
incubation media prolongs its activity.*”**** We therefore tested
the developed systems for their capacity to protect FGF-2 and
preserve its bioactivity under physiological conditions (Fig. 3).°
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Fig. 3 Interaction of one- and bi-component supramolecular

hydrogels with FGF-2: (A) bioactive FGF-2 (green) distribution and
stability within the gels demonstrated for O and 7 days by confocal
imaging and immunostaining. Of note, FGF-2 was not homogenised
intentionally to facilitate the visualization of the growth factor by
fluorescent microscopy; (B) SDS-PAGE analysis of FGF-2 entrapped
(0D) and preserved in the hydrogel after 7 days.

We added the growth factor into the gels (details are provided in
the ESIT) and the successful encapsulation was confirmed by
immunostaining and SDS-PAGE (Fig. 3, 0D). Of note, immu-
nostaining allows visualisation only of active FGF-2 as it is
based on the recognition of the growth factor by a specific
antibody with a fluorescent tag. The gels with the encapsulated
growth factor were maintained under standard cell culture
conditions (DMEM at 37 °C) for 7 days and then characterised
again (Fig. 3, 7D). Our results demonstrated that mixed systems
(2/1b and 2/1c) protect better the FGF-2 from degradation when
compared to the non-functionalized peptide nanofibers (2):
stronger co-localization (Fig. 3A) and more protein (Fig. 3B) are
visible for the FGF-2 loaded in the co-assembled gels after 7
days. Moreover, ELISA tests did not show any release of the
growth factor to the surrounding media for this period of time.
These results indicate that FGF-2 is simply entrapped in the
Fmoc-FF gel and thus, attainable for degradation (although
slower as compared with free FGF-2). On the other hand, in the
mixed systems, FGF-2 interacts with the carbohydrates exposed
on the fiber surface, thus copycatting the natural proteoglycan
protection mechanism.

Cytotoxicity of the supramolecular gels

Next, we tested the ability of the gels to support viable cells.
Initially, we used L929 cells that are recommended for standard
in vitro cytotoxicity tests. Our results demonstrate that cells
remain viable either when they are seeded on top of the gels

—~

This journal is © The Royal Society of Chemistry 2019
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100 um

Fig. 4 Live/dead assays for L929 cultured (A) on top of the gels or (B)
encapsulated within the gels for 48 h. Dulbecco’'s Modified Eagle's
Medium (DMEM) was used for these tests.

(Fig. 4A and S277) or when they are encapsulated inside the gels
(Fig. 4B and S277%). Chondrogenic cell line ATDC5 (Fig. S257)
and epithelial HeLa cells (Fig. S267) were also tested with the
assembled materials to prove their versatility. In all the cases,
we observed a majority of viable cells (Fig. S277). The culture of
these cell lines requires the use of media supplemented with
proteins (10% fetal bovine serum, FBS) that can affect the
mechanical properties of the gels.** Our results demonstrated
that indeed the presence of proteins affects significantly the
storage moduli of the gels: when DPBS supplemented with
CaCl, was replaced with DMEM (the same Ca®" concentration)
supplemented with FBS we observed a significant decrease of
the storage moduli, especially for the co-assembled systems
(Fig. 2C and S23%). Of note, the substitution of DMEM with
DMEM/F12 does not induce any significant change in the
mechanical properties of the gels (Fig. S2371). These data suggest
that the proteins from the medium interact with the mixed
systems and disrupt partially the ionic crosslinking bridges
between different nanofiber segments. As the mechanical
properties of the assembled gels under cell culture conditions
are very similar, we suggest that the observed different number
of adherent/encapsulated cells is due to the different chemistry
of the generated supramolecular systems and their specific
interactions with the cultured cells.

Conclusions

We have successfully designed and synthesized supramolec-
ular, functional glycoprotein mimics by co-assembly of simple
building blocks. In addition to the simplicity of the building
blocks, the proposed approach has several other advantages:
the assembly is carried out under physiological conditions, and
the formed hydrogels are stable, non-cytotoxic and biofunc-
tional. We also demonstrated that by changing the chemical
design in a systematic way we are able to control the bio-
functionality and mechanical properties of the supramolecular
gels — features that are of key importance in the design of
materials for biomedical and tissue engineering applications.

This journal is © The Royal Society of Chemistry 2019
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