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' ' "\ Introduction
Abstract: Dynamic covalent chemistry (DCC) has

proven to be a valuable tool in creating fascinating
molecules, structures, and emergent properties in fully
synthetic systems. Here we report a system that uses two
dynamic covalent bonds in tandem, namely disulfides
and hydrazones, for the formation of hydrogels contain-
ing biologically relevant ligands. The reversibility of
disulfide bonds allows fiber formation upon oxidation of
dithiol-peptide building block, while the reaction be-
tween NH—NH, functionalized C-terminus and aldehyde
cross-linkers results in a gel. The same bond-forming
reaction was exploited for the “decoration” of the
supramolecular assemblies by cell-adhesion-promoting
sequences (RGD and LDV). Fast triggered gelation,
cytocompatibility and ability to “on-demand” chemically
customize fibrillar scaffold offer potential for applying
these systems as a bioactive platform for cell culture and
tissue engineering.

Currently, the field of materials science relies on a strategy
that involves understanding and mimicking of structures and
behaviors found in nature, to provide solutions in areas
ranging from medicine and energy to environmental sustain-
ability. In particular, synthetic biomaterials are being ex-
plored at a rapid pace, as they may have suitable properties
to be used as extracellular matrices for tissue engineering."
Functional supramolecular polymers have been viewed as a
powerful platform for such application since they are readily
accessible from short peptides,” or peptide-amphiphiles,™
containing binding sites for biologically functional ligands.™!
Cell adhesion motifs,” peptide sequences that can direct cell
differentiation,’”! and susceptibility to degradation,” are
important ingredients for successful 3D cell growth within
synthetic materials.’! Synthetic biomaterials show good
batch-to-batch consistency, enabling the translation of basic
) research into clinical applications.”!!

DCC has the potential to provide synthetic materials
with additional attractive features.!!! DCC has been recog-

[*] 1. Mari¢, G. M. Santiago, C. G. Pappas, K. Mikhailov, S. Otto nized as a tool to study fundamental questions of living
Stratingh Institute, Centre for Systems Chemistry, University of systems,"” but also to access emergent behaviors of func-
Groningen tional materials. For example, self-healing,* shape memory,
Nijenborgh 4, 9747 AG Groningen (The Netherlands) and stimuli-induced stiffness changes can be achieved by
E-mail: s.otto@rug.nl implementing reversible bonds into dynamic hydrogels.']
I. Mari¢ The combination of multiple orthogonal dynamic covalent

Dutch Polymer Institute
P. O. Box 902, 5600 AX Eindhoven (The Netherlands)

L. Yang, P. van Rijn

University Medical Center Groningen, Department of Biomedical
Engineering-FB40 and W. ). Kolff Institute for Biomedical Engineer-
ing and Materials Science-FB41, University of Groningen

chemistries!" has made its way into functional materials
only recently and has been used to enhance the responsive-
ness of polymer hydrogels through the use of doubly-labile
crosslinkers.*!% In principle, the use of two reversible
covalent linkages should allow these to be addressed
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of macrocycles that undergo supramolecular polymerization;
Bioorthogonal dynamic hydrazone chemistry,!'” then allows
for gelation through crosslinking of the resulting fibrous
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fibrous structure. Second, it allows the facile and on-demand
attachment of biologically relevant ligands such as cell
adhesion motifs (e.g., RGD, LDV).>"™ or short peptide
sequences known to direct differentiation of stem cells.[!”)
Third, due to its peptide nature, the material is likely to be
cytocompatible.

Results and Discussion

We used dynamic combinatorial chemistry previously to
access fiber-like, supramolecular polymers from pseudo-
peptide building blocks.’! To improve the ability to tailor
the resulting materials, we decided to introduce a second
orthogonal reversible chemistry. Thus, we designed building
block 1 (Scheme la) with three distinctive features: (i) a
dithiol, aromatic core to promote thiol-disulfide exchange
and stacking via 7-n interactions; (ii) a short peptide chain
that will assist self-assembly through p-sheet formation and
is biocompatible;**" and (iii) a hydrazide-functionalized C-
terminus to enable further chemical reactivity through a
second dynamic covalent bond.

Upon exposure to air, dithiol molecule 1 underwent
oxidation to form a dynamic combinatorial library (DCL) of
differently sized cyclic disulfides (dominated by 15, 1, and
1), which continuously interconvert by thiol-disulfide cova-
lent exchange. In such a mixture, one of the rings (in this
system 15) can form stacks with copies of itself, which
promotes the process of self-assembly. This shifts the
distribution of the exchange pool towards the synthesis of
more of the self-assembling library member. Growth of the
stacks from their ends, combined with breakage of stacks
through mechanical agitation, increases the amount of
supramolecular polymer (Scheme 1la, for the kinetic profile
of 15 formation, see Figure S2a; for compositional analyses
of the DCLs, see Figures S3-S13). Atomic force microscopy
(AFM) and cryo transmission electron microscopy (cryo-
TEM) of DCLs dominated by 15 (Figure S24) indicate the
presence of fibers with lengths ranging from hundreds of
nanometers to several micrometers.

Subsequently, we investigated the possibility of hydrogel
formation upon addition of di- or trialdehydes (Scheme 1b)
as crosslinkers. These crosslinkers differ in length and
flexibility of the spacer groups between the aldehyde
moieties, and the number of crosslinking groups (Sche-
me 1c). These were expected to induce different crosslinking
arrangements within the gel network, potentially allowing
the physical properties of the gels to be tuned. The
concentration (4.0 mM in 1) and the ratio of 1 to crosslinker
(1:1 in complementary functionalities, i.e., NH-NH, and
carbonyls) were kept constant in all experiments. Adding
crosslinkers containing short and rigid spacers (2, 4, 5, and
7) to the solutions of preformed fibers resulted in gel
formation. Hydrogelation occurs in the span of 2 to
10 minutes, depending on the crosslinking reagent
(Scheme 1d). In contrast, molecules with a flexible spacer 3,
6, and 8 yielded viscous solutions even upon prolonged
incubation. We hypothesize that an increased distance
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Scheme 1. a) Mechanism of fiber formation starting from peptide-
functionalized, aromatic dithiol 1. Molecule 1 undergoes oxidation to
form a small DCL consisting of cyclic disulfides in different oligomeric
states. Macrocycle 15 self-stabilizes by forming short stacks of rings,
shifting the exchange pool towards the formation of 15. Short stacks
elongate, resulting in a supramolecular polymer with a fiber-like
structure. b) Schematic representation of the stepwise hydrogelation
process. Fast triggered gelation is achieved by adding dialdehyde
crosslinkers to the fiber solution through acyl-hydrazone formation. For
clarity, only crosslinking with a dialdehyde is depicted. Covalent
crosslinking interconnects the fibers, creating a 3D network containing
a large amount of water. c) Di- and trialdehydes used for crosslinking
of 15 fibers for hydrogel formation: glutaraldehyde (2), aldehyde-PEG-
aldehyde, MW 600 (3), terephthaldehyde (4), isophthaldehyde (5),
quinolone-based dialdehyde (6), benzene - 1,3,5 - tricarboxaldehyde (7)
and triazine-based trialdehyde (8). d) Hydrogel formation upon the
addition of different crosslinkers. Vial inversion tests indicate the
formation of hydrogels in the presence of di- and trialdehydes
containing short and rigid spacer groups, such as 2,4, 5, and 7.
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between carbonyl groups and spacer flexibility enables
hydrazone formation within a single fiber.

To probe how gel formation depends on the concen-
tration of 1, we prepared a series of samples at building
block concentrations ranging from 4.0mM to 0.25 mM,
while using glutaraldehyde (2) as a model crosslinker.
Remarkably, the critical gelation concentration (CGC) was
found to be 0.5mM (in 1), corresponding to 0.025 wt %
(Figure S27), which is at the low end of the scale for
hydrogels reported in the literature.” At 0.25mM, the
sample exists as a viscous solution. Similar observations
were made using terephthalaldehyde (4) as a crosslinking
agent (Figure S28).

To directly visualize the organization of fibers in the
hydrogels, we used cryo-TEM. The appearances of the
samples with and without crosslinkers (Figure S29) are
remarkably similar, despite the distinct differences in
viscosity. Regardless of the crosslinker, the samples do not
exhibit longer-range order within the hydrogel network.

The mechanical properties of the hydrogels were
evaluated using rheology, in which the storage (or elastic)
modulus G’ and the loss (or viscous) modulus G” were
characterized. In frequency sweeps (0.1-100 rad/s), G’ al-
ways dominates G”, and both G’ and G” are nearly
independent on frequency for all crosslinkers (Figure 1a).
This feature was also observed in previous studies on
fibrillar hydrogels and suggests that the disentanglement is
sufficiently slow that it occurs outside the tested frequency
range.”*”

To investigate the fracture resistance of the materials,
strain sweeps were performed for a wide range of y=0.01-
200 %, at @=1 rad/s. Gel fracture occurs at almost the same
strain in all samples, regardless of their G’ value (Figure 1b).
Such behavior is consistent with fiber strength (not cross-
linking) being the common denominator for all hydrogels.
By applying strain, the stacks of macrocycles are broken,
rather than the covalent bonds that are responsible for
crosslinking. Interestingly, strain-hardening before the fail-
ure is observed with hydrogels crosslinked by aldehydes
with two functional groups and much less with compound 7,
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Figure 1. a) Frequency sweep: Storage modulus (full circles) and loss
modulus (hollow circles) at y=0.5% as a function of angular frequency
for gels with different crosslinkers. b) Strain sweeps: Storage modulus
versus amplitudes, at angular frequency w =1rad/s of gels with
different crosslinkers, normalized by the G’ plateau value obtained
prior to applying strain sweeps. c) Gelation (solid line) and recovery
(dashed line): Storage moduli during formation and recovery processes
as a function of time for gels with different crosslinkers, normalized by
the G’ plateau value obtained prior to applying strain sweeps. Cross-
linkers: 2 (red), 4 (blue), 5 (black), and 7 (gold). Detailed rheological
data are shown in Figures S30-S33.
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which has three carbonyl groups. This suggests that strain
hardening is connected to fiber network topology under
shear,” while cryo-TEM of static samples shows no differ-
ence among the different networks at a length scale of
250 nm (Figure S29). Finally, after the strain sweep-induced
fracture, the hydrogels partially recovered within the time
they were monitored. It is clear that the recovery rate for all
samples is much slower than the gelation rate, as indicated
in Figure 1c. Perhaps counterintuitively, in this system
covalent hydrazone bond formation is faster than non-
covalent fiber re-assembly. AFM micrographs of the gel
after the recovery process (Figure S34) indicate that the
fibers are shorter than before the gel’s fracture, consistent
with the relatively low storage modulus (G’) attained upon
slow healing.

To exploit the dynamic behaviour of the acyl-hydrazone
bond, we investigated the responsiveness of the hydrogels
towards a chemical stimulus. Exploiting the greater stability
of oximes compared to acyl hydrazones, we employed
NH,0OH (9) as a chemical stimulus (Scheme S1). We
prepared a 0.50 mL sample of hydrogel at 5.0 mM concen-
tration (in 1, 12.5 mM borate buffer, pH 8.2) in an NMR
tube by introducing crosslinker 2 (Figure S35a-ii). In a
separate layer on top of the gel, 0.10 mL of a solution of
NH,OH, equimolar with respect to the hydrazone moieties,
was added (Figure S35a-iii). The NH,OH solution was
allowed to diffuse into the gel leading to its degradation
(Figure S35a-iv). The degradation process took seven days
to complete, most likely due to the low reactivity of acyl-
hydrazones towards the N-nucleophiles under near-physio-
logical conditions and slow diffusion through the gel. The
reaction was followed by 'HNMR spectroscopy. The
condensation of 2 and NH,OH is evident from the appear-
ance of aldoxime proton signals of the cis and trans isomers
of the oxime product (10 in Scheme S1; see Figure S36). To
confirm that the gel degradation does not arise from the
degradation of fibers, we performed AFM imaging of the
obtained solution. As shown in Figure S35b, fibers persist. A
second solution to gel transition was achieved upon adding
another portion of 2, as revealed by inversion of the NMR
tube (Figure S35a panel v).

Dynamic covalent chemistry is influenced by pH, and
acyl-hydrazones are particularly known for hydrolysis in
acidic environments (pH=~4-6).”! In order to examine the
stability of the hydrogels at different pHs, we exposed
hydrogels prepared from 15 and 4 to solutions buffered at
pH 4.5, 6.0 and 7.4. The hydrogels at pH 6 and 7.4 showed
good stability over 17 days of exposure, but at pH 4.5 after
4 days the gel collapsed partially (Figure S37).

Having established that reversible covalent chemistry
can be used for constructing fibers and their subsequent
crosslinking, we probed their potential for covalent function-
alization with RGD and LDV, as biologically relevant
peptide motifs.”® Supramolecular, self-assembled structure
(15) was obtained as previously established. After UPLC/MS
analysis confirmed that the sample was dominated by 15
(Figure 2a), the preformed assembly was split into two and
reacted with 10 mol % of glyoxylyl-RGD or glyoxylyl-LDV,
respectively (Figure 2a). Upon stirring (30 min), UPLC-MS
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Figure 2. a) Structures of acyl hydrazone building blocks that form in
situ upon reacting assemblies of 15 with aldehyde-functionalized RGD
(9) or LDV (10) peptides. For clarity hydrazones 11 and 12 are shown
as dithiols, even though they exist mostly as mixed disulfide oligomers
in the experiments. b) UPLC analyses of DCLs made by oxidation and
disulfide exchange of 1 (4.0 mM) in borate buffer (12.5 mM, pH 8.2)
stirred at 1200 rpm: b) when dominated by self-assembly 1s; c) after
post-modification of 15 by glyoxylyl-RGD (15-RGD) and d) glyoxylyl-LDV
(15-LDV), both recorded 30 min after addition of the corresponding
aldehyde. Formed acyl-hydrazones (mixed species) are highlighted in
blue. Hydrogel formation upon addition of crosslinker 4 to DCLs
dominated by 15 and post-modified with e) glyoxylyl-RGD (1,-RGD)
and f) glyoxylyl-LDV (15-LDV). The vial inversion test indicates the
formation of hydrogels within 2 minutes after the addition of cross-
linker. Representative AFM images of DCLs g) dominated by 1;
obtained after post-modification of 15 with h) glyoxylyl-RGD and i)
glyoxylyl-LDV. Scale bars are equal to 500 nm.

analysis of the two samples showed successful covalent
modification of 15 evident from the appearance of mixed
self-assemblies (1,(11), 13(11),, and 1,(12), 1;5(12),, 1,(12)3),
while 15 also remained present (Figure 2c, d; Figure S14-
S22). The reaction appears to be finished within 30 minutes,
as a further change in library composition was not observed
upon prolonged stirring (20 h; Figure S14, and Figure S18).
Atomic force micrographs of the samples obtained after
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functionalization with the two tripeptides revealed the
presence of fibers (Figure 2h, i), similar in appearance to the
original sample of 15 (Figure 2g).

Given that most of the hydrazide groups in the tripeptide
functionalized samples are still unreacted, we expected that
it would still be possible to convert these samples into
hydrogels upon addition of a crosslinker. Indeed, vial-
inversion tests indicated efficient gel formation (within
2 minutes) upon addition of crosslinker 4 to fibers that were
functionalized with glyoxylyl-RGD and glyoxylyl-LDV (Fig-
ure 2e, f).

The interactions of the resulting hydrogels crosslinked
with dialdehyde 4 with cells were evaluated by assessing cell
viability levels and morphology, as these parameters are
good indicators of biocompatibility. To quantify the survival
of cells, live/dead analysis was performed using fluorescence
microscopy. Human bone marrow-derived mesenchymal
stem cells (hBM-MSCs) were seeded on top of hydrogels
made by crosslinking of 15, 1;-RGD and 1;-LDYV libraries by
adding dialdehyde 4, followed by the incubation. After one
day, the hydrogels with seeded cells were stained by two
fluorescent dyes, calcein-AM (green, live cells) and propi-
dium iodide (PI, red, dead cells) (for the protocol, see
Supporting Information). The material showed a minimal
negative effect on cell toxicity as nearly 100 % of the cells
remained alive (Figure 3a, for quantification Figure 3b).

To determine the effect of the RGD and LDV sequences
on the morphology of the hBM-MSCs, cells were cultured
on the three types of substrates for one day. After that, cells
were fluorescently labelled to visualize their nuclei (DAPI)
and cytoskeleton (FITC-phalloidin), (Figure 4). From fluo-
rescent imaging of the cytoskeleton, it was observed that
hBM-MSCs exhibit extended morphologies on all three
types of materials without significant differences between
them. In an attempt to clarify the reason behind the absence
of a clear influence of cell adhesion peptides on cell
morphology, we analyzed the effect of serum in the medium
on cell-matrix interactions for the unmodified and peptide-
modified gels. Under serum-free conditions cells were found

a)|--

Figure 3. Representative fluorescence microscopy images of hBM-
MSCs cultured on hydrogels made from 15 fibers, 15 fibers post-
modified with glyoxylyl-RGD, and 15 fibers post-modified with glyoxylyl-
LDV, and coated on glass coverslips in growth medium, stained with:
a) calcein-AM (live cells; green) and propidium iodide (dead cells; red),
after 24 h. For clarity, red circles emphasize the presence of dead cells
and scale bars equal to 150 pm. b) Quantification of the viability of
cells cultured on three different types of hydrogel-coated glass cover-
slips in growth medium for three repetitions of each type of material.
Mean + SD (n=3, at least three random image fields per experiment,
at least 50 counted cells per image field).
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Figure 4. Representative fluorescence microscopy images of hBM-
MSCs cells, cultured on hydrogels made from a)—c) 15 fibers; d)—f) 15
fibers post-modified with glyoxal-RGD and g)—j) 1 fibers post-modified
with glyoxal-LDV, stained with DAPI (blue) and FITC-phalloidin
(cytoskeleton), after 24 h. The bottom images represent the merge of
two channels. Scale bars equal to 300 pm.

to spread less efficiently for both types of gel (Figure S39),
suggesting that serum proteins are promoting cell adhesion.
However, the absence of difference in cell spreading
between modified and unmodified hydrogels remains incom-
pletely understood.

Conclusion

In summary, we designed a pseudo-peptide building block 1
capable of producing self-synthesizing nanofibers upon
macrocyclization (producing 15) and supramolecular poly-
merization under mild aqueous conditions. These fibers
display hydrazide groups on their surface, allowing for rapid
and facile hydrogelation upon adding a crosslinker contain-
ing two or three aldehyde groups. Rheology measurements
revealed that both storage and loss moduli of all hydrogels,
regardless of the crosslinker used, are frequency independ-
ent, while high amounts of stress induce gel fracture. The
hydrogels can be broken down through an exchange
reaction with hydroxylamine and regenerated upon subse-
quent addition of crosslinker. Stability of the hydrogels at
neutral and slightly acidic pH (pH = 6) allows application for
cell culture and tissue engineering (including application in
tumors), and on the other hand, lability of the system at
acidic pH opens up possibilities for drug delivery through
endocytosis. The self-assembled fibers are readily functiona-
lizable with RGD and LDV peptide sequences. Finally, the
hydrogels formed by crosslinking of fibers of 15, as well as
1;-RGD and 1;-LDV showed to be biocompatible, man-
ifested by the high viability of human bone marrow-derived
mesenchymal stem cells when cultivated on these hydrogels.
To our surprise, the cells adhered equally well to the native
15 and modified hydrogels, displaying elongated morpholo-
gies, characteristic of cell adhesion and spreading. Further
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studies are underway to exploit the potential of this modular
material fully.

In conclusion, using a combination of two reversible
covalent chemistries, we established a modular approach for
the fabrication of tailor-made, molecularly engineered soft
materials with considerable potential for use as a matrix for
tissue culture. This new platform allows for facile and
independent tuning of chemical and physical properties of
the hydrogels.
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