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Introduction

Shape retaining self-healing metal-coordinated
hydrogels¥}

Alvaro Charlet, © 2 Viviane Lutz-Bueno, (& ® Raffaele Mezzenga ( *< and
Esther Amstad ( *?

Metal-coordinated hydrogels are physical hydrogels entirely crosslinked by complexes between ligand
decorated polymers and metal ions. The mechanical properties of these hydrogels strongly depend on
the density and dynamics of metal-coordinated interactions. Most commonly, telechelic metal-co-
ordinated hydrogels contain catechol or histidine ligands, although hydrogels containing a stronger com-
plexation agent, nitrocatechol, have been reported. Here, we introduce a pyrogallol end-functionalized
polymer that can be crosslinked with di- and trivalent ions, in contrast to previously reported metal-co-
ordinated hydrogels. We can tune the mechanical properties of the hydrogels with the types of ions used
and the density of crosslinking sites. lons form nm-sized precipitates that bind to pyrogallols and impart
distinct properties to the hydrogels: strong ion—pyrogallol interactions that form in the presence of ALY,
V3, Mn?*, Fe3*, Co,*, Ni?* and Cu?™ result in long relaxation times. The resulting hydrogels display solid-
like yet reversible mechanical properties, such that they can be processed into macroscopic 3D structures
that retain their shapes. Weak ion—pyrogallol interactions that form in the presence of Ca’* or Zn* result
in short relaxation times. The resulting hydrogels display a fast self-healing behavior, suited for underwater
glues, for example. The flexibility of tuning the mechanical properties of hydrogels simply by selecting the
adequate ion—pyrogallol pair broadens the mechanical properties of metal-coordinated hydrogels to suit
a wide range of applications that require them to retain their shape for a given time to act as dampers.

others that are reversibly crosslinked through metal com-
plexes.”*'® Metal complexes are composed of ligand mole-

The use of hydrogels is consolidated in biomedicine, as
wound healing agents,’ synthetic cartilages and tendons,” bio-
mechanical actuators,® or tissue scaffolds.”® The key for a suc-
cessful application is adequate mechanical properties, which
depend on the type and density of crosslinks. Hydrogel net-
works are classified as chemical if they are crosslinked by per-
manent covalent bonds, such that they are often stiff but
rather brittle, or physical if they are formed by reversible inter-
actions, such that they are often tough but rather weak.
Dissipative networks®” and supramolecular interactions® ™'
are often included to increase the toughness of covalent hydro-
gels. Natural soft load-bearing materials, such as mussel hold-
fast threads, possess a combination of both crosslinking
methods:'> domains that are covalently crosslinked, and
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cules attracted to a central metallic ion. These complexes form
reversible crosslinks with binding strengths that can approach
those of covalent bonds. This high binding strength of metal
coordination contrasts the relatively weak ionic interactions of
physical hydrogels."”

Inspired by nature, metal-coordinated telechelic hydrogels,
composed of polymer chains end-functionalized by ligands
and crosslinked by metal complexes, have potential to generate
mechanically active, reversible networks.'®® The dynamic
properties of these hydrogels can be conveniently tuned with
the choice of the cationic crosslinker, its relative concen-
tration, and the solution pH.*>*”*® The reversible nature of
their constituting crosslinks gives them self-healing properties,
such that a damaged network can heal defects. To obtain this
self-healing behavior, the ions must complex the ligand
sufficiently strongly to result in an integral hydrogel.
Unfortunately, the selection of ions that fulfil this criterion is
very limited, narrowing the range of mechanical properties of
metal-coordinated hydrogels.

Hydrogels with long relaxation times have solid-like beha-
viors and are capable of retaining their shape, yet are able to
self-heal.> The relaxation time of metal-ion coordination sites
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increases if ions are replaced by their corresponding nano-
particles,”® which must have adequate surface chemistry to
interact with the surrounding ligands. Polysaccharides functio-
nalized with a high density of ligands can also increase the
relaxation time.’°> These ligands improve the adhesion of
the polysaccharides towards surfaces,® which reinforce the
mechanical strength,’®?** and impart self-healing properties to
the hydrogels.***> However, these systems can often only be
used in a very limited pH range mainly because the most com-
monly used ligands, catechols, and some of its derivatives
have a high propensity to oxidize. The oxidation of catechols
can lead to inter-catechol covalent bonds, which may result in
hydrogels possessing a mixture of covalent and ionic bonds.>
The combination of transient ion-ligand interactions and the
oxidation of the ligand complicates their characterization, lim-
iting their applications to non-oxidizing environments.

Several natural organisms, some of which live in quite
harsh environments, employ metal complexes for mechanical
reinforcement, hard coatings or energy dissipation.’>'®?%%7 A
prominent example is a class of marine water-filtering invert-
ebrates, ascidians, which employ pyrogallol groups complexed
by vanadium ions to heal their cellulosic tunic.*®*° Pyrogallols
are catechol derivatives possessing an additional alcohol
group on the carbon ring. This electronegative group reduces
their propensity to oxidize when compared to catechols. They
are known to complex a broad range of ions of d-block
elements.”’ This feature has been exploited, for example, by
using tannic acid, which contains several pyrogallols, to form
coatings,*®™** metallogels,?®***” and capsules.”**® Pyrogallols
have also been employed in synthetic hydrogels, however in
the absence of ionic crosslinks: they were oxidized to crosslink
polysaccharides.*®3"**°° The contribution of pyrogallols to
the dynamic and reversible mechanical properties of polysac-
charide-based hydrogels remains unclear.*’ The formulation
of ionically crosslinked hydrogels whose mechanical pro-
perties can be tuned over a much wider range than what is cur-
rently possible requires a better understanding of the influ-
ence of chelators, such as pyrogallols that can bind to a wide
range of ions, on the mechanical properties of the resulting
hydrogels.

In this work, we introduce shape retaining self-healing
metal-coordinated telechelic hydrogels with well-defined,
solid-like and tunable mechanical properties. To achieve this
goal, we end-functionalize linear polyethylene glycol (PEG)
with pyrogallols (2gPEG). We investigate the influence of the
type and concentration of ions used as crosslinkers on the
macroscopic properties and structure of the hydrogel. The
mechanical properties of these metal-coordinated hydrogels,
such as their storage modulus at low frequencies, vary over an
order of magnitude if adequate ions are selected. Remarkably,
these telechelic PEGs can be crosslinked with di- and trivalent
ions, thereby broadening the selection of ions and the range of
accessible mechanical properties. During the ion-2gPEG inter-
action, the ions preferentially form small particles that act as
multivalent binding sites, thereby facilitating the formation of
a percolating network and increasing the effective cross-link
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density. We demonstrate the formation of viscoelastic macro-
scopic freestanding 3D structures, which can be applied as
underwater adhesives that can bear load even under tension.
Additionally, these hydrogels can be functionalized with in-
organic particles to respond to external stimuli, such as exter-
nal magnetic fields.

Results and discussion

To ensure scalability, we end-functionalize commercially avail-
able hydroxy-terminated linear PEG, analogous to nitro-
catechol-functionalized linear PEGs.>" We produce the hydro-
gels by dissolving 10 wt% 2gPEG in water and adding iron
chloride (FeCl;), selected because of the high affinity between
pyrogallol and iron(m) (Fe*"). For each pyrogallol end-group,
we add twice the molar concentration of Fe** to achieve gela-
tion, a ratio higher than the stoichiometric ratio of 3 ligands
per ion, known for catechol hydrogels,>*** resulting in a solu-
tion pH of 1.5. The complex formation is triggered by increas-
ing the pH to deprotonate pyrogallols. When the pH is
increased to 4.8 by adding sodium hydroxide (NaOH), the
system instantaneously gels, as shown in Fig. 1a and b.
Importantly, the system remains gelled even if the pH is
increased to physiological values, such that these hydrogels
can be used for biomedical applications, in stark contrast to
catechol-functionalized counterparts. The hydrogel remains
stable in deionized water for 24 h, before it starts to dissociate.
Note that the crosslinking is reversible: if HCI is added to
lower the pH, the hydrogel liquefies, as shown in Fig. S1 and
1b.T Unfortunately, this procedure cannot be repeated because
further additions of bases or acids dilute the system below the
gelation point.

Impact of ion valency

To expand the selection of ions that can be used to crosslink
telechelic molecules, we crosslink 2gPEG with a divalent ion,
calcium(u) (Ca*>"). If the same stoichiometry is maintained as
for Fe**, no gelation is observed. However, if we increase the
Ca®" concentration 5-fold and increase the pH to 12, we
observe the gelation of the hydrogel. A similar behavior occurs
if 2gPEG is crosslinked with other divalent d-block elements
such as manganese(nr) (Mn>"), cobalt(i) (Co,"), nickel(m) (Ni**),
copper(n) (Cu®"), and zinc(n) (Zn>*). This is a remarkable prop-
erty of these hydrogels, because metal-coordinated telechelic
hydrogels have not been shown to crosslink with both trivalent
and divalent ions. Typically, 4-armed catechol-functionalized
PEG molecules are crosslinked only by trivalent ions such as
Fe*', vanadium(m) (V**), and aluminum(m) (AI**).*>** In con-
trast, histidine-functionalized PEG molecules can only be
crosslinked with divalent ions,?"*®> but not with trivalent ones.
The fact that 2gPEG gels in the presence of divalent and triva-
lent ions opens up new possibilities to tune the mechanical
properties of such metal-coordinated hydrogels over a much
wider range. We confirm that the gelling is caused by the ions
and not the pH change by increasing the pH of an ion-free

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Gelation mechanism of 2gPEG hydrogels. (a) Schematic illustration of the hydrogel formation. The blue line terminated by blue hexagons
represents the 2gPEG polymer, end-functionalized by the pyrogallol molecule. The ions are sketched as red circles. The increase in pH causes the
precipitation of the ions into nanoparticles and the deprotonation of the pyrogallol groups that bind to the precipitates. The nanoparticles act as
multivalent crosslinking sites of the hydrogel network. (b) Photographs of the solution of 2gPEG and iron ions before (top) and after gelation
(bottom) induced through the addition of NaOH. The coordination bond between pyrogallols and iron ions has strong absorption in the visible
range, which results in a dark purple hydrogel. After adding HCl, the hydrogel liquefies to a light-yellow solution, indicating that some pyrogallol
groups oxidized. The scale bar is 1 cm. (c) Schematic illustration of the selection of bivalent and trivalent ions that can crosslink 2gPEG, the nano-

particles, and the 2gPEG molecule.

2¢PEG solution to the same value, as shown in Fig. S2.1 These
results suggest that the gelation is primarily caused by the
ion-pyrogallol interactions even though we cannot exclude
that a small fraction of pyrogallols oxidizes at this high pH.

Our results suggest that the ion—pyrogallol interactions are
key in the hydrogel formation. To investigate the implications
of these ionic interactions on the mechanical properties of the
hydrogels, we systematically measure their rheological beha-
viors. The dynamic mechanical properties of ionically cross-
linked telechelic hydrogels depend on the average lifetime of
the crosslinks, and hence, the ion-ligand affinity. We use fre-
quency sweeps to quantify the lifetime of these crosslinks by
determining the frequency where the storage modulus (G')
equals the loss modulus (G").>° 2gPEG hydrogels crosslinked
with Fe*" display a solid-like behavior: their G’ is higher than
G" over the entire measured frequency range, as shown in
Fig. 2a. As a reference, we end-functionalize linear PEG mole-
cules possessing the same molecular weight as the 2gPEGs
with catechols (2cPEG). 2cPEG hydrogels crosslinked with Fe**
that have been prepared with the same protocol as the 2gPEG
counterparts, only display a solid-like behavior for frequencies
higher than 10 rad per s (Fig. 2a). Hence, 2cPEG hydrogels are
unable to retain their shape over time. This behavior reveals
that 2gPEG hydrogels have much longer relaxation times than
their 2cPEG analogues at a given pH. Furthermore, the
observed G’ of 2gPEG is an order of magnitude above the one
of 2cPEG, confirming that pyrogallol-Fe** crosslinks are sig-
nificantly stronger or more numerous than their catechol-Fe**
counterparts.

This journal is © The Royal Society of Chemistry 2021

We explore the range of accessible mechanical properties
by crosslinking 2gPEG with other trivalent and divalent ions.
APP*-) V**-) and Fe’-functionalized hydrogels have similar
mechanical properties, as shown in Fig. 2b. In contrast, the
mechanical properties of 2¢gPEG hydrogels crosslinked with
divalent ions vary over an order of magnitude: G' increases
with the electronegativity (y) of the complexing ion from Ca**
(¥ = 1) to Cu®" (y = 1.9), as shown in Fig. 2c. Note that this
trend is not observed for the trivalent ions.

The solid-like mechanical properties displayed by 2gPEG
hydrogels, combined with a decaying G' at low frequencies,
suggest that ion-pyrogallol crosslinks have longer relaxation
times than ion-catechols. Despite these longer lifetimes, the
ion-2gPEG crosslinks remain dynamic, and the network can
rearrange to dissipate stresses. The rate of relaxation can be
described based on the relaxation time, which is longest for
pyrogallols complexed with Fe** and shortest for those com-
plexed with Ca**, as measured by stress relaxation and sum-
marized in Fig. 2d. We assign this decrease in relaxation times
to the decreasing binding affinities of the cations to
pyrogallols.

Why do we need so much more divalent ions than trivalent
ones to gel the 2gPEG network? This significant difference in
stoichiometry hints towards a particle based crosslinking
mechanism. To explore this hint, we measure the energy
barrier of bond dissociation and the spread in relaxation
times; both these parameters are significantly larger if nano-
particles act as crosslinkers.>® We select two divalent ions, of a
low (Ca®") and high (Zn®") atomic number, and Fe’" to rep-
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Fig. 2 Rheology of 2gPEG hydrogels. (a) Frequency sweep of 2cPEG and 2gPEG crosslinked with Fe**, where we keep the molar ratio of pyrogallols

to Fe®* constant at 2. Both hydrogels contain the same concentration of
The different mechanical properties are attributed to different ion-ligand

ligand-functionalized polymer, the same concentration of ions, and pH.
binding affinities. (b and c) The storage and loss moduli at 1072 rad s of

2gPEG crosslinked with different (b) trivalent and (c) divalent ions. (d) Stress relaxation measurements of 2gPEG hydrogels at 25 °C. The modulus is
normalized to the initial modulus measured at 0.1 s. The different binding affinities lead to different relaxation behaviors. Filled symbols represent G’

and empty symbols represent G".

resent the trivalent ions. We perform temperature-dependent
strain relaxation measurements with a step strain of 10%,>’ as
exemplified in Fig. 3a for Ca®* and extrapolate the dissociation
energy of the crosslink, as shown in Fig. 3b for Ca®". The dis-
sociation energy for 2¢PEG-Fe®" hydrogels is similar to that of
2cPEG-Fe’" hydrogels (Fig. 3c), and in good agreement with
the literature,?® confirming that our hydrogels are mainly ioni-
cally crosslinked. Note that the dissociation energy is related
to the dynamics of the hydrogel and not its elastic behavior.
The comparison molecule, 2cPEG, cannot be crosslinked by
divalent ions such as Ca*>" and Zn*", such that the dissociation
energies are considered to be below kg7. For the crosslinked
samples, we extrapolate the Kohlrausch exponent of our model
that can be understood as the spreading of relaxation times,””
as shown in Fig. 3d and e and described in the methods. At
Kohlrausch exponent values close to 1, the stress relaxation is
fitted to a single relaxation time that is typical for ion-catechol
tris complexes. At low Kohlrausch exponent values, the relax-
ation time spectrum broadens, as observed in the 2gPEG
hydrogels. A broadening of the relaxation time spectrum hints
at different relaxation mechanisms, which are present in these
hydrogels. A single ion in a tris complex leads to a single relax-
ation time. By contrast, nanoparticles result in different
binding affinities with ligands, and hence, different relaxation
times, because their size distribution varies and their surfaces
are rough. The observed lower values for the Kohlrausch expo-
nents therefore suggest that divalent ions precipitate at the

4076 | Nanoscale, 2021,13, 4073-4084

crosslinking sites to form nanoparticles. Following the same
argument, we postulate that nanoparticles also form in the case
of trivalent ions. Note that even though our hydrogels are pri-
marily crosslinked by nanoparticles, we call them metal-co-
ordinated hydrogels as the chelator-nanoparticle interactions
are based on coordination chemistries. The smaller concen-
tration of trivalent ions and the lower pH required to form the
hydrogel are likely related to their stronger affinity to pyrogallols,
their poorer solubility that results in the formation of precipi-
tates at lower pH values, or a combination of the two aspects.

Structure of ion-2gPEG hydrogels

To assess the effect of crosslinking chemistry on the network
structure, we perform small-angle X-ray scattering (SAXS) on
selected samples. The scattering of the network of telechelic
crosslinked polymers, such as 2gPEG, reveals structures within
1-33 nm. To determine the contribution of ions and polymers
to the scattering signal, we measure a solution of ions and
2¢PEG under acidic conditions. To determine the scattering
signal of the ions in solution, we subtract the signal of pure
2¢PEG in solution. There is no structuring for ions under
acidic conditions even in the presence of 2¢PEG, indicating
that they remain in solution and do not form precipitates or
structures in the size range of 1-33 nm that can be detected by
SAXS (Fig. S4at). With increasing pH, the ion-2gPEG systems
start to gel, and clear differences appear in the plot of the scat-
tering intensity (I) as a function of the scattering vector (g)

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 lonic bond relaxation. (a) Temperature-dependent stress relaxation of 2gPEG crosslinked with Ca>*. Higher temperatures lead to faster stress
relaxation. (b) The curves in (a) are fitted using a stretched exponential decay function, and the natural logarithm of the average relaxation time
coefficient is plotted against the inverse temperature. The Arrhenius plot is fitted using a linear function to extract the dissociation energy of the
network. (c) Calculated dissociation energies of 2gPEG crosslinked with Ca®*, Fe** and Zn?* ions and 2cPEG crosslinked with Fe3*. 2cPEG does not
gel with Ca®* and Zn?*, indicating that their dissociation energy is below kgT at room temperature. (d) The calculated average Kohlrausch exponent
of the stretched exponential decay. (e) Schematic illustration of the relaxation spectrum as a function of the Kohlrausch exponent «. Larger
Kohlrausch values lead to a narrower distribution of relaxation times, corresponding to a narrower distribution of relaxation mechanisms in the

hydrogel network.

(Fig. 4a). The strong increase in the scattering intensity
measured at low g-values indicates that larger scattering
objects are formed within the network’s structure. At the
length scale covered by SAXS, two characteristic dimensions
are observed in the crosslinked hydrogel networks: (i) a short
correlation length (£) describes rapid fluctuations of the posi-

This journal is © The Royal Society of Chemistry 2021

tion of the polymer chains in solution, represented by a single
Lorentzian curve at high g-values; and (ii) a long correlation
length (y) describes the static distance between the cross-
linking points, and is estimated by a Gaussian that shows the
formation of a network with stationary crosslinking points at
low g-values.>

Nanoscale, 2021,13, 4073-4084 | 4077
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Fig. 4 Characterization of the crosslinking mechanism in 2gPEG networks. (a) SAXS measurements of 2gPEG hydrogels crosslinked with Ca®*, Fe**,
and Zn?*. The spectra are fitted using a Lorentzian—Gaussian model (black line). TEM of freeze-dried 2gPEG hydrogels crosslinked with Zn?* is
shown in inset (i). Polydisperse nanoparticles are observed; the scale bar is 100 nm. The fitting parameters of the short-length scale and long-length
scale scattering are shown in inset (ii). All samples have a similar short-length scale parameter & because they are composed of the same polymer. In
contrast, the long-length scale parameter y, which is attributed to the average distance between crosslinks, differs significantly. (b) Schematic illus-
tration of the formation of macroscopic inorganic precipitates upon pH increase in the absence of ligands on the polymer chains. The ions precipi-
tate and agglomerate, without interacting with the polymer such that the solution remains liquid. (c) Schematic illustration of the hydrogel gelation
when the polymer chains are functionalized with pyrogallol groups that act as nanoparticle stabilizers and metal coordinating sites.

With increasing volume fraction of the polymer, & and y
tend to decrease because the polymer network becomes
denser such that the crosslinking density increases, thereby
reducing the mobility of the polymer chains.>® The type of
ions used to crosslink 2gPEG gels does not significantly influ-
ence the short correlation length £. This result indicates that
the mobility of the individual polymer segments is indepen-
dent of the ionic crosslinker, as can be expected for linear tele-
chelic polymers. By contrast, the type of ions used to crosslink
2¢PEG influences the long correlation length y attributed to
the crosslinking sites: Fe®" ions result in the smallest values of
v, indicating that these ions result in the highest crosslinking
density. This finding is in good agreement with our rheology
results. It hints at the fact that Fe*" crosslinked samples have
the least dangling bonds, which could be a result of the long
dissipation times of Fe**-2gPEG hydrogels. This finding could
also indicate that the valency of Fe*"-containing crosslinking
sites is the highest, which could be the case if ions are trans-
formed into nanoparticles at the crosslinking sites and the
density of pyrogallols that bind to each nanoparticle is com-
parably high. The lack of structure and form factor peaks in
these SAXS curves suggest that nanoparticles, if present, are
polydisperse. We confirm the presence of polydisperse nano-
particles in the size range of 20 nm by Transmission Electron
Microscopy (TEM), as shown in Fig. 4b the inset of Fig. 4a. To
test if smaller or crystalline nanoparticles form at the cross-
linking sites, we perform X-ray diffraction (XRD) on dried
samples. We only obtain diffraction peaks from PEG and Nacl,
both formed during the drying process of the XRD samples, as

4078 | Nanoscale, 2021,13, 4073-4084

shown in Fig. S3.1 The lack of additional peaks indicates that
the nanoparticles formed at the cross-link sites do not possess
crystalline domains or that they are not sufficiently large or
numerous to be detected by XRD.

Crosslinking mechanism

To understand the mechanism of formation of these nano-
particles, we prepare a solution containing unfunctionalized
PEG and ions and increase the pH, as we did to gel 2gPEG
samples. If unfunctionalized PEG is used, we observe the pre-
cipitation of macroscopic particles (Fig. 4a and S5%). This
result suggests that the pyrogallol groups strongly bind to
the surfaces of the forming particles, thereby slowing down
or even arresting their growth, as schematically shown in
Fig. 4c. This observation is well in agreement with previous
reports on pyrogallol-functionalized individually dispersed
particles.*>**>> We measure resonance Raman spectroscopy
on Fe** crosslinked 2gPEG hydrogels to assess the ligand-ion
interactions, as shown in Fig. 5. Three signature peaks are
known for catechols if excited with a 785 nm laser
source.’®?%°® They are assigned to the charge transfer
(533 ecm™') and the bidentate chelation of Fe** by oxygens on
the catechol ring (590, 633 cm™"). Due to the chemical simi-
larity of pyrogallols and catechols, we observe similar reso-
nance peaks in our 2gPEG hydrogels. The Fe’" complexed
2¢PEG hydrogel displays a strong charge transfer peak at
537 ecm™' and the bidentate chelation peaks at 588 and
620 cm~" (Fig. 5). Remarkably, the two latter resonance peaks
are broader than those of catechol-functionalized hydrogels,

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Raman characterization of 2gPEG hydrogels. Resonance Raman
spectra of 2gPEG crosslinked with V3* and Fe®*, and 2cPEG crosslinked
with Fe**. The peaks between 500 and 680 cm™ are attributed to the
catechol—-Fe®** coordination or pyrogallol-Fe** coordination, while the
peaks between 1230 and 1500 cm™ are due to the carbon ring
vibration.

suggesting that pyrogallol-iron complexes possess a range of
different binding affinities.>®*° This result is in good agree-
ment with the observed small values of the Kohlrausch expo-
nent. The Raman peaks are weaker and broader if 2gPEG is
crosslinked with V3*, in stark contrast to catechol-functiona-
lized hydrogels crosslinked with V** that result in stronger
Raman signals.”> We cannot excite any phonon resonance in
the 500-680 cm ™" region with a 785 nm laser if 2gPEG is cross-
linked with Zn** and Ca®*, as shown in Fig. S6.f This result
hints at clear differences in the metal-pyrogallol interactions
that are likely responsible for the observed differences in
mechanical properties.

Application as underwater adhesives

Ligands present in functionalized hydrogels can bind to the
surface ions of bulk materials, making them interesting candi-
dates for underwater adhesives. Catechols, commonly found in
the marine mussel foot plaque, which holds onto rocks under
harsh conditions, are the text book example of underwater
adhesion. Synthetic catechol-functionalized telechelic PEGs
have already been applied as medical sealing for the amniotic
sac after fetal surgery.”” The adhesion of catechols and pyro-
gallols to wet surfaces is increasingly reversible if ions are
added.**®*° Here we demonstrate that our 2gPEG hydrogels
can be employed as self-healing underwater adhesives. We
crosslink 2gPEG with a weak crosslinker, Ca®", such that it dis-
plays a fast relaxation and can adapt its shape quickly to the
roughness of the solid surface. We deposit the hydrogel onto
an inox steel surface, immerse it in water, and place it in
contact with the surface of a 500 g brass weight. After the two
metal surfaces are hand-pressed against each other for 10 s,
the weight can be lifted out of the water, as shown in Fig. 6a
and Movie S1.7 This result demonstrates that the thin hydrogel
layer sustains a pressure of 50 kPa. Note that the tested hydro-
gel is one of the weaker ones we introduced such that it shows
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a fast self-healing behavior. Nevertheless, its mechanical pro-
perties are similar to recently reported underwater adhesives
and superior to the state-of-the-art cyanoacrylates.®® This is
only possible if the adhesion between the hydrogel and the
solid surfaces is strong such that the load can efficiently be
transferred, and the cohesion within this rather dynamic
hydrogel is still sufficiently high.

Self-healing properties

A key feature of our ion-2gPEG hydrogels is the possibility to
tune the relaxation times and hence the time scales over which
they self-heal and start to flow over a much wider range than
currently known. To demonstrate this feature, we cut the
hydrogels that have been crosslinked with different ions, and
monitor their self-healing as a function of time. Hydrogels
that are crosslinked with the most commonly employed metal
coordination motif, catechol-Fe**, start to lose their shape
within seconds. By contrast, 2gPEG that is crosslinked with the
same ion, Fe*", retains its shape for at least 20 min, which is
the duration of our experiment, as shown in Fig. 6b. We attri-
bute the much higher shape stability of 2gPEG-Fe®* hydrogels
to the longer dissipation times of pyrogallol-Fe** complexes
compared to their catechol-Fe®” counterparts. However, the
good shape stability comes at the expense of the self-healing
properties: these hydrogels only self-heal within an hour when
placed in contact. If faster self-healing is required, 2¢gPEG can
be crosslinked with weaker complexation agents, such as diva-
lent ions. For example, if 2¢PEG is crosslinked with Zn>*, the
hydrogel self-heals within 15 minutes, whereas those cross-
linked with Ca** self-heal within a minute, as shown in Fig. 6b
and Movie S2.1 Note that, despite the relatively weak inter-
actions of pyrogallol and Ca®", the time scale over which this
sample loses its shape is much longer than that of the much
more commonly used catechol-Fe*" crosslinked counterpart.
These results illustrate the potential of 2gPEG-based hydrogels
to adjust their dynamic mechanical properties to the needs of
the specific application.

Functionalization with nanoparticles

The wide range of ions that can be used to crosslink 2gPEG
hydrogels opens up new possibilities to functionalize them
with nanoparticles. To demonstrate this feature, we crosslink
2¢PEG hydrogels with iron oxide nanoparticles. To achieve this
goal, we mix 2gPEG with an aqueous solution of Fe*" and Fe**
ions where we fix the molar ratio of Fe*":Fe®" to 2:1. Upon
exposure to ammonia, the cations precipitate to form iron
oxide nanoparticles. The resulting hydrogel is brittle and
forms pieces when mechanically mixed. If densely packed
using centrifugation, these pieces can be casted, resulting in
an integral part within a minute that retains its shape upon
demolding for more than 24 h. Furthermore, the resulting
nanoparticles impart the hydrogels with magnetic properties,
as illustrated by the movement of the hydrogel towards the
externally applied magnetic field, shown in Fig. 6c, d and
Movie S3.f This result demonstrates the possibility to intro-
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Fig. 6 Applications of 2gPEG hydrogels. (a) Photographs of 2gPEG crosslinked with Ca®*

, acting as an underwater glue. The hydrogel glue is able to

lift a 500 g copper weight outside of the water, corresponding to a 50 kPa pressure. (b) Time-lapse photographs of the self-healing behavior of hydro-
gels possessing various relaxation times. The left image is taken 10 s after cutting through the hydrogels, and the right image 20 min thereafter.
(c) Photograph of 2gPEG crosslinked by iron oxide precipitates formed by exposing the 2gPEG solution containing an excess of Fe?* and Fe** ions to
ammonia. The hydrogel forms macroscopic particles when mechanically mixed on Parafilm. The particles are casted in an Eppendorf tube using cen-
trifugation (left) and merged to yield a single integral solid hydrogel piece. Upon removal from the mold, the hydrogel retains its shape (right). (d) The
iron oxide precipitates impart magnetic properties to this hydrogel: if immersed in water (left), it can be displaced by an external magnetic field (right).

duce functionalities into these hydrogels without sacrificing
their mechanical properties.

Conclusion

We introduce a metal-coordinated hydrogel whose mechanical
properties can be tuned over a wide range by selecting appro-
priate ions. The broadening in the dynamic mechanical pro-
perties of the hydrogel is achieved using telechelic linear PEGs
that are end-functionalized with pyrogallols. Pyrogallol-ion
complexes have longer dissipation times than the more com-
monly used catechol-ion or histidine-ion counterparts, and
consequently they can retain their shapes much longer. This
asset opens up new possibilities to construct truly 3D self-
healing materials from metal-coordinated hydrogels. We attri-
bute the long dissipation times of the metal-coordination sites
to the precipitation of nanoparticles at the crosslinking sites.
The pyrogallols slow down or even prevent the growth of pre-
cipitates, resulting in multivalent crosslinking sites that
impart excellent mechanical properties to the dynamic net-
works. Importantly, the mechanical properties of these net-

4080 | Nanoscale, 2021,13, 4073-4084

works can be tuned with the choice of divalent and trivalent
ions used to create the crosslinking sites. The tunable mechan-
ical properties promise to advance the design of multifunc-
tional mechanically robust dynamic hydrogels and might find
applications in biomedicine, for example if antibacterial nano-
particles are included, or in optics, if high refractive index
nanoparticles are employed. Finally, the inherent adhesion of
pyrogallols to wet surfaces allows the creation of medical seals
with well-defined mesh structures, which offer a tight control
over the diffusion of essential small molecules.

Experimental section

Materials

All chemicals are obtained from Sigma-Aldrich and are used as
received unless otherwise specified. Deionized water with a
resistivity of 18.2 MOhm c¢cm™" was used.

Synthesis of PEG-COOH

PEG-OH is functionalized with carboxylic groups, using proto-
cols previously established.”® In short, we add 30 g of OH-ter-
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minated linear PEG (6 kDa) and 600 mL of H,O to a 1 L round-
bottom flask and stir the solution. Once the PEG has dis-
solved, 200 mg TEMPO and 200 mg sodium bromide (NaBr)
are added. After a homogeneous solution is formed, 110 mL of
aqueous sodium hypochlorite (NaClO) (10-20% available
chlorine) is added. The solution is stirred for 30 min while
continuously monitoring the pH. The pH is maintained
between 10 and 11 with 1 M NaOH. To halt the reaction,
50 mL of ethanol is added, and the pH is decreased to 2 by
adding 12.1 M HCI. The aqueous mixture is extracted with
four portions of 150-200 mL dichloromethane (DCM). The
combined organic layers are extracted with 700 mL Milli-Q
H,0 and dried with MgSO,. After filtering, the DCM is removed
by rotary evaporation. The crude PEG-COOH is purified by preci-
pitating in —20 °C methanol and freeze-dried for 24 h. Any
PEG-COOH not immediately used is stored at —20 °C.

Synthesis of 2gPEG

PEG-COOH is converted to 2gPEG, using protocols previously
established.”® In brief, 1.39 ¢ PEG-COOH, 50 mL DMF, and
25 mL CH,Cl, are added to a 250 mL round-bottom flask and
mixed until the PEG-COOH is completely dissolved.
5-Hydroxydopamine chloride (1.05x mol eq. relative to
—-COOH) and PyBOP (1.05x mol eq. relative to -COOH) are
sequentially added and mixed until completely dissolved. N,N-
Diisopropylethylamine (DIPEA) (1.05x mol eq. relative to
—-COOH) is added to start the reaction, which proceeds at room
temperature for 2 h. The reaction solution is reduced via rotary
evaporation to remove the DCM. The crude 2gPEG (di-hydroxy-
dopamine PEG) is purified by precipitation in acidified diethyl
ether, and dried by rotary evaporation. The product is dis-
solved in Milli-Q water (pH = 5) in a Falcon tube (50 mL). The
tube is centrifuged for 10 min at 4000 rpm, and filtered using
filter paper. The clear solution is extracted in DCM and dried
with MgSO,. The organic phase is dried by rotary evaporation.
The crude 2gPEG is purified by precipitation in diethyl ether.

Synthesis of 2cPEG

2¢PEG is prepared similarly to 2gPEG, by replacing 5-hydroxy-
dopamine chloride with dopamine hydrochloride.

Spectroscopy of synthesis products

To investigate the coupling of 5-hydroxydopamine and PEG,
we perform FTIR spectroscopy on dry PEG, PEG-di-COOH and
2gPEG using a 6700 Nicolet (Thermo Fischer Scientific)
spectrometer. We confirm the successful 2-step synthesis by
the observation of the vibrational stretch of the carboxylic
C=0 bond at 1750 cm ™" in PEG-di-COOH and the observation
of the amide I and II stretches at 1650 and 1550 cm™", respect-
ively, of 2¢PEG, as shown in Fig. S7. To further confirm the
presence of catechol and pyrogallol coupled onto PEG, we dis-
solve 2cPEG and 2gPEG in D,0, and the 'H spectra are
recorded on a Bruker Avance III 400 MHz spectrometer and
processed using MestReNova software (http:/www.mestrelab.
com). Chemical shifts are reported in ppm relative to tetra-
methylsilane. The presence of catechol and pyrogallol are con-
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firmed by the NMR spectra for 2cPEG and 2gPEG, respectively,
as shown in Fig. S8. Spectrum of 2cPEG: 'H NMR (400 MHz,
deuterium oxide) § 6.78 (d, J = 8.1 Hz, 1H), 6.72 (s, 1H), 6.64
(dd, J = 8.1, 2.1 Hz, 1H). Spectrum of 2gPEG: 'H NMR
(400 MHz, deuterium oxide) § 6.32 (s, 2H).

Preparation of 2gPEG hydrogels

For a 100 pL hydrogel sample, 10 mg of 2gPEG is dissolved in
Milli-Q water, wherein Viaeer = 100 pL — Vign — Vpase- A solution
containing 1 M of the appropriate ion chloride solution is pre-
pared separately and diluted in the water solution. The result-
ing solution is deposited on a piece of Parafilm. An adequate
volume of 1 M NaOH is added, and manually mixed with the
solution by folding the Parafilm onto itself until the hydrogel
appears homogeneous.

Rheological characterization

Rheometry is performed using a DHR-3 TA Instruments rhe-
ometer, with an 8 mm diameter plate-plate steel geometry.
The gap is set to 1000 um. Stress relaxation measurements are
performed using an initial 10% step strain, followed by a con-
tinued monitoring of the modulus as a function of time over
1000 s. The sample is allowed to relax for 600 s at the set temp-
erature before starting a measurement. Frequency sweeps are
made at 25 °C, using a 1% strain; the sample is allowed to
initially relax for 600 s.

Stress relaxation model

The recorded modulus (G(t)) is fitted using the Kohlrausch
stretched exponential relaxation model, G(t) = G, exp[—(t/7)"],
where 0 < a <1 and 7(T) = 7, exp[E./kT]; here, G, is the plateau
modulus, 7 the characteristic relaxation time, a the Kohlrausch
exponent, and E, the dissociation energy of the metal-ion
complex. The characteristic relaxation time is temperature-
dependent (Fig. 3b for Ca®"). We use this dependence to
extract the dissociation energy by fitting the data to the model.
The final Kohlrausch exponent is averaged over the measured
temperature.

Rheometric data analysis

Data are exported using TA Instrument TRIOS software (http://
www.tainstruments.com), and extracted using a python script
into DAT files (http://www.python.org). The fitting is done with
the Anaconda library (docs.anaconda.com), using the curve_fit
function.

SAXS method and data analysis

The particle size is estimated from transmission electron
microscopy (TEM) images, shown in Fig. 4b. The correlation
lengths are deducted from small-angle X-ray scattering (SAXS)
of the hydrogels in capillaries. We use a Kratky system
(Bruker). The low pH 2gPEG solution is used as the back-
ground for the solutions at low pH. Only the empty sample
holder is used as the background correction for the gels. All
curves are corrected by sample transmission and exposure
time. All measurements are performed at room temperature.
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The intensity I is radially integrated as a function of the scat-
tering vector g. The scattering intensity I(q) is fitted non-line-
arly by:*>

2,2

1(g) = 1.(0) (1 +¢°€) " +16(0) exp (— qu) (1)
where I;(0) is the linear coefficient of the Lorentzian and I;(0)
of the Gaussian. ¢ and y are varied iteratively to minimize the
variance between the data and eqn (1). The first term arises
from the solution-like, “free” polymer chains. The second term
arises from the polymer chains fixed at the junction points. At
the measured g-range, no contribution from the ions/particles
are observed. For the fitting, we use SasView software (http:/
www.sasview.org) and the Gel_lorenz_Gaussian model.*! The
model is further detailed in the ESLf

Resonance Raman characterization

A Renishaw Raman spectrometer, equipped with a confocal
microscope, a 785 nm laser line, a 1600 | mm™" grating and a
Renishaw camera, is used. For each spectrum, an average of 60
exposures of 1 s each is taken. The peaks at 806 and 1140 cm™"
can be assigned to PEG.%* The peaks at 1251-1270, 1312-1322,
1416-1423 and 1468-1476 cm™ " can be assigned to the cate-
chol ring vibration."® The Raman spectrum of the synthesized
dry 2gPEG is shown in Fig. S10.}

XRD characterization

Measurements were performed on an Empyrean system
(Theta-Theta, 240 mm) equipped with a PIXcel-1D detector,
Bragg-Brentano beam optics (including a hybrid monochro-
mator) and parallel beam optics. A reflection transmission
spinner was used.
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