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Mussel glue: Bioinspired underwater chemical bonding with the possibility of

z phototriggered debonding is reported. A four-arm star-poly(ethyleneglycol) end-

X = -NH, -NHR, -OR, -NHCOR,
-NHCOOR, -NHCONHR

Adhesion under water, self-healing adhesives that stop
catastrophic failure during use, and bonding/debonding on
demand are three major topics in adhesion science and
technology that are only partially resolved by using current
gluing systems. Nature provides us with a fascinating example
of underwater adhesion with self-healing properties in the
mussel adhesive proteins.!! These proteins possess a high
content of 3,4-dihydroxyphenylalanine (DOPA) residues. The
basic pH and oxidant cations in sea water trigger catechol
oxidation to quinone which further reacts to form a cross-
linked polymer matrix. Robust binding to the rocks is
achieved through chelation of the catechol functionality of
DOPA with the inorganic oxides. Metal complexation
between non-oxidized catechols and multivalent cations
from sea water (i.e. Fe’" ions) confers toughness to the
adhesive structure because of the self-healing character of
metal coordination complexes.”! In this way, a single organic
functionality with a versatile chemical reactivity tuned by sea
water triggers (pH, salt, ions) allows parallel improvement of
interfacial and cohesive mechanical strength and durability in
the mussel adhesive. Inspired by this system, several groups
have used catechol-containing natural molecules for different
applications: 1) to obtain stable surface anchors to metal
oxide surfaces,” 2) to generate multifunctional coatings onto
almost any type of material,”! or 3) to incorporate them into
polymer backbones as effective crosslinkers to obtain self-
healing networks?! or adhesive and biocompatible hydro-
gelst! with unique clinical applications.

Nitrocatechols (Figure 1A) are also natural occurring
molecules (i.e. nitrodopamine and nitronorepinephrine are
involved in NO metabolism and signalling pathways in
neurons) with a similar crosslinking and complexation
chemistry. The presence of the electron-withdrawing nitro
group in the p-position lowers the pK of the catechol hydroxy
groups (pKow ~ 6.5 and pKoy, ~ 10),7 enhancing their acid-
ity and hydrogen bond donor character and increasing
stability against oxidation. Nitrocatechols are partially de-
protonated at physiological pH and show higher affinity for
coordination with metal oxides.”” But the most significant
feature of the natural nitrocatechols and their derivatives has
been overseen. The o-nitrophenyl ethyl moiety should be

[¥] Dr. Z. Shafig,"! Dr. ). Cui,) Dr. L. Pastor-Pérez, Dr. V. San Miguel,
Dr. R. A. Gropeanu, Dr. C. Serrano, Dr. A. del Campo
Max-Planck-Institut fiir Polymerforschung
Ackermannweg 10, 55128 Mainz (Germany)

E-mail: delcampo@mpip-mainz.mpg.de

functionalized by nitrodopamine was synthesized. The nitrodopamine offered the reactivity
of catechol and the chemistry of the photocleavable o-nitrophenyl ethyl group (see picture).

photocleavable following the mechanism depicted in Fig-
ure 1 AP If this is the case, light exposure of a polymerized
(through oxidative reactions or M"* chelation) or a surface-
attached nitrocatechol derivative would trigger a molecular
cleavage and, consequently, a phototriggered depolymeriza-
tion reaction or surface detachment (Figure 1B). In other
words, nitrocatechols represent the first example of bioin-
spired and self-healing underwater chemical bonding with the
possibility of phototriggered debonding. Herein, we prove
this hypothesis and show the potential of nitrocatecholamines
to create biocompatible underwater self-curing, self-healing,
surface-reactive, and photodegradable materials.

Nitrodopamine (ND) was readily synthesized by nitration
of dopamine and was used to end-functionalize a four-arm
star-poly(ethyleneglycol) (PEG-ND,) (see the Supporting
Information for details). The presence of the ND end-groups
was confirmed by '"H NMR and UV spectroscopy (Figure SI1
in the Supporting Information). Covalently crosslinked gels
were obtained under oxidative conditions (NalO,). The
gelation time and crosslinking degree were adjusted by
varying the concentration of the oxidant. Metal-mediated
crosslinking of PEG-ND, was also obtained by adding Fe*"
cations to a concentrated aqueous solution of the polymer
(molar ratio FeCl;:ND =1:3). Covalently and metal-coordi-
nated homogeneous thin hydrogel films (<1 um) were
obtained (see the Supporting Information for details).

The photoresponse of the PEG-ND,-crosslinked hydrogel
films was studied using a quartz crystal microbalance with
dissipation (QCM-D). The detected changes in the frequency
(Af) and dissipation (AD) are indicators for changes in the
mass and viscoelasticity of the hydrogel film supported by the
quartz crystal. The use of a window-cell allowed in situ
measurement of the changes of the hydrogel film during light
exposure. Figure 2 A shows Af and AD of covalent and Fe*'-
crosslinked films. Light exposure caused a continuous
increase in Af, indicating a mass decrease at the surface
layer. This can be associated to the photocleavage of the o-
nitrophenyl ethyl crosslinking units and the continuous
removal of the hydrogel film from the surface. The light-
dose-dependent removal of the hydrogel films from the
substrate was further confirmed by a loss in absorbance
detected by UV spectroscopy of hydrogel films supported
onto quartz substrates after exposure and washing (Fig-
ure 3 A). Covalently crosslinked films with increasing oxidant
concentrations required higher exposure doses for cleavage
(Figure 2B). Hydrogel films crosslinked with 20 mM oxidant
concentration did not change upon exposure, indicating that
too extensive crosslinking does not allow photoremoval of the
gel at the employed irradiation doses.
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Figure 1. Structure of nitrodopamine derivatives and their photocleavage mechanisms. a) Photolytic reaction of the o-nitrophenyl ethyl moiety. See
Figure SI1 in the Supporting Information for a more detailed reaction mechanism pathway. b) Different strategies used to trigger bonding
(through oxidation of the catechol unit to quinone and further reaction, or through formation of metal complexes) and debonding upon exposure
of nitrodopamine derivatives to light. Catechol reactions may lead to other polymerization products, but the photoreaction cleaves the linked

chains in every case.

The photocleavage of the Fe*"-crosslinked gel was faster
and more effective than that of the covalently crosslinked gels
and, therefore, significantly lower exposure doses were
required for complete removal of the film (Figure 2A). We
do not expect differences in the photocleavage mechanism of
covalently and Fe’"-crosslinked gels. However, the free
catechols in the covalently crosslinked gel may well interfere
with the reactive intermediates of the photolytic reaction and
cause polymerization side-reactions that lower the overall
depolymerization yield mediated by o-nitrophenyl ethyl
photocleavage. UV and HPLC analysis of irradiated nitro-
dopamine in the presence and absence of catechol chelating
units confirmed this hypothesis (data not shown). These side-
reactions are less favored in the Fe*'-crosslinked gel at pH >
10 since the catechol groups are chelated forming the tris-
coordinated complex and, therefore, less prone to react with
other groups.

The dissipation curves also reflected the changes in the
hydrogel during exposure. In parallel to the mass loss, AD
initially increased and afterwards decreased with increasing
exposure dose in the covalently crosslinked films (5 and
10 mm oxidant). This behavior reflects that the viscoelasticity
of the film increased at low photolytic conversion as
a consequence of the small reduction in the crosslinking
degree, and decreased afterwards while the film was gradually
dissolved and removed from the crystal. The initial increase

was not detected in the Fe*'-crosslinked gel, presumably
because of the faster photocleavage process.

The light-triggered cleavage of the hydrogel was further
visualized by irradiating thin hydrogel films through a mask
with micrometric stripes. A clear pattern was observed after
washing the film in water for a few seconds (Figure 2B). The
gel was removed from the exposed regions and remained
intact at the non-illuminated areas. These results firmly
confirm the ability of ND to allow underwater bonding and
light-triggered debonding of crosslinked materials.

We also tested the capability of nitrodopamine to form
photocleavable and biocompatible coatings onto solid surfa-
ces. Homogeneous and transparent nitrodopamine coatings
were easily obtained by immersing quartz substrates into
a 2 mgmL' solution of nitrodopamine in Tris-HCI buffer at
pH 8.5 for 24 h. Upon light exposure and a short washing step,
the absorbance significantly decreased (Figure 3B), evidenc-
ing the photocleavage of the o-nitrophenyl ethyl moiety in the
structure and proving that phototriggered depolymerization
had occurred. The photocleavage process leaves a residual
monolayer of dopamine attached to the surface (the same
holds for the hydrogel case). This is reflected in the residual
absorbance after full exposure (green line in Figure 3B).

Cells were incubated onto the ND layers. Cells grew onto
the nitrodopamine and retained their functionality, showing
the biocompatibility of the coating (data not shown).



At last we proved that nitrodopamine gels
retain the self-healing property associated to the
metal-coordinated catechol units. The Fe**-cross-
linked PEG-ND, gel was cut in two on the entire
length of the gel piece. As depicted in Figure 2C,
the crack was no longer visible after 3 min. More-
over, distant pieces obtained by repetitive cutting
of the gel, fused always together into a self-
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supported single film (see Movie 1 in the Support-
ing Information). These results show that the nitro
substitution does not affect the self-healing proper-
ties of metal-crosslinked catechol-derivatized gels.

In conclusion, natural nitrocatechols like ND
are biocompatible crosslinkers able to form cova-
lently and metal-crosslinked stable gels and coat-
ings underwater that can be photodegraded upon
light exposure. In this way, mussel-inspired materi-
als functionalized with nitrocatechols retain all
advantages of catechol bonding and add an addi-
tional important functional level: light-triggered
debonding and degradation on demand. Taking
account of 1)the relevance of DOPA-inspired
materials as surgical glues and scaffolds for tissue regener-
ation” or biocompatible coatings,*! 2) the urgent need for
reversible and degradable variants of the aforementioned
materials (i.e. detachable hydrogel pads for skin regeneration,
reversible glues for repetitive surgical operations, substrates
for cell sheet engineering), and 3) the interest that dynamic
materials enabling real-time and site-specific manipulation of
their physicochemical properties using biologically friendly
stimuli have for cell biology, drug delivery, or tissue regen-
eration,'” our results open new possibilities for the gener-
ation of photodegradable biomaterials with wide use in
multiple cell and medical applications.
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Figure 3. a) UV spectra of Fe’"-crosslinked PEG-ND, thin hydrogel film after
exposure with an increasing dose of light and a washing step. The decrease in
absorbance is associated with the photocleavage of the o-nitrophenyl ethyl group
and the release of the PEG chains attached to the chromophore from the film. A
weak residual absorbance (almost not visible at this scale) remained after full
irradiation, as expected from surface-bound ND molecules that cannot be cleaved.
b) UV spectra of nitrodopamine coating deposited onto a quartz substrate upon
irradiation at 360 nm with increasing doses and washing. The decrease in
absorbance reflects the photo-depolymerization process and release of the ND
coating from the substrate. The residual absorbance after full exposure (green line)
corresponds to the surface-bound ND molecules.
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Figure 2. Photodegradation and self-healing properties of the PEG-ND,
gels. a) Normalized frequency (closed symbols) and dissipation (open
symbols) changes of the third overtone of a QCM crystal coated with
the PEG-ND, film during exposure to light at 460 nm. Af and AD were
normalized by dividing through the maximum and minimum values,
respectively, to take account of the differences in the film thickness
between the different samples. The different curves correspond to
films that were covalently crosslinked using different oxidant concen-
trations and to Fe**-crosslinked films. b) Masked irradiation of a hydro-
gel film and microscopic image of hydrogel patterns obtained after
masked exposure and development in water of a covalently crosslinked
PEG-ND, film (0.6 um thickness). The bright stripes (200 um width)
correspond to exposed regions after washing, from where the gel was
removed. c) Self-healing of PEG-ND,-Fe*" gels after failure induced by
cutting. The gel recovered its cohesiveness within minutes.
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