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Catechol adhesives are limited to two-part curing designs. For the
first time, a one-pot catechol adhesive is demonstrated with multiple
modes of external activation: self-curing, electrocuring, substrate,
and two-part curing. Lap shear adhesion (50 kPa) and viscoelastic
properties demonstrate that electrocuring is non-inferior to two-
part curing methods.

Catechol-grafted polymers/conjugates are promising hydrogels
towards bonding of biomaterials on a variety of surfaces.'™
When catechol is oxidized to o-quinone, the latter covalently
reacts with amines or itself by a number of mechanisms.*®
Although chemical and chelate-mediated crosslinking provides
rapid gelation, it requires adding additional initiators that need
to be thoroughly mixed. Oxidants,”® chelating metal ions,® and
enzymes® have been demonstrated to initiate the catechol cross-
linking, where all fall under the designation of two-part chemical
curing (Fig. 1a). Two-part curing has the advantage of rapid
gelation, but this suffers from limited manipulation before
application, local cytotoxicity, and narrow pH ranges.>'° Thus,
an unmet need exists for a one-pot catechol-mediated adhesive
that allows self-curing (with a known lag-time) or through an
external stimulus.

Low voltage initiation of Voltaglue bioadhesives has recently
been demonstrated on matrices that incorporate donor/accep-
tor pairs.'™'?> However, these first proof-of-concept Voltaglue
designs required activation of diazirine, whose voltage activation
occurs in the range of water electrolysis (—1.6 V vs. —1.23 V,
respectively)—imparting significant foaming into the matrix
from H, and O, evolution.'" Catechols, in comparison, are
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electrochemically activated well below water electrolysis. Con-
sidering the known advantages of catechol redox properties,?
a design of donor/acceptor pair forms our central hypothesis:
dendrimer conjugates that graft catechols as electron/proton
donor(s) paired with a reducible acceptor(s) will be voltage
activated for quinone-mediated crosslinking and adhesion. This
design would elevate catechols to one-pot adhesives with material
properties that are dependent on electric external stimuli.
Previous work on voltage activated adhesives suggests that
donor/acceptor pairs mediate electron transduction, even in a
non-aqueous matrix.'* Catechol is oxidized to reactive inter-
mediates, o-quinone, which are responsible for intermolecular
crosslinking. Several catechol small molecules are available with
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Fig.1 (a) Schematic diagram of catechol being chemically oxidized

or electrochemically oxidized into o-quinone, which is responsible to irre-
versible covalent crosslinking via Michael addition, for example. (b) Synthetic
route of 3,4-dihydroxybenzaldehyde (DBA) grafted G5-PAMAM conjugates
(G5-DBAx), with the grafting ratio X = 10%, 20%, and 30%, respectively.
(c) Schematic illustration of plausible intramolecular donor/acceptor pair in
G5-DBAx conjugates, which effects the electrocuring performance.
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handles for dendrimer grafting. A strategy to simultaneously
graft catechol (donor) and an acceptor group would reduce the
synthesis to a one-pot reaction. Protocatechuic aldehyde or 3,4-
dihydroxybenzaldehyde (DBA) is a naturally derived catechol that
spontaneously forms Schiff bases (azomethines) in the presence of
amines. Schiff bases are regularly exploited for grafting and are
rapidly reduced under aqueous conditions with mild reducing
agents (e.g., sodium borohydride in SI Results, ESIt)."*'> Simple
mixing of DBA with G5-PAMAM (Fig. 1b) grafts both the donor
(catechol) and the acceptor (Schiff base) in flawless 1:1 molar
ratios to form zwitterionic tautomers that are thermodynamically
stable (Fig. S1 and S2, ESIt). G5-PAMAM is utilized as the polymer
macromolecule, as it offers numerous design advantages.'"'>'®"
The surface primary amines on the spherical dendrimer
limit intramolecular crosslinking while preventing linear
entanglements.'®' It is also soluble in both aqueous and organic
solvents, unlike chitosan macromers. PAMAM branched polymer is
a model system for exploring structure activity relationships while
maintaining an excess of amines for quinone-mediated crosslin-
king—further modifications are necessary for bioadhesive or under-
water applications. Grafting ratios of 10-30% catechol conjugates
are explored (G5-DBAx with X = 10%, 20%, 30%, respectively), but
ratios >40% had limited aqueous solubility (data not shown).
Reaction efficiency and final grafting ratios are assessed by
"H NMR (Fig. $3-S6 and Tables S1, S2, ESIF) and size exclusion
chromatography (Fig. S7 and Table S2, ESIt). Generation of the
Schiff base is complete after 8 h as assessed by UV/vis at 405 nm
(Fig. S7, ESIt). This peak is extinguished after borohydride
reduction, which removes the Schiff base acceptor as a control
(Fig. S8, ESIt). Molar mass of G5-DBAy positively correlates with
the grafting ratio with a reduction of the UV/RI peak elution
volume (Fig. S7e, ESIt). Redox properties of G5-DBAy conju-
gates are examined by cyclic voltammetry (CV) in isotonic PBS
electrolyte (Fig. 2a and Fig. S9, ESIt). A catechol-free benzalde-
hyde is also grafted on G5-PAMAM to serve as a catechol-free
control (G5-Benz,,, Fig. S10, ESIt), and borohydride reduced
G5-DBA,, serves as Schiff base free control (reduced G5-DBA,,
Fig. S8, ESIt). Free DBA (Fig. S9a, ESIt) exhibits an irreversible
and diffusion-controlled redox behavior,”® supported by the
following observations: (1) the peak current ratio (Ipao/Ipco) is
less than 1 at the scan rate of 50 mV s~ '; (2) both the anodic
peaks (Epao = 0.52 V) and the cathodic peaks (E,co = —0.02 V)
(vs. Ag/AgCl) increase progressively with the increasing scan
rates (v); (3) the plot of peak current as a function of v*/? is
linear for both peak Ep,o and Epco (Fig. S9b, ESIT). The succes-
sive CV cycles (either use glassy carbon or Pt as working
electrode) exhibited non-repeatable current signal (Fig. S9c
and d, ESI}), suggesting that the electrode surface is fouled
by electropolymerized DBA film, which in turn inactivates the
electrode surface sensitivity.>"">> At the scan rate of 50 mV s,
the cyclic voltammograms of G5-DBA,, retains the irreversible
redox behavior of DBA. G5-DBA,, displays two anodic peaks
(Epa1 = 0.29 V and Ep,, = 0.91 V) and a minute cathodic peak
(Fig. 2a). Scan rate dependent CV confirms the existence of
the Ea, peak (Fig. S9e, ESIT). The origin of Ep,, peak is attri-
buted to the aldehyde/Schiff base, as it is observed in free DBA,
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Fig. 2 (a) Cyclic voltammograms of G5-PAMAM (as background), G5-Benz;q

(as reference), and G5-DBAyg at 50 mV s™*. Electrolyte: PBS (pH 7.2), working
electrode: glassy carbon, reference electrode: Ag/AgCl, counter electrode: Pt.
Real time dynamic mechanical analysis of formulation of 30 wt% G5-DBA,q
conjugates in PBS electrolyte: (b) two-part curing (mixed with 0.1 mM NalO4
solution) and electrocuring (voltage off: 0-2 min; voltage on: 2—-48 min,
throughout) at +1 V, gt—gelation time. (c) self-curing (no voltage applied and
no oxidant added) after rehydration. Storage modulus (G/, solid line) and loss
modulus (G”, dot dashed line). (d) G’ values of G5-PAMAM (control) and
30 wt% G5-DBAy formulation as function of grafting % initiated by —1 V voltage
or NalO4 oxidant and G5-DBA,q formulation as function of weight%. 45 wt%
formulation is insoluble in PBS. White columns-electrocuring at —1 V, grey
columns-two-part curing with periodate.

G5-Benyo (Epas in Fig. S9f, ESIf), G5-DBA;,, but not in G5-
PAMAM (Fig. 2a). All scans of G5-Ben,, are plotted the first cycle
(Fig. S9e and f, ESIt) since the peak current decreases after the
second cycle. Ep,, results from the known redox activation of
Schiff bases under similar conditions.>* >’

Real-time rheology is applied to evaluate the mechanical
properties (storage modulus-G’ and loss modulus-G”) before
and after curing stimuli. The customized rheology platform
incorporates a ceramic probe to avoid catechol-metal chelates,
as aluminum probes/surfaces are found to instantly initiate
curing (Fig. S10a, ESIT). Voltages of +1 V and —1 V effects on
G5-DBAy formulation’s viscoelastic properties, gelation (when
G' = G"), and lag time (period before gelation) are compared to
a typical two-part curing method (Fig. 2b). Two-part curing with
periodate on G5-DBA,, achieves gelation within 3 min and
exhibits a kPa shear modulus after 25 minutes. Negative voltage
(cathode as WE) displays instantaneous initiation (Fig. 2b),
which is removed after reduction of Schiff base (Fig. S8c, ESIT).
Voltage initiation rapidly increases G’, with gelation seen at
2.9 min after voltage activation. At 0 V (control), the G5-DBA,,
observes self-curing with a lag-time of 25 £ 5 min following
aqueous reconstitution (Fig. 2c). Self-curing is found to be
tunable with exposure to aerobic environments in a dry state,
where oxygen exposure can increase ratios of catechol/quinone
(Fig. S1, ESIt). Rapid initiation of crosslinking (fast increase of G’)
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is observed at —1 V for 15 and 30 wt% formulations (Fig. 2d). High
solute (45 wt%) reconstituted formulations are solid aqueous gels
but dissolve in methanol (data not shown). When +1 V is applied,
a lag time of 2-3 min is noted before crosslinking with a retarded
gelation time of 18 min. The voltage polarity simply swaps the
working electrode into a cathode (—1 V, acceptor reduction) or
anode (+1 V, donor oxidation), where the working/counter electro-
des have a surface area ratio of 4/1, respectively. In the catechol-
free G5-Benz,, formulation, no crosslinking is observed at either
polarity; therefore, crosslinking is solely mediated by the oxida-
tion of catechol (Fig. S10, ESI). However, the Schiff base-free
reduced G5-DBA,, loses the ability to be instantly reduced and
also has a delayed gelation time of 8.4 min vs. 3 min. Taken
together, these observations suggest that reduction of the Schiff
base is the rate limiting reaction under the —1 V conditions,
whereby a cathode working electrode facilitates rapid initiation by
providing a larger area. Oxygen mediated pathways are respon-
sible for the self-curing behavior, and the +1 V is likely a mixture
of both mechanisms. However, minimum grafting of catechol
is required before voltage mediated crosslinking is observed, as
G5-DBA,, in Fig. S10 (ESIT) displays no gelation within 30 min
but can be chemically cured. Fig. 2d compares the G’ values of
all electrocuring formulations to two-part curing with periodate.
G5-DBA,, and G5-DBA;, activation by electrocuring or periodate
displayed no significant differences after 60 min.

Lap shear adhesion is evaluated with wet collagen films,
which serve as a mimic of wet tissue substrates.>® G5-DBA,, at
30 wt% is applied to the collagen and activated with disposable
3-electrode chips (Fig. 3). G5-DBA,, formulation is cured by two
methods: electrocuring (—1 V) vs. two-part curing (periodate).
Electrocuring at +1 V is not evaluated due to the inferior material
properties and gelation time, as shown in the electrorheology
analyses. Lap shear adhesion strength at failure evaluates the
crosslinked matrix since cohesive failure is seen throughout.

Tack evaluation under 30 min demonstrates that electrocuring
G5-DBA,, formulation has a significant increase over two-part
curing, and no adhesion is present for the self-curing formula-
tion. The self-curing control sample (atmosphere exposure with
neither voltage nor periodate applied) displays only viscous liquid
material properties (Fig. 3b). The lap shear adhesion strength
comparisons after 60 min are indicated in Fig. 3c. The self-curing
formulation has an increase of adhesion strength to ~4 N cm™>
(40 kPa), which is about 4 times higher than 30 min case.
Electrocuring continuously for 60 min is non-inferior to two-
part curing, which both present ~5 N em™? (50 kPa) adhesion
strength. In summary, an azomethine/catechol adhesive is simply
synthesized under ambient conditions to yield an acceptor/donor
pair. The spontaneous reaction creates a redox-responsive adhe-
sive that can be applied and activated by a number of external
stimuli. The inclusion of both electron donor and acceptor
groups creates an adhesive that can self-cure after a predictable
lag-time. Activation can be triggered under both oxidative and
reducing environments. For example, gelation time decreased in
the following oxidative conditions: ambient atmosphere, +1 V, or
periodate. A reducing environment triggered cross-linking instan-
taneously, —1 V or aluminum substrates (Al — AP*" + 3e").
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Fig. 3 Schematic illustration of: (a) electrocuring of 30 wt% G5-DBA,g
formulation with the 3-electrode chip and wet collagen film. Inset:
Geometry and effective working area of electrodes on Zensor®chip. WE:
working electrode, CE: counter electrode, RE: reference electrode.
Fn indicates the pulling force and directions. (b) Representative stress/strain
plots of 30 wt% G5-DBA,o formulations: self-curing, electrocuring (=1 V),
and two-part curing (with 0.1 mM NalO,). (c) Lap shear adhesion strength of
30 wt% G5-DBA, formulation in comparison of self-curing, electrocuring,
and two-part curing in <30 min and >60 min curing period.

A serendipitous finding was the short-term stability in aqueous
solvents, but this allows development of self-curing adhesion that
is semi-stable in a dry state. A bioadhesive that allows liquid
manipulation and then self-cures with a known lag-time is a
current unmet need for tissue repair. Activation of the lag-time
‘clock’ is as simple as aqueous reconstitution. The lag time of the
dried and precipitated formulation drifted over a period of
3 months when exposed to aerobic environments. This suggests
that the lag-time may be optimized in oxygen-free or limited
exposure conditions (Fig. 2c). Future work will address tuning
lag-time and further shelf-life stability.

For the first time, a catechol-adhesive allows activation by
electrocuring, instead of traditional two-part curing method. This
allows activation while avoiding side-effects from oxidation agents
or highly concentrated metal chelators. Electrocuring adhesive
strength was comparable to the periodate two-part curing methods.
Two-part curing is a standard method of activation of mussel
biomimetic adhesives, with modest adhesion strength 40 kPa.®
Polydopamine-co-acrylate cured with periodate achieved up to
70 kPa after one day of curing. Electrocuring allows a simpler
approach with no additive mixing and more precise control
over initiation and gelation time. However, formulations
appear to be limited in design—successful electrocuring was
only observed at 20-30% grafting ratios. Too little (10%) grafting
prevented voltage-activation—too much (greater than 40%)
displayed aqueous solubility problems that may stem from
spontaneous crosslinking under storage. The electrocuring
formulations herein have some advantages over our previous

This journal is © The Royal Society of Chemistry 2019
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Voltaglue formulations."">*° This redox donor/acceptor adhe-
sives could be activated at +1 V (vs. Ag/AgCl), but Voltaglue
formulations need a higher voltage of —1.6 V that evolves gases
which can ultimately weaken the adhesive matrix and limit
strength. However, Voltaglue appears more stable in oxidative
and aqueous environments, as no spontaneous self-curing has
been observed under ambient conditions.

To our surprise, voltage-activated crosslinking was accelerated
when the working electrode was set as the cathode, effectively
providing a larger surface area for reductive reactions. This
supports the proposed hypothetical acceptor/donor mechanism
in Fig. 1, but no direct evidence exists of Schiff base reduction.
This is likely due to a combination of factors; G5-PAMAM con-
tains both primary and tertiary amines, providing a local alkaline
environment (pH 9-10). If zwitterionic, the Schiff base catechol
would attract electrons to the protonated azomethine (Fig. S1,
ESIt). At this high pH, protons are limited to the zwitterion or
other tautomers known to exist under aqueous conditions (see SI
Results, ESIT). A —1 V electrochemical gradient at the working
electrode attracts protons from atmosphere O,-mediated oxida-
tion of catechol, which is thermodynamically favorable (but the
internal electronic reduction/oxidation is not, see Fig. S2, ESIT).
With Schiff bases speculated to be reduced at this —1 V potential,
catechol to quinone oxidations are uninhibited. As quinones are
responsible for crosslinking, their formation will decrease the
time to gelation. Supporting this hypothesis is the empirical
result that the aryl-Schiff bases are reduced with sodium borohy-
dride (Fig. S8, ESIf), where borohydride anion is estimated to
have a formal potential of £’ = —0.7 to —0.43 V.*

Many formulations of chitosan-catechol conjugates have
been synthesized—chitosan is a cheap and scalable branched
polymer that has been incorporated in many biomaterials.
However, chitosan has an inherent solubility limit in acidic
mediums that is often addressed with additional grafting. Even
with catechol grafting, the functionalized chitosan can only
achieve a 6 wt% solution (polymer in aqueous solvent)—which
is too dilute for voltage-activation (G5-DBA,, at 10 wt% displays
no electrocuring).®*' Grafting 19% to 80% of the total amines
with catechol on chitosan displays similar material properties as
the reported G5-DBA,, formulations.*>** Others have exploited
electrochemical synthesis of chitosan-catechol, where reductive
amination grafts chitosan to the surface followed by oxidative
activation for catechol-chitosan grafting towards anti-oxidant
surfaces.”® The technology herein may allow a more straightfor-
ward approach for similar purposes. G4-PAMAM was grafted
with PEG-catechol to form high modulus hydrogels up to
80 kPa,** but this required two-part curing with periodate and
cure times of 48 hours. Future work will address methods to
achieve similar high moduli with reversible, self-curing, and
electrocuring properties while building on prior work to achieve
in vivo implants and blood biocompatibility.>>™”
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