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Several key parameters that influence both the self-healing properties and water retention capacity of
biohydrogel networks made of alginate—dopamine (Alg—DA) conjugates have been studied. A judicious
combination of biopolymer concentration, dopamine content, pH-dependent cross-linking of catechol
groups and the Fe®*-coordination of the networks allowed control over the self-healing ability of these

bioinspired materials. Moreover, the thixotropic nature of model hydrogels was confirmed using

www.rsc.org/njc oscillatory rheological loop tests.

Introduction

Among a plethora of adaptive materials, nature has developed
fascinating self-healing bioadhesives in the form of 3,4-
dihydroxy-.-phenylalanine (DOPA)-containing proteins that
are found in marine mussels such as the blue mussel (Mytulis
edulis) (e.g., attachment plaque proteins such as mfp-3 and
mfp-5 (mfp = mussel food protein) have been found to have
15-30 mol% of DOPA)'™ (Fig. 1a). The uniqueness of
these adhesives lies in their tethering ability to organic
and inorganic surfaces even in wet, saline and turbulent
environments.*® The exposed part of the byssus thread is
covered by a self-healing coating, rich in Fe**, Ca®>*, and DOPA
residues that form cohesive bonds with amine or thiol groups
of neighboring amino acids and multivalent metal ions.”® The
byssus is formed from liquid protein precursors whose pH
during initial secretion is around 5.8.° After exposure to sea
water, the structure is equilibrated to marine pH around 8.5.
Reversible metal coordination between non-oxidized catechol
groups from DOPA residues and Fe®" ions from sea water
confers toughness to the adhesive structure because of the
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high stability constant (i.e., log KS ~ 37-40)'°"*? and self-healing
character of such coordination complexes.”'*'* Depending on
the pH, catechol forms mono- (pH < 5.6), bis- (5.6 < pH < 9.1),
and tris-complexes (pH > 9.1) with Fe*" (Fig. 1b).""** Besides
their role as an anchor via metal coordination and hydrogel
bonding,""®*™® DOPA residues oxidize easily by both chemical
and enzymatic ways to the corresponding DOPA-quinone,
which shows a significantly reduced affinity for Fe** but is
able to act as a covalent cross-linking unit via Michael-type
additions or free-radical aryl-aryl couplings.*>® Other physico-
chemical processes, such as n-n stacking,2 and conforma-
tional rearrangements following catechol oxidation,'**° are also
considered contributors to the adhesion properties shown by
marine mussels. As a result of such astonishing properties,
intensive research has been conducted during the last few
years on exploiting this coordination chemistry in order to mimic
these natural structures and develop new functional materials,

drug carriers,”” self-healing fibers®®*® and actuators,**" among
32-38

1

others.

In this work we have studied the critical factors that influ-
ence the self-healing ability and water-retention capacity of
biohydrogel networks made from alginate-dopamine (Alg-DA)
conjugates. These systems have been previously reported in
some papers for different applications.>*™** Our study focuses
on the synergy of different parameters that affect both the self-
healing and water retention capacity of these isolated systems,
thus aiming to serve as a useful complement to previous investi-
gations in this field, and specifically those dealing with Alg-DA
hydrogels. For a better understanding and differentiation between
the previous reports in this area, an interconnected overview of
the most relevant contributions, embedding our own work, is also
provided in the ESI{ (Scheme S1).
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Fig. 1 (a) Ilustration of a mussel adhered to a surface and representative sequences of mfp-5 and mfp-1 proteins highlighting the content

and distribution of DOPA. (b) Scheme of pH-dependent equilibrium between mono-, bis- and tris-complexes between DOPA containing polymers

and Fe3* ions.

Experimental

Materials

Alginic acid sodium salt (low viscosity, LOT 051M1864V),
dopamine hydrochloride (LOT BCBN7393V), 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC) (97%, LOT BCBP4918V),
N-hydroxysuccinimide (NHS) (98%, LOT BCBF6027V), FeCl;
(97%, LOT SZBE0360V), tris(hydroxymethyl)aminomethane
hydrochloride (TRIS-HCl) (99%, LOT 111K5405) and HCl 1 M
aqueous solution (LOT SZBE0830V) were purchased from Sigma
Aldrich. CaCl,-2H,0 (99%, LOT 473204168) was purchased from
Carl Roth. NaOH pellets (99%, LOT B0881298 309) and phosphate
salts were purchased from Merck. Dialysis tubing cellulose
membranes (MWCO 14000, LOT 3110) were purchased from
Sigma Aldrich. TRIS buffer (50 mM) at pH 8 was prepared by
dissolving the appropriate amount of TRIS-HCI in deionized
water at room temperature, and adjusting to pH 8 using 1 M
NaOH aqueous solution. PBS buffer (100 mM) at pH 5.5 was
prepared by dissolving the appropriate amount of dipotassium
phosphate and monopotassium phosphate in deionized water
at room temperature, and adjusting to pH 5 using 1 M HCI
aqueous solution. All chemicals were used as received without
further purification.

Characterization methods

Fourier transform infrared (FT-IR) spectra were recorded at room
temperature using an Excalibur FTS 3000 FT-IR spectrometer
(Biorad) equipped with a single reflection ATR (attenuated total
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reflection) accessory (Golden Gate, Diamond). Xerogel samples for
FT-IR measurements were prepared by freeze-drying the corres-
ponding hydrogels. The substitution degrees of different Alg-DA
samples were determined by means of spectrophotometry,®
using a Varian Cary 50 UV spectrophotometer and quartz-glass
cuvettes of 0.5 cm thickness. UV-vis spectroscopy was also used
to confirm the oxidation of catechol moieties under given
conditions. Proton nuclear magnetic resonance (*H NMR) spectra
were recorded at 25 °C on a Bruker Avance-300 instrument using
D,O as the solvent. Elemental analyses were carried out on
Mikro-Rapid CHN (Heraeus). The swelling degree (Sy, %) was
determined by monitoring the weight change of fresh gel samples
immersed into TRIS-HCI (50 mM, pH 7.0) at room temperature.
Sy was calculated applying the equation [(ws — wj)/w;] x 100,
where w; is the initial weight of the sample and w, the weight at a
given time. Gels reached their swelling equilibrium within 10 h.
Differential scanning calorimetry (DSC) was performed in a
Perkin-Elmer DSC7 under N, (20 mL min ") at a heating rate of
5 °C min ™). Oscillatory rheology was performed using an AR 2000
Advanced rheometer (TA Instruments) equipped with a Julabo C
cooling system. A 1000 um gap setting and a torque setting of
40000 dynes per cm” at 25 °C were used for the measurements in
a plain-plate (40 mm, stainless steel). The following experiments
were carried out for each sample: (a) dynamic strain sweep (DSS):
variation of G’ (storage modulus) and G” (loss modulus) with
strain (from 0.01 to 100%); (b) dynamic frequency sweep (DFS):
variation of G’ and G” with frequency (from 0.1 to 10 Hz at 0.1%
strain); (¢) dynamic time sweep (DTS): variation of G’ and G” with

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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time keeping the strain and frequency values constant and within
the linear viscoelastic regime as determined by DSS and DFS
measurements (strain = 0.1% strain; frequency = 1 Hz). The loss
tangent (tand, where d is the phase angle between stress and
strain) or damping factor (G"/G’) values were reproducible from
batch to batch and the materials were considered gels if G’ > G”.
The self-healing behavior of model gels was investigated using a
3-step loop experiment: (1) application of a low shear strain as
established by previous DTS experiments (0.1% strain, 0.1 Hz,
10 min; gel state, G’ > G"), (2) increase of the shear strain until
the gel fractures (1000% strain, 0.1 Hz, 5 min; viscous material,
G’ < G"), and (3) return at the same rate to the initial strain % value
(0.1% strain, 0.1 Hz, 30 min; the recovered gel phase, G’ > G").

Synthesis of dopamine-modified alginate (Alg-DA)

Alg-DA was synthesized via standard EDC/NHS chemistry
according to the procedure described by Wu and co-workers
with slight modifications.*® Briefly, EDC (968 mg, 5.05 mmol)
and NHS (582 mg, 5.05 mmol) were added to a solution of
sodium alginate (1.0 g) in 100 mL PBS buffer solution (100 mM,
pH 5.5). After stirring the reaction mixture at room temperature
for 45 minutes, an appropriate amount of dopamine hydro-
chloride (1.92 g, 10.1 mmol, for the 9.78% substituted Alg-DA
or 488 mg, 2.5 mmol, for the 5.56% substituted Alg-DA) was
added, and the mixture was stirred overnight at room tempera-
ture under a N, atmosphere to suppress uncontrolled oxidation
and subsequent self-polymerization. The product was precipi-
tated with ethanol three times, washed with water (6 x 10 mL)
and EtOH (6 x 10 mL), filtered and dried under high vacuum,
obtaining 1.05 g of 9.78% substituted Alg-DA and 803 mg of
5.56% substituted Alg-DA, respectively (Fig. 2b). The materials
were obtained as gray fibrous solids that turned colourless
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upon dissolution in water within 36 h. The appearance of peaks
around 6.4-6.7 ppm in "H NMR (ESI,f Table $1) and a positive
Arnow test’” supported the successful grafting of DOPA
molecules.?* Moreover, the characteristic new absorbance at
280 nm was used with the aid of a calibration curve to quantify
the conjugation of DOPA onto the biopolymer (the absence of
peaks at >400 nm indicates no oxidation products).”® In
agreement with previous studies,*” the characteristic IR peaks
of the G and M residues of the alginate backbone in the region
810-950 cm ™" as well as those around 1120 cm ™" and 1610 cm ™"
(stretching of hydroxyl and carboxylic groups, respectively) were
also present in the Alg-DA samples. Moreover, a new peak at
around 1080 cm ™' emerged upon functionalization and was
attributed to the C-N stretching vibration.

Preparation of hydrogels

Alginate-based hydrogels can be formed by ionic cross-linking
of the G residues with many divalent or multivalent cations,
especially Ca®", via an “egg-box”” model (Fig. 2a).*® Thus, Alg-DA
hydrogels were prepared by the dialysis of Alg-DA solutions
against CaCl, solutions. Typical procedures are described next:
(A) conventional Alg and Alg-DA hydrogels were prepared by
dissolving Alg or Alg-DA (1.5% w/w = 150 mg of Alg-DA in 10 mL
of H,0) in PBS buffer (10 mL, 100 mM) with pH adjusted to 5.5,
and dialyzed against 500 mL of aqueous 1 M CacCl, solution for
48 h at room temperature. (B) Self-polymerized Alg-DA hydrogels
were obtained following the above described dialysis protocol
but adding a catechol alkaline pH-induced self-polymerization
step before the dialysis. In this step, Alg-DA (1.5% w/w) was
dissolved in TRIS-HCI buffer (10 mL, 50 mM) with pH adjusted
to 8, and was allowed to react under stirring for 24 h at room
temperature. In good agreement with previous studies,*> completed

a b
(@) G-G M-M (b)
A A \
NaO,C OH
NaozC OH NaOZC OH A g A Y
'O HO 5% HO o d°
|
Ho OW NaO,C OH *
NaO,C OH
CONa . . HO . EDC/NHS
sgurRox” modsl NH, | PBS buffer (pH 5.5)
alginate C 2+ i HO or stirring overnight
at RT under N,
B iy |
N
A A\ A /
="\ —=Vv \ S,:‘ NaO,C OH
Qo’\/\uv@ o Q1o
AL/ i
A N e = O
AL A OH
NI HO ©
I . @JNH
| . HO
hydrogel co0

Fig. 2

(a) Structure of alginate, a water-soluble biopolymer obtained from brown algae and composed of (1 — 4)-B-b-mannuronic acid (M) and (1 — 4)-

a-L-guluronic acid (G) units in the form of homopolymeric or heteropolymeric sequences. Formation of hydrogels from alginates occurs upon

coordination with Ca*

ions through a well-established “egg-box” model. (b) General synthesis of Alg-DA conjugates via EDC/NHS coupling.

The attachment of DOPA is known to occur preferentially to the M residues.
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Fig. 3 (a) Digital photographs of selected alginate-based gel monoliths
prepared as described above. Herein, the term “polymerized” refers to the
polymerization of the catechol units. See the ESIf for additional pictures,
Fig. S5. (b) Plausible general structures of non-polymerized Alg—DA and
polymerized Alg—DA with green spheres symbolizing Ca®* ions and black
lines representing the alginate backbone as in Fig. 2. Polymerization of
catechol units is indicated by the formation of the new bond marked in red.

polymerization was observed after this time as judged by no further
changes in the UV-spectra. Moreover, the solutions gradually
darkened in color over the polymerization process and ultimately
become black. (C) Fe**-containing hydrogels were prepared follow-
ing the above described protocol but adding appropriate concen-
trations ranging from 0.1-100 mM of FeCl; to the corresponding
CaCl, dialysis solutions (Fig. 3).

The successful formation of a more compact network due to
the polymerization of Alg-DA was also supported by (1) a glass
transition (T) of 102 & 2 °C, which is ca. 20 °C higher than the
non-polymerized material, (2) a higher mechanical strength
(vide infra) and (3) a lower aqueous solubility and swelling
degree (ca. 90%) compared to the non-polymerized material
(ca. 130%) (ESLt Fig. S1). From a mechanistic point of view,
the most widely accepted polymerization mechanism is the
oxidative polymerization of the catechol units via quick formation
of short-lived o-quinone-type intermediates,*® which was also
evidenced by UV-vis spectroscopy (ESIL, T Fig. S2).

Results and discussion
Preparation of materials and targeted parameters

Among different variables that can influence to a great extent
the properties of DA-containing biohydrogels, the most relevant

8496 | New J. Chem., 2016, 40, 8493-8501
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are concentration, DA content, polymerization of catechol groups
and metal coordination of the networks.**** In order to study
how all these factors affect the potential self-healing properties
of non-cytotoxic®® Alg-DA hydrogels,***>*° monolith samples
(ca. 4-5 cm length x 1.5 cm diameter) with different composi-
tions were prepared. For convenience, Alg-DAs are described as
Alg-DA (x/y), where x represents the concentration of Alg-DA
in water (% w/w) = 0.75, 1.5 or 3.5, and y is the degree of
substitution (DS, % of accessible functional groups = 9.78 or 5.56).
The library of prepared hydrogels included (a) a conventional
alginate hydrogel as a control material (Algcon); (b) a hydrogel
based on Alg-DA (1.5/9.78); (c) a hydrogel based on Alg-DA
(1.5/5.56); (d) a hydrogel based on catechol-polymerized Alg-DA
(x/9.78); (e) a hydrogel based on catechol-polymerized Alg-DA
(x/5.56); and (f) samples (a), (d) and (e) containing Fe**. The
synthesis of different hydrogels and their spectroscopic
characterization®® were carried out following a dialysis procedure
against 1 M CaCl, solution. Chemical analyses, spectroscopic
data and the obtained DS values were also consistent with those
previously reported®>**** (see Experimental section and ESIf
for more details, Fig. S2-S5 and Table S1). It is noteworthy to
mention that the DS values calculated using elemental analysis*
were observed to be higher than those obtained using UV-vis
spectroscopy, presumably due to the hygroscopic nature of the
biopolymers and/or the suppression of solubility problems in the
former method. However, this discrepancy does not affect relative
comparisons between the synthesized materials. Therefore, in
order to facilitate the characterization we used the data calculated
by UV-vis as previously reported by other groups.*>*>*°

As far as we are aware, this is the first report that focuses
on the self-healing properties of low-functionalized Alg-Da
bulk gels and their regulation. Previous reports have dealt with
bioapplications (usually involving in situ gelation),>>*>*%*°
different Alg-phenolic conjugates,””" and non-covalent conju-
gates,” in which either Fe*'-coordination studies and/or gel
formation have not been included (ESI,T Scheme S1).

Effects of catechol cross-linking on the self-healing properties
of Alg-DA gels

In order to assess the influence of catechol cross-linking on the
self-healing behavior of the gels, polymerized Alg-DA hydrogels
with different DS (i.e., catechol-polymerized Alg-DA (1.5/9.78),
catechol-polymerized Alg-DA (1.5/5.56)) were compared with
non-polymerized Alg-DA analogues ((i.e., Alg-DA (1.5/9.78),
Alg-DA (1.5/5.56)) and unmodified alginate gels (Algcont)-
Monolithic hydrogels were cut into several pieces with a razor
blade (ca. 1 ¢cm length x 1.5 cm diameter) and then gently
pressed them back together and were fused within 1 min.
In principle, all gels were able to form a bridge over two vials
after cutting and rejoining the pieces (Fig. 4). However, only
the catechol-polymerized Alg-DA gel bridges resisted vigorous
manual shaking when stored inside glass vials, whereas the rest
of the samples broke easily into their original pieces. These
results are consistent with the higher cross-linking density
of the polymerized samples, which may enhance the local
hydrogen-bonding capacity of the network.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 4 Representative pictures showing the self-healing ability of
catechol-polymerized Alg—DA gel (DS = 9.78%; 1.5% w/w). The monolith
was cut into pieces that were subsequently rejoined. The pieces fused
within 1 min and the bulk material could be suspended between two vials
and lifted with tweezers. The self-healing behaviour was also observed
after several cycles of disconnection and reconnection of the pieces. See
the ESIt for additional pictures, Fig. S5.

Effects of concentration on the self-healing properties
of catechol-polymerized Alg-DA gels

Subsequently, we studied the influence of concentration on the
self-healing of polymerized Alg-DA gels. Catechol-polymerized
Alg-DA with 2 different DS (i.e., 9.78% and 5.56%) and pre-
pared at 3 different concentrations (i.e., 0.75%, 1.5% and 3.5%
w/w) were first compared as described in the previous section.
The results indicated that the gels prepared at 0.75-1.5% w/w
concentration showed better self-healing properties in terms of
resistance to manual shaking after being cut into pieces and
rejoined. On the other hand, the gels prepared at 3.5% w/w
concentration were too brittle and the corresponding bridges
were easily destroyed upon hand shaking. This could be
explained by the formation defects at the interface above
1.5% w/w concentration. Nevertheless, it is noteworthy that
all these catechol-polymerized Alg-DA gels were more brittle
than the control gels prepared with unmodified alginate, even
when the controls were prepared at higher concentration (i.e.,
4% w/w). Therefore, we proceed further with our studies using
catechol-polymerized Alg-DA hydrogels prepared at 0.75% w/w
concentration. It is worth mentioning that despite the low DS
of these gels (i.e., Algcont, Alg-DA (0.75/9.78)), their bridges
formed after cutting and rejoining were able to support
ca. 1.2 times their own weight (Fig. 5).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 5 (a) Easy disruption of a bridged gel made from non-polymerized
Alg—DA (DS = 9.78%; 1.5% w/w) upon shaking. (b) Stable bridge made from
catechol-polymerized Alg—DA gel (DS = 9.78%; 1.5% w/w) after cutting the
monolith into pieces and rejoining back together. (c) Load-bearing ability
of the previous bridge (1.13 times its own weight). See ESI} for additional
pictures, Fig. S5.

Influence of Fe** coordination on the self-healing and water
retaining properties of the gels

One of the major drawbacks observed for the gels (including
the control gel made with unmodified alginate) prepared at
0.75% and 1.5% w/w concentration was a gradual loss of water
over time. Since an increase in the rigidity achieved by increasing
2-fold the concentration did not solve this problem, we hypothe-
sized that increasing the cross-linking degree of the gel network
by catechol-metal coordination could help to retain the water.
As described in the introduction, Fe** has been shown to form
strong coordination bonds with catechol groups, where
the number of ligands bound to the ferric ion depends on the
pH.'*** Hence, different amounts of FeCl; were added to the
CaCl, dialysis solutions during the synthesis of the corres-
ponding hydrogels as described in the Experimental section.
Preliminarily, we used Alg-DA with a substitution degree of
9.78% and we employed FeCl; concentrations ranging from
0.1 to 100 mM. Furthermore, a control gel using the unmodified
alginate and 20 mM FeCl; was also prepared for comparison. The
incorporation of Fe®" ions into the gel networks was confirmed
using FT-IR spectroscopy of the corresponding xerogels.
Absorption bands centered at 3488, 3444 and 3220 cm ™" shifted
to 3481, 3477 and 4216 cm *, respectively (it should be noted
that in this region -OH and -NH stretching bands are also
overlapped). These shifts are usually attributed to the formation of
catechol-Fe*" coordination bonds and alginate-Fe>" interactions.
Specifically, the former is responsible for the unique blue shift of
the band centered at 3488 cm™*, which is not observed in the
spectra of unmodified alginates (ESL} Fig. S3 and S4).

Table 1 shows the relative water loss of different gels over
1 week. The addition of 10 mM FeCl; practically suppressed the
water loss of Alg-DA hydrogels (entry 6), and also the addition
of 20 mM FeCl; showed the same effect in the hydrogels made
of unmodified alginate (entry 5). The use of <1 mM FeCl; did
not provide any benefit in terms of water retention compared to
the control samples (entries 1-4). It is noteworthy that the gel
formed with 1 mM FeCl; solution slowed down significantly the

New J. Chem., 2016, 40, 8493-8501 | 8497
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Table 1 Relative water loss of selected gels after 1 week stored in sealed
hydrophilic glass vials at room temperature

Gel (concentration [FeCls] Relative water loss

Entry (% w/w)/DS (%)) (mM) over 1 week (%)

1 Algconr (0.75/—) — 35+2

2 Alg-DA (0.75/9.78) — 30 + 2

3 Alg-DA (0.75/9.78) 0.1 30 + 2

4 Alg-DA (0.75/9.78) 1.0 3242

5 Algcont (0.75/—) 20.0 <1

6 Alg-DA (0.75/9.78) >10 <1

initial loss of water (during the first 30 min) in comparison to
the equivalent gel generated in the absence of Fe**. However,
the total amount of water lost after 1 week in both cases was
approximately the same.

To our delight, the self-healing properties were preserved in
the gels formed using between 10 and 20 mM FeCl; in the
dialysis solution. Thus, these gels did not show water loss and
could form stable bridges over two vials after being cut and
rejoined (Fig. 6), without falling apart after manual shaking.
These gels showed load-bearing capacity of ca. 3 times their
own weight after the self-healing process (ESI,i Fig. S5). The
reversibility of Fe** cross-linking was confirmed by the treatment
of the gel made in the presence of FeCl; (Table 1, entry 6) with
100 mM EDTA solution (pH 5) for 10 min. After liquid decanta-
tion, the monolithic sample showed again ca. 30% water loss over
1 week due to competitive complexation of Fe** with EDTA. It is
noteworthy to mention that Fe*" does not induce the oxidation of
DOPA.*>*

FeCl; concentrations higher than 20 mM lead to very brittle
gels and broke apart very easily (Fig. 7a). These observations are
consistent with previous studies on catechol-Fe*" systems, in
which the gels achieved greatest consistency at the maximum
of a Gaussian bell curve, and became weaker as the Fe*':
catechol ratio moved away from this point.”> To prove this
theory, we prepared hydrogels from Alg-DA with 5.56% DS and
using 10 mM and 20 mM FeCl; in the dialysis solutions. Under
these conditions, the gels have higher Fe’":catechol ratios

<1 min

Fig. 6 Hydrogel prepared from catechol-polymerized Alg—DA gel
(DS = 9.78%; 0.75% w/w) and 20 mM FeCls. No appreciable water loss
was observed over a week for this material. A stable bridge was formed
after cutting the monolith into pieces and subsequent reconnection by
simple physical contact. The self-healing behaviour was also observed
after several cycles of disconnection and reconnection of the pieces.
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Fig. 7 (a) Gaussian bell dependence of mechanical consistency of

Alg-DA hydrogels with a Fe** : catechol ratio. The gels were prepared at
0.75% w/w concentration using catechol-polymerized Alg—DA. (b) Effects
of pH on the storage modulus (G’) and swelling degree (S,,) of the hydrogel
prepared in the presence of 20 mM FeCls (DS = 9.78%). Inset pictures show
a colour change from dark yellow to reddish with increasing pH due to
higher content of Fe>* coordination bonds. Dried materials (xerogels) were
prepared and fragmented into small pieces in order to visualize better the
difference in colour.

compared to the gels formed using Alg-DA with 9.78% DS.
As expected, the former gels (5.56% DS) showed poor consis-
tency, and they broke apart very easily as a result of the high
Fe’":catechol ratio. Even though these gels presented self-
healing character and water retention, their mechanical weak-
ness made them less useful than their analogues prepared at
lower Fe**: catechol ratios. The effect of pH on the mechanical
strength of the materials was evidenced by soaking the gel
(i.e., DS =9.78%, 20 mM FeCl; — used as a model system for this
experiment) for 36 h in aqueous solutions at different pH values.
Maximum strength was obtained at pH 9-10 where metal-
coordination and oxidation are favoured and dominated by
bis- and tris-catecholate moieties. In contrast, lower pH made
the gel softer by reversing the metal-coordination cross-linking and
forming monomeric species (Fig. 7b). At the same time, the
polymer charge is increased as the pH decreases leading to higher
polymer hydrophilicity and interpolymer chain repulsion.
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Fig. 8 (a) Representative frequency sweep experiments of model alginate

gel samples (0.75% w/w) prepared either in the presence of 20 mM FeCls
(1) or in the absence of Fe** (2). The equivalent control gels prepared using
unmodified alginate are also included for comparison (i.e., (3) containing
Fe** and (4) without Fe**). (b) Thixotropic loop test of the gel prepared
from catechol-polymerized Alg—DA (0.75/9.78) and 20 mM FeCls. See ESI{
for additional rheological plots, Fig. S5 and S6 (ESI). tan d values for each
sample (estimated error &+ 0.005): 0.103 (1); 0.199 (2); 0.106 (3); 1.198 (4).

Finally, the apparent good correlation between the observed
mechanical strength, water retention and mechanical properties of
the bulk gels was also confirmed using oscillatory rheological
experiments (i.e., DSS, DFS and DTS) (ESL Fig. S6). In each case,
the storage modulus was found to be approximately one order of
magnitude higher than for the loss modulus and presented a low
dependence on the frequency, which is typical of viscoelastic
networks. Overall, both the storage modulus and the tan ¢ values
showed that the modified alginate gel formed using 20 mM FeCl;
(1) displayed superior mechanical properties (stiffer network) than
its equivalent gel prepared in the absence of Fe** (2) and two
control gels generated with unmodified alginate (ESL} Fig. S5).
One control gel (3) was prepared at the same concentration and
conditions (ie., stirring in TRIS-HCI buffer at pH 8 for 24 h,
dialysis using a 1 M CaCl,/20 mM FeCl; solution) and the other
one (4) without FeCl; (Fig. 8a). The improvement of the mechanical
properties is associated with the increase in the cross-linking
density of the gel through the formation of sacrificial coordination
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bonds between the catechol groups and Fe®" ions to dissipate
energy during mechanical deformation. Although it was out of the
scope of this study, previous reports have demonstrated that the
ratio between covalent bonds (i.e., polymerization of dopamine
moiety) vs. physical bonds (i.e., coordination bonds) in similar gel
systems”' can be determined by evaluating the dependence of
tan 6 or moduli values on the frequency as well as the relaxation
times of the networks during step-strain measurements.>®””

In general, the bulk gels also exhibited thixotropic (i.e., self-
healing) properties as confirmed by a three-step loop tests
(see Experimental section). The application of a large strain
(i.e., 1000%) to the sample caused the collapse of the gel phase
(G' < @"), which could be reverted to the original gel state
(G' > G") upon decrease of the strain to the initial value (i.e., 0.1%)
(Fig. 8b). The presence of Fe** in catechol-polymerized Alg-DA
hydrogels was not indispensable for this behavior, although it
allowed for a faster recovery of the storage modulus. For instance,
ca. 95% of the initial G’ was recovered within 1 min in the case of
the Fe**-containing gel, whereas the equivalent gel without Fe**
exhibited ca. 74% recovery in the same period (ESL ¥ Fig. S7).

Conclusions

A great deal of biomimetic research has revealed a captivating
adhesion mechanism based on 3,4-dihydroxy-L-phenylalanine
(DOPA)-containing proteins existing in marine mussels. Over
the years, this has inspired scientists in the development of new
functional materials for different applications. In this contri-
bution, we have synthesized DOPA-alginate conjugates and
prepared their corresponding hydrogels using a dialysis protocol
in the presence of Ca®* ions. Hydrogel monoliths showed self-
healing properties after cutting them into several pieces and
rejoining back together. This self-healing ability was tuned by
means of biopolymer concentration, dopamine content, cross-
linking of catechol groups (by alkaline treatment) and Fe**-
coordination of the networks. The results showed that catechol
cross-linked hydrogels prepared at 0.75% w/w concentration
and in the presence of at least 10 mM FeCl; were the best
systems in terms of mechanical strength and water retention
capacity. Maximum strength was obtained at pH 9-10 where
metal-coordination and oxidation are favoured and dominated
by bis- and tris-catecholate moieties. The thixotropic nature of
the gels was also confirmed by rheological loop tests. Further
studies on the influence of other metal salts as well as other
cross-linking methods on the self-healing behaviour of these
and other biohydrogels based on dynamic chemistry are currently
underway in our laboratories.
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