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Reversible sacrificial bonds play a crucial role in various 

biological materials where they serve as load-bearing bonds, 

facilitating extensibility and/or impart self-healing properties 

to the biological materials. Recently, the coordination bonds 

found in blue mussel byssal threads have been mimicked in 

the design of self-healing hydrogels. Herein we show how the 

mechanical moduli of mussel-inspired hydrogels based on 

DOPA-polyallylamine (DOPA-PAA) can be straight-

forwardly adjusted by systematically varying the 

coordinating metal from AlIII, GaIII to InIII. These gels are 

transparent and only slightly tanned opposite to the black 

hydrogels obtained using FeIII. Additionally, dark 

FeIII:DOPA-chitosan gels were synthesized and showed 

remarkably high storage modulus. The strongest hydrogels 

were formed around pH 8, which is closer to physiological pH 

than what was observed in the FeIII:DOPA-PAA system 

(pHmax ~ 9.5). This finding supports the hypothesis that the 

maximum in the storage modulus distribution can be 

adjusted to match a given application by selecting the cationic 

polymer based on its pKa value.  

Nature has developed many different materials with unique and 

desirable properties1. In the past couple of decades the blue mussel 

has attracted great attention due to its ability to form strong under-

water bonds to a wide range of surfaces2. The secret behind these 

amazing sticking powers has been shown to be high amounts of the 

amino acid DOPA3. Furthermore, the mussel incorporates FeIII ions 

in a DOPA rich byssus coating4, which imbues it with strength and 

self-healing properties through the formation of strong, yet 

reversible DOPA-FeIII coordination bonds4b. The number of DOPAs 

bound per FeIII is highly pH-dependent5 and consequently, the 

mussel glue cures in a pH-dependent manner (Scheme 1a). The 

chemistry of the byssus has been used as inspiration in several 

biomimetic materials2, 6.Of particular relevance to the present study, 

the metal coordination capability has been mimicked in the 

formation of self-healing pH-responsive hydrogels of catechol 

functionalized polymers cross-linked by iron ions6a, 7. Similarly, 

Nereis worm jaws are formed by histidine rich proteins reinforced by 

coordination bonds with zinc ions8. This has led to the formation of 

worm jaw inspired materials9 as has similar histidine/metal motifs in 

mussel byssi10.  

Scheme 1. (a) Chemical structure of DOPA’s catechol and quinone 

form, including the catchol’s ability to react with hard metal ions. 

MIII. Chemical structure of (b) DOPA-PAA (pKa ~ 9.5) and (c) 

DOPA-chitosan (pKa ~ 6.7). (d) Schematic of the characteristic 

peak-shaped storage modulus distribution expected using amine 

containing polymers. (e) and (f) illustrate the two major 
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contributions to the gel color in FeIII and AlIII/GaIII/InIII based gels, 

respectively. The intersections depict the resulting color of the gels. 

The mussel adhesive proteins are basic due to a high lysine content1c, 

2, 11. Recently, we made biomimetic polymers based on 

polyallylamine on which DOPA was grafted to emulate the cationic 

nature of the catechol containing mussel proteins7b (DOPA-PAA, 

Scheme 1b). The DOPA-PAA polymer was cross-linked by FeIII, 

resulting in pitch black hydrogels that displayed a peak-shaped 

modulus distribution as a function of pH with a maximum around 

the polymer’s pKa value (pHmax ~ 9.5 ~ pKa). A schematic 

illustration of the characteristic modulus distribution is depicted in 

Scheme 1d. However, our previous work left two questions 

unanswered, which are the focus of the present paper. The first 

question is whether the multi-pH-responsive design allows for the 

maximum in the modulus distribution to be adjusted to a given pH 

value determined by the cationic polymer’s pKa value.7b To 

investigate this, DOPA-chitosan was synthesized (Scheme 1c, See 

also supplementary materials, ESI).  DOPA-chitosan has a lower pKa 

value than DOPA-PAA (6.7 vs. 9.5, ESI), making it a good 

candidate for addressing this question as it is expected to result in a 

shift in the modulus distribution towards physiological pH. 

Additionally, chitosan has the advantage that it is a relatively 

inexpensive natural polymer, which in general is considered to be 

safe for use in biological settings due to its biodegradable12 and 

biocompatible13 nature. Accordingly, DOPA-chitosan and 

catechol/chitosan based systems have been widely studied in the 

literature14. The second question arising from our work on 

FeIII:DOPA-PAA hydrogels is whether the color and modulus can be 

adjusted by systematically varying the employed metal? To answer 

this question, DOPA-PAA was cross-linked using the group 13 

elements (group IIIA/IIIB); AlIII, GaIII and InIII and the mechanical 

properties of the formed gels were assessed by rheology. 

Addressing the first question, FeIII:DOPA-chitosan hydrogels were 

created in accordance with our previously published recipe (ESI)7b. 

In brief, DOPA-chitosan with a grafting density of ~3.3% was 

dissolved and mixed with FeIII ions at pH 1. A pitch black gel was 

formed by increasing the pH to ≥ 6 using NaOH (catechol:FeIII ratio 

of 3:1, Figure S1). The pH-dependent assembly of the hydrogels was 

monitored using UV/VIS absorbance spectroscopy (ESI) as the 

FeIII:catechol coordination bonds display characteristic absorptions 

in the visible range5 (Figure 1a). As the pH is increased from acidic 

to alkaline, the color of the solution changes from faint green, to blue 

to red, which can be assigned to the presences of mono-, bis- and 

tris-species, respectively (See inserts in Figure 1a). The colors are in 

line with what previously have been observed for similar systems7a, 

7b, 15. The mechanical properties of the hydrogels were assessed by 

performing frequency sweeps using rheology (Figure S2a,b, ESI). 

The material was found to be in a liquid state at pH 4 (Storage 

modulus, G’ < loss modulus, G’’) and then as the pH is increased 

from acidic to intermediate values (pH 8), the elastic response of the 

material starts to dominate (G’ > G’’) owing to the change in bond 

stoichiometry (Scheme 1a). As the pH is further increased to alkaline 

values, the viscous response of the material takes over (G’ < G’’) 

and the material becomes more liquid-like again, indicating that the 

hydrogel system displays a peak in the pH dependence of the gel 

modulus just like the previously published FeIII:DOPA-PAA system 

(Scheme 1d)7b. To clarify this point further, the obtained storage 

modulus G’, (used as a measure of the gel mechanical stiffness) was 

plotted as a function of pH for an angular frequency of 25 s-1 (Figure 

1b). The modulus distribution displays a distinct peak at pH 8 with a 

remarkably high modulus (30 kPa). The result supports the 

hypothesis that the multi-pH responsive design leads to a hydrogel 

system with a peak-shaped modulus distribution (Scheme 1d and 

Figure 1b) and that the polymer mechanics can be shifted towards a 

preferred pH value by careful selection of the cationic polymer. 

 

Fig. 1(a) Absorption profiles of FeIII:DOPA-chitosan solutions at pH 

1-12. The black arrow points in the direction of increasing pH. The 

characteristic mono- (~720 nm), bis- (~547 nm) and tris- (~460 nm) 

peaks are highlighted. The inserts show the color of the solution at 

pH 3, 6 and 12, where the mono-, bis- and tris- species prevail. (b) 

Storage modulus (G’) plotted as a function of pH (black) at an 

angular frequency of 25 s-1. The red line serves as a guide to the eye. 

As shown above, iron cross-linked hydrogels are strongly colored2a, 

b. For many applications uncolored and/or transparent materials are 

preferred due to cosmetic or practical reasons. The color of metal-

cross-linked catechol-polymer systems is predominantly determined 

by two factors: 1) the electronic structure of the metal16 and 2) the 

degree of catechol oxidation and quinone tanning; both are 

schematically depicted in Scheme 1e and f. The electronic structure 

matters as transition metals with partially filled d-orbitals such as 

FeIII, form strongly colored gels (Scheme 1e) with major 

contributions from d-d transitions16. On the contrary, metal ions with 

empty or filled d-shells (or f-shells) form slightly tanned gels as the 

only source of color comes from oxidation processes that are 

catalysed by high pH (Scheme 1f)17. Here, catechols are oxidized to 

quinones (Scheme 1a). The formed quinones are susceptible towards 

nucleophilic attacks and create amongst others covalent bonds to 

amines on the polymer backbone, resulting in colored products 

(quinone tanning, Scheme 1e and f)18. Accordingly, the color derived 

from d-d transitions can be bypassed by using main group metals 

such as AlIII/GaIII/InIII, which do not have partially filled d-orbitals. 

In addition, it has been speculated that FeIII can catalyse catechol 

oxidation due to its available FeII state7e, 19. This potential metal-

triggered oxidation can thus be avoided by using these alternative 

metals with only one available oxidation state.  

In the present work, transparent and slightly orange hydrogels were 

formed by cross-linking DOPA-PAA (Scheme 1b) using 
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AlIII/GaIII/InIII. In addition to the lighter color, the modulus of the 

gels is also dependent on the interaction between polymer and metal 

(e.g. through the hardness of the metal ion according to the hard/soft 

acid/base principle). The group 13 metals enable a systematic study 

of how the hardness of the cation affects the mechanical properties 

of the hydrogels. When moving down the group, the hardness falls 

and this is expected to lead to lower binding strengths to the hard 

catechol ligands. AlIII cross-linked catechol-PEG hydrogels have 

previously been investigated7d, 20 but no systematic variation of 

cation has so far been reported.  

The MIII:DOPA-PAA hydrogels were created following our 

previously published recipe (ESI)7b. Upon base addition, the 

materials changed from colorless liquids to orange self-healing 

hydrogels as seen in Figure 2a. The self-healing ability of the gels 

was qualitatively tested by cleaving a freshly formed gel, bringing 

the pieces into contact, and monitoring the recovery of the gel 

structure (Figure 2a). After 2-7 min, the external structure of the 

hydrogel blobs was fully recovered, confirming the reversible nature 

of the coordination bond and the gel’s viscoelastic behaviour. The 

self-healing properties were quantitatively investigated using 

rheology (ESI). Here, MIII based gels (pH 6, 9 and 12) were strained 

until failure after which the recovery was monitored. Regardless of 

pH and metal system, the hydrogels were found to fully recover to 

their original modulus. In Figure 2b the data for AlIII and FeIII (pH 8) 

gels are compared. While both display rapid self-healing capabilities, 

the AlIII gel is almost a factor of two less strong than the FeIII gel, 

confirming that the gel modulus depends on the catechol affinity of 

the metal. 

 

Fig. 2 (a) Qualitative tests of the self-healing properties of AlIII, GaIII 

and InIII gels. (b) Quantitative tests of the self-healing properties of 

AlIII and FeIII gels.  

When using metals such as AlIII/GaIII/InIII without electronic 

transitions in the visible range, UV-VIS spectroscopy cannot be 

straightforwardly used to probe coordination states as done in the 

FeIII:DOPA-chitosan system (Figure 1a); indeed the lack of 

coordination related absorption bands results from the absence of 

partially filled d-orbitals (Scheme 1e and f), however, it is not a sign 

of lack of coordination as suggested by others20. To establish the 

evolution of metal coordination with pH, other experimental 

techniques are needed. Herein, we used extended X-ray absorption 

fine structure (EXAFS) on GaIII based gels to probe the local metal 

coordination environment at different pH values. The measurements 

were recorded in fluorescence mode at the I811 MaxLAB beam line 

(Lund, Sweden, ESI). The normalized absorption curves and 

corresponding radial distribution functions are shown in Figure 3 

together with a schematic highlighting the first and second 

coordination shells of the different bond stoichiometries. 

 

Fig. 3 (a) Normalized and background subtracted Ga K-edge EXAFS 

curves for pH 3, 6, 9 and 11 gels. The curves have been shifted along 

the y-axis and the legend is shown in (b). (b) Radial distribution 

functions. (c) Schematic drawing of the different MIII:catechol bond 

stoichiometries, highlighting the first and second coordination shells.   

The first coordination shell contains six oxygen atoms located on a 

combination of catechol moieties and/or water molecules depending 

on bond stoichiometry (Figure 3c). The oxygen atoms have identical 

scattering intensities and accordingly, the second coordination 

sphere has to be addressed to investigate how the bond stoichiometry 

evolves with pH. The second sphere appears as a shoulder to the 

right of the first shell in the radial distribution functions. The area of 

the second shell increases with pH in agreement with the increasing 

number of carbon atoms present in this coordination sphere (Figure 

3c). This finding is consistent with the gels becoming increasingly 

cross-linked as the pH is increased. Further insights into the gelation 

behaviour were obtained by 1H NMR on solutions of AlIII:DOPA-

PAA as summarized in Figure S4. With increasing pH the 1H 

resonances broaden due to restricted molecular mobility of the 

DOPA-PAA polymer chains21. These observations are in agreement 

with hydrogel formation and the materials design (Scheme 1a). 

Moreover, a closer inspection of the sp2 region (5.5 – 8 ppm, Figure 

S4b) reveals 1H peak shifts, which may support the fact that the 

catechols become oxidized as the pH is increased. 

The mechanical properties of the AlIII/GaIII/InIII based hydrogels 

were assessed by performing frequency sweeps at various pH values 

using rheology (see ESI for details and Figure S2c and d for 
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frequency sweeps performed on AlIII based materials). Figure 4 

shows the resulting modulus distributions. 

 

Fig. 4 Storage modulus (G’) plotted as a function of pH for the 

different metal systems (AlIII, GaIII and InIII) at an angular frequency 

of 25 s-1. The red line serves as a guide to the eye. The 

polyallylamine:MIII references  are shown in blue. 

As expected, the hydrogels display peak-shaped storage modules 

distributions (Scheme 1d) with maxima close to, but still slightly 

lower than the pKa value of PAA (pKa ~ 9.5). This suggests that the 

position of the distribution is not solely controlled by the polymer‘s 

pKa but also by the nature of the coordinating metal. When 

comparing the determined maximum moduli, it is found to decrease 

from AlIII (18.5 kPa, pH 8.8) to GaIII (13 kPa, pH 8.1) to InIII (12 

kPa, pH 8.5). This is in line with the decreasing metal hardness 

observed when moving down the group 13, confirming the 

hypothesis that the mechanical properties of the gels can be fine-

tuned by systematically varying the employed metal.  The storage 

moduli are substantially higher in the cationic systems (DOPA-

chitosan and DOPA-PAA) than in the corresponding neutral systems 

by Holten-Andersen et al7a. This difference is largely due to 

difference in the polymer concentration that is higher in the present 

polycationic systems. Additionally the DOPA concentration is 

higher in the present g-DOPA-PAA materials while it is similar for 

g-DOPA-chitosan. These factors lead to a higher degree of polymer 

cross-linking and entanglement resulting in higher storage moduli. 

Furthermore, chitosan has a tendency to self-aggregate, which may 

contribute further to the high storage moduli obtained in the DOPA-

chitosan system (Figure 1b)22. 

The AlIII/GaIII/InIII based hydrogels were found to be transparent and 

slightly tanned (Figure 2a). At high pH the gels developed a more 

pronounced orange color, which is assigned to the pH-dependent 

catechol oxidation followed by quinone tanning (Scheme 1a, e and 

f). The oxidation process was examined by performing UV-VIS 

absorption measurements on solutions of MIII:DOPA-PAA (ESI). 

The absorption profiles associated with the different metal systems 

displayed no substantial difference and accordingly, only the 

absorption data associated with AlIII are presented (Figure 5). The 

samples show strong absorptions in the ultraviolet range, which can 

be assigned to the k- and b-band of the catechol and to various 

electronic transitions. As the pH is increased, absorption in the 

visible range (>390 nm) appears which can be explained by the 

formation of irreversible products from quinone tanning. This result 

was further supported by the fact that the band did not disappear 

when lowering the pH to 1 after having reached pH 12, confirming 

that the formed products are irreversible (Figure 5a). The absorption 

measured at pH 12 in air was compared with that of a similar sample 

prepared under nitrogen (Figure 5b). Whereas the sample prepared in 

air absorbed visible light and was orange, the sample prepared under 

nitrogen was colorless and showed no absorption in the visible 

range, confirming that the orange color originates from oxidation 

processes (Scheme 1e, f). To further investigate the pH-dependent 

balance between covalent and coordination bonds, gels with three 

different pH values (pH 6, 9, and 12) were immersed in solutions of 

EDTA (ESI). The gels were found to become decreasingly soluble in 

EDTA with increasing pH (Figure S5). This supports the 

interpretation, that the pH-catalyzed oxidation plays a role in the 

formation of the gels.  

 

Fig. 5 (a) Absorption profiles at different pH values of solutions of 

AlIII:DOPA-PAA. The arrow points in the direction of increasing 

pH. The dashed curve shows the absorption at pH 1 after having 

reached pH 12. The absorption profiles have been shifted along the 

y-axis. (b) Comparison of the absorption profiles measured at pH 12 

in air and under N2. The inserts show the color of the samples. 

Accordingly, unwanted auto-oxidation, coloring and covalent bond 

formation can be prevented by inhibiting oxidation via the removal 

of molecular oxygen as done above using a nitrogen atmosphere. In 

more practical terms, we prevented oxidation by the addition of an 

anti-oxidant such as ascorbic acid (Figure S3). Nevertheless, in 

concentrated gels, the anti-oxidizing capability of ascorbic acid is 

not strong enough to fully avoid oxidation, resulting in tanned gels. 

The use of antioxidants to control oxidation kinetics may also play a 

role in mussel byssi. Indeed, the thiol-rich mussel foot protein 6 

(mfp-6) found in the adhesive plaque has been shown to be able to 

rescue the adhesive capabilities of the DOPA-rich mfp-3, indicating 

that antioxidants are important in mussel adhesion23. Our present 

work using the non-byssus relevant antioxidant ascorbic acid lends 

further support to this notion and provides an impetus for further 

work on oxidation control in DOPA based self-healing gels. 

Conclusions 

In this work, FeIII:DOPA-chitosan hydrogels were formed, which 

showed remarkable storage moduli of up to ~30 kPa. As 

hypothesized, the maximum storage modulus was shifted towards 

physiological pH by using DOPA-chitosan instead of DOPA-PAA. 

This result indicates that the mechanical properties can be adjusted 

by selecting the polymer based on its pKa value. In the second part of 

this work, it was shown that the color and the mechanics of the gels 

can be fine-tuned systematically by varying the coordinating metal. 

Moreover, the experiments involving antioxidants suggest that a 
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proper antioxidant will be able to fully prevent auto-oxidation from 

occurring in the gels. 
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TOC Figure: 

Ways to orchestrate the mechanical properties and colors of mussel-

inspired metal cross-linked hydrogels based on DOPA functionalized 

cationic polymers are demonstrated. This is achieved by 

systematically varying the hardness of the coordinating metal and/or 

the cationic polymer.   
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