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Abstract: To mimic the underwater adhesion of marine mussels, bioadhesive has been
prepared with poly(acrylic acid) backbone functionalized with 30% catechol appendants. The
polyelectrolyte chains can be reversibly crosslinked through metal chelation and irreversibly
gelled by oxidative crosslinking. Surprisingly, the reported “poor” metal chelator Zn*" not only
imparts this injectable adhesive with much superior adhesion after the formation of
coacervation compared to the one chelated by stronger metal crosslinker (eg. Fe’”), but also
generates good mechanical performance of self-healing hydrogel after the oxidation of catechol
groups with a pH trigger. Such pH-responsive material with strong adhesion and good self-
healing property at different conditions could be an ideal candidate in biomedical adhesion and

tissue engineering.

Keywords: Polyelectrolyte; bioadhesive; self-healing; hydrogel; coacervation.

1. Introduction

The development of novel biomaterials plays an essential role in the successful use of
wound sealants in surgery. However ideal wound sealant has been a challenging topic for
decades because tissue engineering process requires biocompatible material with excellent
wettability to get injected and spread on wound precisely. In addition effective curing and
adequate mechanical properties are indispensible to maintain stability in situ. Dopa-modified
polymeric structures inspired by marine organisms such as mussels and sandcastle worms

living in a harsh seawater environment have garnered increasing interest to explore biomimetic
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adhesives for tissue engineering or other medical purposes particularly for use in wet
environment. The key functional groups are catechol side chains which can be easily
crosslinked by metal ions' to form catechol complexes (mono-, bi-, and tris- complex). On the
other hand, such structures can also undergo chemical/enzymatic oxidation®” to form stable
covalent bonds with bidentate H-groups® and thus possess enough cohesive force for good

performance adhesives.

A number of recent investigations have focused on the improvement of adhesive
properties of bioadhesives using metal chelated hydrogels probably because of the difficulty of
using strong oxidants in biological systems. The metal chelated catechol system were proposed
to be ideal candidates for tissue adhesive and sealant.” Some alternative backbones have been
used such as poly(ethylene glycol) (PEG),”® polystyrene’ or hyaluronic acid (HA)' to enhance
adhesive performance. These polymers demonstrate performance competitive to commercial
super glues after crosslinking even though they exhibit very dark color of the materials after
curing. Nevertheless, the fact that metal ions harden the material gives self-healing ability on
the bulk scale which somehow limits the adhesive performance of the materials (several
hundred kPa level).® As noticed,®"" the oxidation process reduces adhesive force and provides
enough cohesive force for adhesives, while metal chelation strongly enlarges the cohesive

force range, hence facilitating the formation of hydrogels.

In this work, an novel water-based polymeric adhesive with good bonding strength and
fast in situ sealing capabilities is presented as effective tissue adhesive and orthopedic
sealant.' Interestingly, this material is based on a delicate Dopa functionalized poly(acrylic

2+

acid) in the presence of weak divalent cross-linker Zn*". Zn*" was rarely used in Dopa

containing polymers since it showed little crosslinking in most polymeric backbone system.'
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In current study, poly(carboxylic acid) such as poly(acrylic acid) (PAA) was chosen as the
backbone because of its high sorption capacity to chelate metal ions'* and the highly soluble
electrolytic property which can take place of the protein polyamide chain of mussel adhesive
protein. Since mussels concentrate Zn>" more than 100,000-fold higher in the adhesive plaque
compared to its concentration in sea water." In addition, zinc supplementation has been found
to improve wound healing in zinc-deficient cases,'® Zn*" was hence chosen to be the metal
chelator. In the absence of catechol groups, complex formation of Zn*" with PAA by
electrostatics in an aqueous acidic environment (low pH) shows no adhesion but a turbid
solution.'” By partially conjugating catechol groups to PAA backbone, the anionic
characteristics of the polymers are retained. Taking advantage of “sticky” features of the
catechol group, the adhesive force can be maximized when a coacervate is created from PAA-

Dopa in the presence of Zn*" at low pH (Scheme 1).
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Scheme 1. Biomimetic adhesive and hydrogel induced by pH in the presence of Zn*".
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The interactions between PAA-Dopa and Zn*" can be manipulated by external conditions
to sequentially form high performance coacervate adhesive (strong adhesion, electrostatic
interactions) to hydrogel (good stress recovery, coordinate and covalent interactions) in a
simple process. The optimization of the cohesive and adhesive forces imparts the material with
both hardness and adhesive properties.'’ In principle, such complex coacervate adhesive can
instantly form after being injected at low pH and then gelled at elevated pH. This system is
probably ideal for tissue repair even though many practical issues still need to be carefully

considered from the aspect of medical purposes.

2. Experimental
2.1 Materials

Poly(acrylic acid) (PAA) (Mw = 250 kg/mol, 35 wt% in H;0), Dopamine
hydrochloride, I-methyl-2-pyrrolidinone  (NMP) (99.5%), N,N'-dicyclohexylcarbodiimide
(DCC), N-Hydroxysuccinimide (NHS) (98%), sodium tetraborate (Na,B407), sodium
bicarbonate (NaHCO3), ethyl acetate (C4HsO,), zinc chloride (ZnCl,) were purchased from
Sigma Aldrich. PAA solution was freeze dried and ground to white powder before experiments.

Other chemicals were used without further purification.
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2.2 Synthesis and purification of PAA-Dopa

The synthesis was based on our previous report.”® Because of the highly reactive property
of dopamine moiety, dopamine hydrochloride was initially stored under moderately basic
conditions in an aqueous solution of sodium borate and sodium bicarbonate, where the medium
protected dopamine moiety from side reactions by forming borate ester.'” After grafting, the
pH of aqueous solution was reduced to less than pH 2 in order to deprotect the dopamine
moiety. PAA-Dopa was then extracted with ethyl acetate.”” This synthesis was carried out
under nitrogen. The product of PAA-Dopa powder is water-soluble. In a typical run, PAA (1.0
g, 13.9 mmol -COOH groups) was dissolved in NMP (20 ml) at 60 °C for 24 h. DCC (0.587 g,
2.845 mmol) and NHS (0.058 g, 0.5 mmol) were introduced into the PAA solution under
magnetic stirring for 2 h for the following use. Na;,B4O; (1.144 g, 5.69 mmol) and NaHCO;
(0.478 g, 5.69 mmol) were dissolved NMP (30 ml) under vigorous stirring and bubbled with
N, for 0.5 h. Dopamine hydrochloride (1.841 g, 9.71 mmol) was then added for another 0.5 h
mixing, followed by dropwise addition of well-prepared PAA mixture. The reaction mixture
was stirred overnight at room temperature with N, bubbling. Finally, the pH of reaction
solution was reduced to less than 2 and precipitated three times with ethyl acetate (250 ml in
total). For further purification, the crude wet product was dissolved into DI water (30 ml) and
dialyzed (SpectraPor 3 tubing, molecular weight cutoff: 14000 g/mol) against DI water in dark
until the conductivity of water outside the bag reached constant. The final product was freeze

dried to get PAA-Dopa powder which was then stored in a sealed container.

2.3 Preparation of Zn*" crosslinked coacervate/hydrogel
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PAA-Dopa with a catechol percentage of ~30 mol% was dissolved in pH 4 acetate buffer
(0.35 M of Dopa). Zn*" solution with different concentration was introduced into PAA-Dopa
solution with the same volume. Coacervate was instantly formed. At pH ~9 this material was
triggered the formation of self-healing hydrogel. For better comparison of hydrogel with
different crosslinking degrees, these pH triggered hydrogels were then allowed to settle for 1~3
hours in an air tight container to facilitate complete diffusion and relaxation of the polymer

network.

2.4 UV-vis Spectroscopy with PAA-catechol and Zn*"

Dopamine grafting stoichiometry was determined in pH 4 acetate buffer with an
SHIMADZU 2550 spectrophotometer using a 1 cm path length quartz cuvette. The catechol
group displays a characteristic peak at A,79 nm (A9 = 2600 M'lcm'l).21 Same volume of
PAADopa (0.35 M, pH 4 buffer) and Zn*" (with stoichiometric Zn*"/ Dopa of 1.4, 3.2, 4.0, and
8.0, respectively) were mixed and magnetically stirred for 2 h and centrifuged, after which
certain amount of the supernatant was diluted with deionized water to keep Amax inside the

linear absorption range (Amax < 1).

2.5 Rheology

All rheological measurements were performed by MCR501 rheometer from Anton-Paar
Physical (Austria) equipped with the 25 mm parallel plate geometry. In brief, same volume of

Zn*" and PAA-Dopa (0.35 M, pH 4) solutions were added onto the rheometer baseplate.
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Water-born adhesives formed after gentle stirring for a few seconds. Soft adhesives were
extruded on the platform. To study the transition temperature of water-born adhesives with
different cross-linking degree (Zn2+ concentration of 0.5, 0.7, and 1.4 M), measurements were
performed at a frequency of 1 Hz and a strain of 1% and the temperature was ramped from 25
to 45 °C at a rate of 0.5 °C/min. To investigate the stable self-healing property, strain was
increased from 0.1 to 1000 % in 200 s to break the structure of hydrogel after which the
recovery process was monitored by small amplitude oscillation at 1% strain for another 200 s.
The strain-recovery tests were repeated five times. To compare the dynamic rheological
properties between coacervates and hydrogels, and by extension, the nature of the metal-ligand
crosslinks, frequency sweeps were performed under different crosslinking degree in the linear

viscoelastic range at constant strain amplitude of 1% from 1 to 100 rad/s at room temperature.

2.6 Lap shear adhesion testing

Lap-shear adhesion tests were conducted with a Hengyi HY-0580 tensile test instrument
with a 3000 N loading cell. The loading rate was 5 mm/min to reach an ultimate force for all
samples. Different adherends (I cm x 2 cm) of aluminum, stainless steel, polyethylene (PE)
and Teflon were used for these tests. Adherends were first polished with aluminum oxide cloth
(120#) followed by washing with hexanes, ethanol, acetone, deionized water and finally air-
dried overnight. Additional washes and scratches have to be employed to get rid of insoluble
residues if necessary. Zinc chloride solution (200 uL, 1.4 M) was evenly spread over one
adherend, followed by PAA-Dopa solution (200 pL, 0.35 M of catechol group) on top of it.

Two adherends were overlapped to fulfill an area of 1 cm x 2 cm, pressed together squeezing
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out a small excess of adhesive and clamped. For each sample, 5 trials were conducted. For dry
curing method, samples were first pressed for 1 h at room temperature (20 °C). Then they were
cured at 40 °C for 22 h and finally cooled at room temperature (20 °C) for 1 h.** For semi-wet
curing method, samples prepared above were subsequently stored underwater at room
temperature for another day. For wet curing method, fresh bonded specimens with water-born
adhesives were immediately incubated underwater at room temperature for 24 h. The shear
strength was immediately measured after the samples were taken out of water. A widely used
commercial a-cyanoacrylic resin adhesive was used by simple mixing A, B glues together (2:1

by weight, 15 mg in total) for comparison.

2.7 Other characterizations

The morphology of coacervate droplets was examined with a LEIKA DM 2500P PLM.
Images were captured with a charge-coupled device camera connected to a PC via a WT-
1000GM imaging board. FT-IR spectra were obtained with a Nicolet 6700 instrument (Nicolet
Instrument, Thermo Company, USA) over the wave number range of 4000-1000 cm™. 'H-
NMR spectra were recorded on a BRUKER AVANCE 500 spectrometer operating at 500 MHz
with D,O as solvent. SEM results of surface morphology of lyophilized adhesives and
hydrogels were obtained by NOVA Nano SEM 450 with an accelerating voltage of 3 keV.

Before analysis, a thin Au film was coated for conductivity.
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3. Results and discussion
3.1 Synthesis of catechol modified polymer

Synthesis of PAA-Dopa was illustrated in Scheme 2. The PAA used here has an average
molecular weight of 250 kDa. The appearance of a stretching peak at 1645 cm™ and bending
peak at 1544 cm™ by transmission infrared spectroscopy (Figure S1, supporting information)
indicates the successful attachment of dopamine groups. Approximately 30% of carboxylate
groups were grafted with dopamine through an amidation reaction demonstrated by NMR
(Figure S2, supporting information). Furthermore, the adjustment of the adhesive and cohesive
force by pH can induce a transition of adhesive to hydrogel in a simple dopa-metal system in
the presence of Zn®". The resulted adhesive demonstrates strong adhesion in both dry and
aqueous states with no need of strong oxidants compared to the same type of underwater

adhesives currently reported.'**'*

NaB,0,/NaCO, in NMP | |
HO CH,CHNH,  TCHyCHIL - Overnightat R.T.

CH,CH,NHC=0 (=0
:©/ HCI 4 0=C - O
HO | DCC , NHS

OH

HO
OH

Scheme 2. Synthesis scheme of PAA-Dopa.

From UV-vis spectra, the characteristic peak of the hydroxyl moiety at 279 nm”' was used
to estimate the grafting degree of catechol groups on the PAA backbone as shown in Figure

S3a, supporting information. As noticed, Dopa groups grafted on the PAA chains remain in

10
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their reduced states without being oxidized: no shoulder between 310 and 380 nm was
observed implying no formation of o, B-dehydro Dopa intermediates.”* This means good
protection of the reactions from oxygen. The grafting density ranges from 15% to 40% as the
Dopa/AA ratio increases from 0.2 to 1 (Figure S3a and b, supporting information). In this work,
30% of grafting density was chosen because this ratio is consistent to the catechol content in
foot protein 5 from the common blue mussel (M. edulis)®® which contains the highest Dopa

content among all marine adhesive proteins.

3.2 Zinc induced electrostatically driven coacervation

At fixed Dopa grafting ratio (30%), PAA-Dopa solution was injected into zinc solution at
different concentrations. Dense coacervate was immediately formed (video, supporting
information). As the zinc concentration was increased, the free catechol groups on PAA chains
in the supernatant decreased reflecting the increase of catechol chelation degree (Figure S3c
and d, supporting information). However, the free catechol concentration did not change as the
Zn*": Dopa ratio is greater than 4. The resulted adhesives exclusively manifest high viscosity
and grey color. The results here are somehow different from previous results found in Fe’*
systems in which mono-catechol-Fe** complexes dominate and no crosslinking exists at low
pH conditions.”®*” Since Zn®" has a lower charge density than iron as a consequence of its
larger size and lower charge, weaker complexation with catechol groups is expected to form
mono-catechol-Zn®" complexes. Meanwhile, zeta potentials of PAA and PAA-Dopa are -16.8
and -22.6 mV respectively (Figure S4) at pH 4 where quite a few carboxylic groups are

dissociated and negatively charged, hence it is more likely to have electrostatic interactions

11
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during the formation of coacervate. It is believed that the electrostatic interaction between
positively charged Zn>" (chelated with catechol groups) and negatively charged carboxylic
groups from another polymer chain can certainly facilitate the formation of inter-polymeric

complexes (Scheme 1) and hence certain cohesive force was reached.

Figure 1. Fluidity of the coacervate (Zn>": Dopa = 1.4:1, pH = 4). (a, b and ¢) When injecting
PAA-Dopa liquid into Zn*" solution, adhesives form and condense at the bottom after 20-30

minutes. (b) Microscopic view of coacervate droplets.

The formation of complex adhesive and the condensation from aqueous solution can be
identified from Figure 1 through visual and microscopic observations. The rapid progress of
such complexation leads to further neutralization of the complex and finally to the formation of
coacervate in the presence of Zn®". This also explains the previous findings that Zn** often
promotes hardness properties when mixed with polycarboxylate polymers.'* As a comparison,
addition of Zn*" to simple PAA or Dopa solution does not form viscous liquid phase or
provides any adhesion. Without the negatively charged structure and the sticky sidechain, the

material does not generate enough cohesive or adhesive force to function as an adhesive.

12
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A lower elastic modulus (G’) than viscous modulus (G”) determined by rheology analysis

(Figure 2a) indicates fluidic properties at low pH (~ 4) especially at low Zn: Dopa ratios. The

curves of G’ and G” as a function of frequency crossed each other, and the cross points shifts

to lower frequency as the Zn: Dopa ratio was raised. This means that the relaxation time t*

(t*= 1/f*) becomes longer, where * is the crossover frequency at G’= G”. The t* suggests the

time scale of the mechanical relaxation in the polymeric structure. A larger t* reflects a

stronger attractive interactions between polymer chains®® as expected since more cationic Zn

added facilitates both chelation and columbic interactions.
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Figure 2. Rhoemetry of zinc cross-linked PAA-Dopa adhesives at pH 4. (a) With different Zn:
Dopa ratios at a strain of 1% and at room temperature (arrow shows the crossover point) (b)
The solidification or gelation temperature test at frequency of 1 Hz. In both figures, storage G’

and loss G” modulus are represented by closed and open symbols, respectively).

In Figure 2b, the temperature dependence of G’ and G” was investigated to reveal the
phase transition behaviors of such adhesive. Three kinds of samples with different zinc ratios
were studied and the cross points of G” and G” can be clearly observed as the samples
transform from liquid-like to gel-like samples. The overall response to temperature is between
37 and 40 °C likely suggesting a superior intrinsic feature for physiological temperature
response. An enhancement of sample stoichiometry (Zn: Dopa) does not increase the transition
temperature dramatically. Under conditions of the test set-up, the possible oxidative
crosslinking is excluded by the remained light color of the adhesives. Therefore the transition

temperatures are mainly due to the physical phase change of the adhesive.?’

The quantitative lap shear mechanical analysis (as shown in Figure S5) of adhesive
strength in both dry and wet states was performed on different types of substrates including
aluminum, stainless steel, polyethylene (PE) and Teflon. The results are presented in Figure 3a
and b. In general, adhesives on rough metal surfaces with high free energy perform much better

and this is similar to the cases of mussel adhesion on different substrates.?>?’

In the curing
process, a temperature (40 °C) near physiological temperature was chosen as the curing

temperature and samples were cured for at least 24 hours to ensure the complete solidification

on all substrates. After curing, Dopa groups in all samples were automatically aerobic oxidized

14
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either in air or in water suggested by the dark color observed at the end. Therefore it is
concluded that the crosslinking between Dopa groups took place revealing the mechanism for

solidification.
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Figure 3. Comparison between PAADopa adhesives and commercial glue in force-versus-
extension of adhesion test on different substrates with (a) dry curing and (b) wet/semi-wet

curing method. (¢) SEM Image of lyophilized adhesives (Scale bar represents 2 um) which
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indicates the adhesive stretching feature. “Semi-wet curing” means that curing was performed
in air for one day followed by another day immersion in water and the bonded strength was
tested immediately as the sample was removed from water; “Wet curing” means that curing
was performed in water for one day and bond strength was measured immediately as the

sample was removed from water.

For all cases, the coacervate adhesives perform better than popular commercial glue (a-
cyanoacrylic resin adhesive) especially on aluminum substrates. Compared to other cases for
the dry adhesion, the adhesion of coacervate (as shown in Table 1) was around 9-fold of the
commonly Fe’" incorporated adhesive'® and around 20-fold of mussel adhesive.*” Surprisingly,
it is even much higher than white glue.”> In the case of wet adhesion, adhesives were cured
underwater for 24 hours and then immediately measured after removing from water. The wet

adhesion strength is about more than four times of the natural P. California adhesive.*'%'

Table 1. Lap Shear Adhesive Strength (MPa) Data Compared with other adhesives of good dry

adhesion on aluminum substrates

) . d
-C 1 PAAD -
Mussel® Dopa modlﬁgii White glue* o ).'anoacr).' ic zgga
polymer-Fe resin adhesive Zn
0.28 0.71 4.01 2.20 6.17

Curing conditions: *At ambient temperature for 18h;” "°At 55 °C for 24h;" “*At 40°C for 24

h22

16
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The performance is also much better than other metal-chelated Dopa based adhesives (as
shown in Table 2).2'** SEM result shown in Figure 3¢ indicates the stretching of PAADopa-
Zn*" coacervate after curing. Apparently, the material possesses certain cohesion forming the

network and also exhibits adhesive property as expected.

Table 2. Lap Shear Adhesive Strength Data Compared with other high performance adhesives

by wet curing method

P. Dopa modified Polyphospho- a-cyanoacrylic

PAADopa-Zn**
California® polymer-Fe'*® dopamide-Mg** ¢  resin adhesive opa-&n

0.35 0.15 0.65 0.08 1.58

Curing conditions: *the estimated bond strength of the natural P. California adhesive on glass;’
°Cured underwater for 24 h on aluminum substrates;32 “Cured on aluminum substrates

underwater for 24 h at 37 °C;* “*Cured on aluminum substrates for 24 h at room temperature.

3.3 pH induced transformation from adhesive to hydrogels

Interestingly, a further increase of pH to 9 favors the formation of a hydrogel. These
results are consistent with the iron mediated Dopa system reported previously.®**** When pH
was greatly increased, Dopa groups were oxidized accompanied by the appearance of dark
color. The ionization of hydroxyl group enhances the chelating capability to Zn and therefore
enables the crosslinking between zinc and two Dopa moieties.” The only difference is that the

weak coordination effects of zinc-Dopa system need a higher pH for gelation even though the

17
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zinc amount added is much greater than that of iron system because of the weaker chelation

force of zinc. On the other hand, the electrostatic interaction between Zn and PAA can’t be

excluded at higher pH condition, but the simple addition of PAA into zinc solution does not

generate a gel structure (just turbid solution) suggesting the gelation is mainly induced by the

coordination between zinc and Dopa groups. Compared to the coacervate adhesives studied

above, the elastic modulus (G’) of the hydrogel, as presented in Figure 4, is larger than the

viscous modulus (G”) displaying a gel structure. The higher mechanical property of the gel

structure is obtained by the irreversible oxidation of catechol group at higher pH which means

the adjusting to less adhesive and more cohesive structure.

1PAADopa-Zn gels(Zn:Dopa)A & ki A I K a4 s
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Figure 4. Hydrogel formed after pH jump to pH 9. Frequency sweep at different Zn : Dopa

ratios (storage G’ and loss G” modulus, closed and open symbols, respectively).
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The gel also exhibits excellent self-healing properties. With rheometry straining the
hydrogel until failure and afterward monitoring the recovery by small amplitude oscillation, the
elastic moduli shown in Figure 5a reveals the excellent restoration performance regardless of
zinc content. The hydrogel with highest crosslinking degree recovered in less than 200s to a
high storage modulus (G”) of 12600 Pa which is close to the initial value of 13100 Pa therefore
confirming that the reversible coordinate crosslinking nature of the complex catechol-Zn®*"

bonds imparts this robust material with self-healing properties. Such quick recovery

26,27

performance shows comparable or even better performance to Fe-gels.
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Figure 5. Hydrogel formed after pH jump to pH 9. (a) Recovery tests of hydrogels with

different Zn: Dopa ratios in quantitative by shearing hydrogels with increasing strain from 0.1
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to 1000% in 200 s to break the structure after which the recovery process was monitored by
small amplitude oscillation at 1% strain for another 200 s; (b) In the qualitative tests, a
hydrogel at pH 9 was forced to fracture with a heart-shape mode and allowed to recover; (c)

SEM image of lyophilized hydrogel (Scale bar represents 0.5 pm).

The self-healing ability was displayed in visual test by cleaving the hydrogel with a heart-
shape mode (Figure 5b). After the recovery of the external structure in two minutes, pulling
and lifting the gel confirmed the recovered mechanical strength. SEM image from Figure 5c
also indicates the porous structure in contrast to the adhesive structure mentioned in Figure 3c.
Furthermore, the incorporated Zn>" ions can be removed by aqueous solution containing agent
such as ethylene diamine tetraacetic acid (EDTA) as mentioned in Fe’* chelating system?®
which indicates the metal-chelating plays a significant role in the present system (Figure S6,

supporting information).

4. Conclusions

A pH triggered zinc mediated coacervate was achieved based on Dopa-grafted PAA. It
shows extraordinary adhesive performance under both dry and wet conditions. The maximum
bonding strength on aluminum in the wet state can reach 1.5 M Pa. This study is superior to
previous reports in terms of adhesion strength in both dry and wet states since metal ions
simply crosslink polymers forming self-healing hydrogels. The mechanism of the formation of

the extra coacervate state is proposed to involve the zinc chelated mono-catechol group

20
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electrostatically interacting with negative charged carboxylic groups from PAA chains and
leading to a quick generation of the dense fluidic coacervates. In addition, the coacervate
undergoes gelation by increasing pH, hence providing an ideal material for tissue adhesion

with simultaneous therapeutical drug delivery at the adhesion point.

Supporting Information

FT-IR and 'H-NMR spectra of PAA-Dopa. UV-vis detection of Dopa content. Zeta
potential of PAA and PAA-Dopa at different pHs. Preparation of lap-shear test and the

example of original data. EDTA treatment of zinc cross-linked PAA-Dopa hydrogel.

Video of the coacervation process is available free of charge via the internet at

http://pubs.rsc.org.
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