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Abstract

Adhesive hydrogels were prepared by copolymerizing dopamine methacrylamide (DMA) with
either acrylic acid (AAc) or N-(3-aminopropyl)methacrylamide hydrochloride (APMH). The
effect of incorporating the anionic and cationic side chains on the oxidation state of catechol was
characterized using the FOX assay to track the production of hydrogen peroxide (H,05) byproduct
generated during the autoxidation of catechol while the interfacial binding property of the adhesive
was determined by performing Johnson-Kendall-Roberts (JKR) contact mechanics tests tested
over a wide range of pH values (pH 3.0-9.0). The ionic species contributed to interfacial binding to
surfaces with the opposite charge, with measured work of adhesion values that were comparable to
or in some cases higher than those of catechol. Addition of AAc minimized the oxidation of
catechol even at a pH of 8.5 and correspondingly preserved the elevated adhesive property of
catechol to both quartz and amine-functionalized surfaces. However, AAc lost its buffering
capacity at pH 9.0 and catechol was oxidized at this pH. On the other hand, catechol formed
cohesive covalent bond with network-bound amine side chain of APMH at a basic pH, which
interfered with the interfacial binding capability of APMH and the catechol.
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INTRODUCTION

Designing adhesives capable forming strong bonds to wet surfaces is critical for many
biomedical and underwater marine applications.1=3 The presence of a surface liquid layer on
a substrate acts as a barrier for interfacial binding and interferes with adhesion.*~" Marine
mussels secrete a mixture of different adhesive mussel foot proteins (mfp) to anchor
themselves to a wide variety of substrates in a wet environment.# 8 These proteins contain a
unigue amino acid, L-3,4-dihydroxyphenylalanine (DOPA), which contains a catechol side
chain that is responsible for moisture resistant interfacial binding. In particular, mfp-3 and 5
contain up to 30 mol % DOPA, indicating that catechol plays a major role in wet adhesion.
Adhesives containing catechol functionality have hence been used to develop adhesives and
coatings for various biomedical as well as industrial applications.?-12

The majority of existing literature focused on incorporating catechol adhesive moiety alone
in designing synthetic mimics of mussel foot proteins.* 13. 14 However, many of the
adhesive foot proteins, especially those found at the interface are highly charged (i.e., mfp-5
contains approximately 28 % cationic and 7 % anionic functional groups).1® Recently,
different research groups demonstrated that the incorporation of cationic functional groups
to catechol containing adhesive enhanced its adhesive property to various inorganic surfaces
(e.g., aluminum, mica, and steel) in simulated seawater or saline.16-18 The presence of
cations likely enhanced wetting to these surfaces that has a surface negative charge.16
Additionally, the positively charged cation displaces positively charged salt ions on the
surface, subsequently allowing the catechol to form stable interfacial bonds.1” However,
incorporation of anionic functional group alone did not enhance the interfacial binding
property of catechol containing adhesive.18

While recent publications have begun to elucidate the contributions of ionic species to
interfacial binding, the effect of these functional groups on the oxidation state of catechol
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has yet to be systemically studied. The adhesive strength of catechol is highly dependent on
its oxidation state as well as the type of surface it adheres t0.19-22 The reduced catechol is
responsible for strong interfacial binding to inorganic surfaces.23 On the other hand, catechol
needs to be oxidized to its quinone form in order to participate in intermolecular covalent
crosslinking with nucleophilic groups (e.g., -NH,, -SH) found on biological substrates.2? To
counteract the basic and oxidizing environment of seawater, mussel utilize antioxidant
interfacial proteins (i.e., mfp-6 and mfp-3s) to preserves the reduced state of catechol and
facilitate interfacial binding.24 25 Similarly, the hydrophobic nature of mfp-3s as well as its
ability to form self-coacervates limits catechol’s contact with seawater.26 However, adopting
these strategies in the design of synthetic adhesives is challenging and potentially expensive
because these strategies not only involve multiple proteins but are also dependent on a
highly controlled sequence of surface deposition of these proteins. Qualitative evidence has
suggested that incorporating an acidic moiety can preserve the catechol in its reduced state.
21,28 However, there has been no systematic study that correlates the effect of ionic side
chain on the oxidation state and interfacial binding property of catechol.

In this study, we determined the effect of incorporating anionic and cationic functional
groups on the oxidation state of catechol. Adhesives hydrogels were prepared by
copolymerizing either acrylic acid (AAc) or A-(3-aminopropyl)methacrylamide
hydrochloride (APMH) with dopamine methacrylamide (DMA), which contain an anionic —
COOH, a cationic —NHo, and an adhesive catechol moiety, respectively. The oxidation state
of catechol was characterized using ferrous ion oxidation xylenol orange (FOX) assay to
track the hydrogen peroxide (H,0O5) byproduct generated during the autoxidation of
catechol. The interfacial binding property of the adhesives was determined by performing
Johnson-Kendall-Roberts (JKR) contact mechanics tests on both inorganic (e.g., quartz) and
organic (e.g., amine-functionalized glass) model substrates over a wide range of pH
(3.0-9.0).

MATERIALS AND METHODS

Materials

APMH was purchased from Polysciences, Inc. (Warrington, PA). AAc, N-hydroxyethyl
acrylamide (HEAA), trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97 %), (3-aminopropyl)
trimethoxysilane (APTS), and toluene (anhydrous, 99.8 %) were purchased from Sigma-
Aldrich (St. Louis, MO). Methylene bis-acrylamide (MBAA) and 2,2-dimethoxy-2-
phenylacetophenone (DMPA) were purchased from Acros Organics (New Jersey, USA).
Dimethyl sulfoxide (DMSO) was purchased from Macron (Center Valley, PA), and ethanol
(190 proof) was purchased from Pharmco Aaper (Brookfield, CT). DMA was synthesized
following previously published protocols.2? Glass slides were purchased from Fisher
Scientific (cat. no. 12-550- A3; Hampton, NH). Quartz slides were purchased from Ted Pella
(Redding, CA).

Preparation of the Coated Substrates

Amine-functionalized substrates were prepared by silane chemistry following published
procedures with minor modification.3%-32 Glass slides were sonicated in acetone and
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subsequently dipped into 3 v/v % APTS solution in acetone for 10 min with no agitation, 5
min with sonication and 15 min with no agitation. Slides were soaked in acetone for 10 min,
dried at room temperature, and baked overnight at 60°C. To prepare hydrophobic,
fluorinated glass slides for making adhesive hydrogel in the hemispherical shape, glass
slides were submerged in a solution containing 0.5 mL of trichloro(1H,1H,2H,2H-
perfluorooctyl)silane and 49 mL of toluene for 20 min before washing them thrice with fresh
toluene, and then air dried.33

Preparation of the Testing Media

The acidic pH 3.0 solution was prepared by adding appropriate quantities of 1 M HCI to a
solution containing 0.1 M NaCl.33 The pH 5.0 buffer was prepared by mixing 0.1 M acetic
acid and 0.1 M sodium acetate in the ratio 0.56:1. pH 7.5, 8.5 and 9.0 buffers were prepared
by adjusting the pH of 10 mM Tris (hydroxymethyl)aminomethane (Tris) buffer containing
0.1 M NaCl with 1 M HCI.

Preparation of the Adhesive Hydrogel

Adhesive hydrogels were prepared by photo-curing precursor solutions containing 1 M
HEAA with 10 mol % of DMA and 0 — 10 mol % of either AAc or APMH dissolved in 40%
(v/v) DMSO and deionized (DI) water. The crosslinker (MBAA) and photoinitiator (DMPA)
were kept constant at 3 and 0.1 mol % respectively, in relation to HEAA. Precursor solutions
were degassed three times with N, gas, and added to a mold composed of 2 pieces of glass
separated by a silicone rubber spacer (2 mm thick). To make hemispherical samples for
contact mechanics tests, a maximum of 80 pL of the precursor solution was pipetted onto a
hydrophobic, fluorinated glass slide. All samples were photo-cured in a ultra violet (UV)
crosslinking chamber (XL-1000, Spectronics Corporation; Westbury, NY) placed inside a N,
filled glove box (Plas laboratories; Lansing, MI) for a total of 600 5.33-3% Immediately after
curing, samples were washed in a pH 3.0 solution for overnight to remove any unreacted
monomers. Samples for swelling, rheometry, and FOX assay experiments were formed into
disk shape using a punch with a diameter of 10, 15, and 6.35 mm, respectively. Samples
were further equilibrated at the desired pH for 24 h with constant nutation. The composition
of the hydrogels was abbreviated as DxAAy where x and y stand for the mol % of DMA and
AAc, respectively, or DxAPz where x and z stand for mol % of DMA and APMH,
respectively. All mol % are relative to the molar concentration of HEAA. D10AAOQ and
D10APO are the same composition and will be denoted as D10 for simplicity. Similarly, the
control hydrogel with no DMA and no ionic monomers was abbreviated as DO.

Equilibrium Swelling

Hydrogel discs (thickness = 2 mm and diameter = 10 mm) equilibrated at different pH levels
were dried in vacuum for at least 48 h. The mass of the swollen (Ms) and dried (My) samples
were used to calculate the equilibrium swelling ratio by using the following equation:33

M,
Equilibrium Swelling = M_; 1)
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In the case of FOX assay samples, dry weights were taken into consideration to account for
the effect of swelling at different pH values.

Oscillatory Rheometry

Hydrogel discs (thickness = 2 mm and diameter = 15 mm) were compressed to a constant
gap of 1800 pum using a parallel plate geometry with a diameter of 20 mm. The storage
modulus (G”) was measured at frequencies ranging from 0.1 — 100 Hz, and at a strain of 8 %
using a TA Discovery Hybrid Rheometer-2 (TA Instruments; New Castle, DE).

FOX Assay for Quantifying Hydrogen Peroxide Concentration

The concentration of H,0, generated by the adhesive hydrogel was measured using the
Quantitative Peroxide Assay Kit (Thermo Scientific™; Waltham, MA).36: 37 Hydrogel
samples (thickness = 2 mm diameter = 6.35 mm) were briefly rinsed with DI water and
submerged in 1000 pL of buffer solution with a desired pH at room temperature for up to 24
h. At a given time point, 20 uL of the hydrogel extract was mixed with 200 uL of the FOX
assay reagent, incubated at room temperature for 15 min, and examined using a microplate
reader (Synergy™ HT, BioTek; Winooski, VT) at 595 nm. 20 uL of fresh buffer solution
was added back to the hydrogel extract to keep the volume of the extracting solution
constant. H,O, standard curve was prepared by preparing a stock solution (2000 uM of
H»05) from 30 % H,05 solution and serially diluting it to a concentration of 7.8 — 2000 uM.
H,0, concentrations were normalized by the concentration of DMA as calculated based on
the combined volumes of the hydrogel and the extraction fluid.

Contact Mechanics Test

Contact mechanics tests were conducted using a custom-built setup consisting of 10-g load
cell (Transducer Techniques; Temecula, CA) and a miniature linear stage stepper motor
(MFA-PPD, Newport; Irvine, CA).33 Hemispherical samples equilibrated at different pH
levels were affixed to an indenter (ALS-06, Transducer Techniques; Temecula, CA) using
super glue (Gorilla glue or Adhesive systems MG100). Samples were compressed against
the test substrate at 1 um/sec until reaching a maximum preload of 20 mN before the
samples were retracted at the same rate. Quartz or APTS-coated glass slides were used as
the substrates. The surfaces were wetted with at least 25 L of buffer solution with the same
pH as those used to equilibrate the hemispheres. The force (F) versus displacement ()
curves were integrated to determine the work of adhesion (Wggp), which was normalized
with the calculated maximum area of contact (Amayx) according to the following equation:33

Fdbé
Wadh = A (2)

max

Amax Was mathematically calculated by fitting the loading portion of the force vs
displacement curve with the Hertzian model:38
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3.2

5 =2 (3

max R’

where 8max is the maximum displacement at the maximum preload of 20 mN, a is the radius
of Amax, and R is curvature of the hemispherical sample. The height (h) and base radius (r)
of the each hemisphere were measured using digital \ernier calipers before the start of each
test, to determine R:39

r2

h
R = PR @)

Amax Was calculated by using the following equation:

The adhesion strength (S,qn) was calculated by normalizing the maximum pull-off force
(Fmax) by the maximum area of contact (Amax) Using the following equation:40

F
max
Sadh = (6)

Statistical Analysis

Statistical analysis was determined using One way analysis of variance (ANOVA) with
Tukey—Kramer HSD analysis using JMP Pro 13 software (SAS Institute, NC). p < 0.05 was
considered significant.

RESULTS AND DISCUSSION

We incorporated anionic (AAc) and cationic (APMH) functional groups into DMA
containing hydrogels and tested the effect of these ionic side chains on the oxidation state
and interfacial binding property of catechol (Scheme S1). Our experiments were conducted
over a set of five pH values ranging from pH 3.0 to 9.0. pH levels 3.0 and 9.0 were chosen to
examine the catechol at its reduced and oxidized states, respectively, and the adhesive
properties of catechol under these conditions have been well characterized.2l 3341 A pH of
5.0 and 7.5 were used to simulate the expected physiological pH values of tissues ranging
from the acidic skin tissues to oxygenated, internal organs.#2-44 We also chose to test at pH
of 8.5 because seawater pH typically ranges between 7.5 and 8.4, while natural freshwater
and coastal seawater are more acidic (pH 6.5 to 8.0).4°
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Hydrogel Formation and Characterization

Prior to photo-polymerization, pH testing strips (Fisher, cat. no. 13-640-508; Hampton, NH)
were used to determine the pH of the precursor solutions. While all of the formulations
exhibited pH range of around 5.0 and 6.0, solutions containing 10 mol % AAc (e.g.,
DOAA10 and D10AA10) were highly acidic with a pH range between 2.0 and 4.0. This
indicated that the carboxylate side chain of AAc drastically lowered the pH value of these
solutions. Oscillatory rheology was used to verify that the hydrogels were covalently
crosslinked. For all the formulation tested and regardless of incubation pH, the storage
modulus (G”) values were independent of frequencies (< 45 Hz) (Figure S1) and G’ values
were an order of magnitude higher than those of the loss modulus values (data not shown).
These results indicated that all the samples were covalently crosslinked.*® G” for all the
hydrogel formulations were comparable and averaged around 4-10 kPa.

Incorporating DMA into HEAA gels (i.e., D10) drastically reduced the measured swelling
ratio (Figures 1 and S2), which is potentially due to w-r interactions and H-bonding
between catechol moieties.#” For D10AAL10, increasing pH increased its swelling ratio as
AAc (pKa ~ 4.25)%8 became progressively more deprotonated (Figure 1). Electrostatic
repulsion of the negatively charged AAc resulted in increased swelling.® On the other hand,
D10AP10 contains APMH (pKa ~ 10)*? with a -NH, side chain that reduces charge density
and becomes deprotonated with increasing pH, which resulted in deswelling. The swelling
ratio for D10AP10 measured at pH 8.5 and higher were drastically lower when compared to
those for D10. This indicated that there was an increase in the crosslinking density of the
D10AP10 network potentially due to covalent crosslinking between catechol and -NH, side
chain of APMH through either Michael-type addition or the formation of Schiff’s base.>0: 51

Characterizing the Oxidation State of Catechol using FOX assay

Adhesive hydrogels reported here are covalently crosslinked and insoluble, which made it
difficult to employ the oft-used spectroscopy methods to directly determine the oxidation
state of catechol in these samples.#! During the autoxidation of catechol, reactive oxygen
species (ROS) such as superoxide (O2"") and hydrogen peroxide (H,0,) are generated as
byproducts (Scheme S2).37 Dismutation of O,"~ also generates H,O,, which is significantly
more stable when compared to O,°~.52 As such, H,0, can be quantified using the
conventional FOX assay as it is being generated and released from the hydrogel samples.

Tracking the concentration of H,O, over time provided a convenient approach for
determining the oxidation state of catechol in our samples at different pH values. D10
incubated at pH 3.0 and 5.0 did not generate H,O- even after 24 h (Figures 2 and S3) and
these samples remained clear and colorless (Table S1). As expected, catechol remained in its
reduced state in an acidic pH.23 However, when the pH was raised to 7.5, D10 generated
detectable amount of H,O, within 2 h and the H,O, concentration continued to increase for
24 h (0.0481 £ 0.00373 uM Ho0,/uM catechol by 24 h), indicating that catechol were
increasingly oxidized over time. Given the half-life of H,O, at room temperature (* pH 7.0)
can range from 12 — 30 h,53 D10 continued to generate H,O, over time. D10 generated more
H,0, when these samples were incubated at a more basic pH (1.5 and 1.9 fold increase at
pH 8.5 and 9.0, respectively, when compared to pH 7.5). These samples also turned brown
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when incubated at a pH of 7.5 and higher, which is an indication of catechol oxidation
(Table S1). Catechol becomes increasingly more oxidized when the pH of the solution
approach the pK of catechol (~ 9.3).54

When AAc was incorporated, D1I0AA10 did not generate H,O, even when it was incubated
at pH 7.5 and only a small amount of H,0, was detected at pH 8.5 (Figure 2).
Correspondingly, D10AA10 remained colorless when incubated at a pH that was 7.5 or less
and D10AA10 only developed minor discoloration around its edge after it was incubated at
pH 8.5 for 24 h (Table S1). When the pH was raised to 9.0, a significantly higher amount of
H,0, was generated (0.0617 £ 0.00202 uM H,04/uM catechol after 24 h) and D10AA10
appeared brown in color (Table S1), indicating catechol oxidation. However, the amount of
H»0, generated from D10AA10 was 1.5 fold lower compared to that of D10 tested at the
same pH. These results suggest that the carboxyl side chain of AAc buffered the local pH
within the adhesive network and contributed to maintaining the reduced form of catechol.
Precursor solutions containing AAc (e.g., DOAA10 and D10AA10) were also significantly
more acidic (pH 2.0-4.0) when compared to those (e.g., DO, D10, D10AP10, etc.) that do not
contain AAc (pH 5.0-6.0). However, AAc lost its buffering capacity when the surrounding
media was highly basic.

Samples containing APMH (e.g., D10AP10) generated similar amount of H,O, as D10 at
pH levels between 3.0 and 7.5 (Figure 2). At a more basic pH, D10AP10 generated higher
amount of H,O, when compared to D10 (2.5 and 3 fold increase at pH 8.5 and 9.0,
respectively). Previously, we reported that dopamine with a free -NH, group generated
significantly more H,0, when compared to DMA, potentially due to the polymerization of
dopamine to form polydopamine.3” Autoxidation of dopamine involves intracyclization and
formation of intramolecular Michael-type adduct to form dopamine indole.1! On the other
hand, the primary amine group in DMA was functionalized with a methacrylamide and was
unavailable for covalent crosslinking. This increase in the measured H,O, from D10AP10
may be attributed to covalent crosslinking between the -NH, of APMH and oxidized
quinone.

The measured H,O, concentration was lower than the concentration of catechol in the
hydrogel network. While H,O, was constantly being generated, H,O, decomposition also
occurred concurrently. Additionally, the hydrogel network also served as a cage that hinders
the diffusion of H,0 into the extracting solution.36: 37 Nevertheless, H,0O, quantification
served as useful approach to measure the extent of catechol oxidation /n situ. Samples that
did not contain DMA (e.g., DO, DOAA10 and DOAP10) did not generate H,O, over 24 h for
all the pH values (data not shown) and these samples remained colorless (Table S1),
confirming that the source of H,O, is associated with autoxidation of catechol.

Contact Mechanics Tests

JKR contact mechanics test was performed to assess the effect of incorporating AAc and
APMH on the interfacial binding property of catechol to two types of surfaces (e.g., quartz
and APTS-coated glass). Quartz was used as a model inorganic surface as silica-based
materials are commonly used as medical and dental implants,> 56 while APTS-coated glass
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was used to simulate amine functional group found on tissue surfaces.>” Most importantly,
interaction between catechol and these surfaces have been well documented.22: 23

Adhesion to Quartz Surface

The control HEAA hydrogels (DO0) exhibited weak adhesion to quartz surface with Wygh
values that averaged around 11-130 mJ/m? depending on the pH (Table S2). Addition of
DMA to HEAA hydrogels (D10) significantly increased W,gh values and D10 demonstrated
elevated adhesive property at acidic pH (444.7 + 123.7 mJ/m? at pH 3.0; Figure 3a). This is
due to the strong interfacial binding (i.e., H-bond) between catechol and SiO, surface
(Scheme 1a).33: 58 W, values for D10 were greatly reduced at a pH of 7.5 or higher (90 %
reduction when compared to pH 3.0) as a result of catechol oxidation. Addition of an anionic
monomer, AAc, to HEAA hydrogels (DOAA10) showed negligible Woqp, value over the
entire range of pH values except some weak interactions at pH 3.0. With increasing pH,
both- the -COOH group of AAc and the quartz surface become highly negatively
charged> 60 and electrostatic repulsion between DOAA10 and quartz surface greatly
minimized the measured adhesion values (Scheme 1b).

When AAc was incorporated into DMA-containing hydrogel (D10AA10), there was a
drastic increase in the measured Wgh values at pH 7.5 and 8.5 when compared to those of
D10 (~ 7 and 11 fold increase, respectively) (Figure 3a). Given that DOAA10 was poorly
adhesive to quartz at this pH range, the elevated adhesive values measured for DI10AA10 can
be attributed to catechol’s ability to from strong interfacial bonds (Scheme 1c). The Wggh
values measured at pH 7.5 and 8.5 were not significantly different from the value measured
at pH 5.0 (Table S5). The presence of AAc likely maintained catechol in its reduced and
adhesive state in a neutral to mildly basic pH, which was confirmed by the FOX assay
results (Figure 2) and the photographs of the hydrogel (Table S1). The adhesive property of
D10AA10 was drastically diminished at pH 9.0 as a result of catechol oxidation, as the basic
buffer overcame the buffering capacity of AAc. The FOX assay data also supported this as
the measured concentration of H,O, was the highest at pH 9.0. Our data confirmed
previously published results that indicated anions do not actively participate in interfacial
binding to inorganic surfaces.1® However, our new findings suggest that the anionic
functional groups contributed by buffering the local pH to preserve the adhesive property of
catechol.

Adding a cationic monomer, APMH, to HEAA hydrogels (DOAP10) resulted in Wq values
(200-380 mJ/m2) that were comparable to those of D10 (452.6 + 58.18 mJ/m? at pH 3.0;
Figure 3b). This result is in agreement with previous findings that indicated cationic
functional groups contributed significantly to interfacial binding to inorganic surfaces.16-18
APMH likely interacted with the quartz surface using a combination of electrostatic
interaction and H-bonding (Scheme 1d). The Wqqp, values for D10AP10 mirrored those of
DOAP10 for pH between 3.0 and 7.5. There was no additive effect with the addition of both
catechol and —NHj>, into the adhesive network. Most noticeably, W,qn values for D10AP10
was more than 10 fold higher when compared to that observed for D10 at pH 7.5. Based on
the FOX assay, both D10 and D10AP10 produced equivalent amount of H,O, over 24 h
(Figure 2), indicating that catechol in both adhesives were equally oxidized. The elevated
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adhesive property demonstrated by D10AP10 was likely contributed by the presence of —
NH, side chain of APMH. With further increase in pH (i.e., pH 8.5 and 9.0), Wyqp, values for
D10AP10 decreased drastically and became equivalent to those of oxidized D10. However,
W,gh values for DOAP10 remained constant and average around 300-380 mJ/m2. These
results indicated that the oxidized catechol in D10AP10 likely formed covalent crosslinks
with —NH, of APMH, leading to reduced availability of APMH for interfacial binding
(Scheme 1e). This observation is in agreement with the FOX assay data, which also showed
that D10AP10 generated significantly higher amount of H,0O, at pH 8.5 and 9.0 as compared
to D10, possibly due to the formation of adducts with the nucleophile.3” S,qy, data (Figures
S4a and S4b, Tables S9-S11) was largely in agreement with the W g results.

Adhesion to -NHj,-functionalized Glass

W gh values for D10 decreased with increasing pH (Wagh = 471.7 £ 138.5 and 107.6 £ 62.11
mJ/m2 for pH 3.0 and 8.5, respectively.) (Figure 4a). The strong interaction at acidic pH was
due to the strong cation- interactions between catechol and the positively charged APTS
substrate (Scheme 2a).8: 14 This interaction may have weakened as the pH was increased due
to reduced surface charge density and the deprotonation of -NH,. D10 may have
transitioned to form weaker H-bond or electrostatic interactions. Interestingly, elevated Wgh
value was obtained for D10 at pH 9.0 (W,qp = 340.0 + 41.15 mJ/m2), which suggested the
formation of interfacial covalent bond formation between oxidized quinone and primary
amine on the surface.?3

Wogh for hydrogel containing only the anionic AAc (i.e., DOAAL0) initially increased with
increasing pH reaching a maximum at pH 5.0 (Woq, = 343.1 + 13.93 mJ/m?2; Figure 4a,
Scheme 2b). At pH 3.0, the carboxyl group of AAc was mostly protonated and interacted
weakly with APTS through H-bonding. When the solution pH exceeded the dissociation
constant of AAc (pKa ~ 4.25),%8 the carboxyl group became more negatively charged and
interacted with APTS through electrostatic interaction. However, further increase in pH
resulted in reduced Wqn values as the surface positive charge density decreased and APTS
becomes progressively more deprotonated. Nevertheless, AAc demonstrated considerable
amount of adhesion to APTS-functionalized surface and outperformed catechol at pH 7.5
and 8.5.

When both DMA and AAc were introduced into HEAA (D10AA10), both functional groups
(i.e., catechol and carboxylate group) appeared to interact synergistically with the APTS
surface, as the measured Wqp, values were significantly higher than the formulations
containing either of the two functional groups alone (i.e., D10 or DOAA10; Figure 4a). The
W gh values measured in this series were also the highest among the adhesive-surface
combinations that were investigated in this study (i.e., Wagn = 658.5 + 141.9 mJ/m?2 at pH
3.0). The combination of cation-r and electrostatic interactions likely contributed to the
elevated adhesive property (Scheme 2c). While the W,q;, values for both D10 and DOAA10
decreased with increasing pH, Wygp, values for DI0AA10 did not change significantly with
changing pH (Table S8). Based on FOX assay results, addition of AAc preserved the
reduced state of catechol at pHs 5.0-8.5, which suggest that catechol in its reduced form is
required for strong interaction with —NHy-functionalized surface. Additionally, long range
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interaction (i.e., electrostatic attraction between ~COO™~ and -NH3™) likely promoted
catechol surface adsorption, potentially similar to how cations promoted adhesion of
catechol adsorption to inorganic substrates.61 When the pH was raised to 9.0, D10AA10
exhibited Wogp, of 429.1 + 55.45 mJ/m? even though AAc lost its buffering capacity at this
pH. Similar to D10, the elevated adhesion values is likely resulted from the formation of
interfacial covalent bond.23

Both DOAP10 and APTS-functionalized surface contained —-NH, functional groups, which
were positively charged at an acidic pH. Electrostatic repulsion between the hydrogel and
surface resulted in reduced interaction at pH 3.0 (W,qp = 36.23 + 22.38 mJ/m?; Figure 4b,
Scheme 2d). Wygp value increased with increasing pH as the charge density for both the
adhesive and substrate decreased, resulting in increased interfacial binding. Specifically, at
pH 9.0, the interfacial binding was the strongest (Wagp, = 402.0 + 23.64 mJ/m?2) potentially
due to interfacial H-bond formation.

At pH 3.0 and 5.0, D10AP10 exhibited comparable Wqn values as D10 (Figure 4b). This
indicated that catechol needed to form strong interfacial cation-m interactions while
overcoming electrostatic repulsion between network bound -NH3* of APMH and positively
charged surface (-NH3" of APTS; Scheme 2¢). As the pH was increased to 7.5, Wg4p, value
for D10AP10 averaged around 339.7 + 57.07 mJ/m2, which was ~ 1.5 fold higher compared
to those of D10 and DOAP10. With increasing pH, a reduction in charge density allowed
both catechol and network-bound —NH, group to from interfacial bonds. However, further
increase in the pH resulted in a statistically significant decrease in interfacial binding (Wgnh
at pH 8.5 = 117.3 + 51.59 mJ/m2 and pH 9.0 = 136.4 + 52.95 mJ/m?2) (Table S8). This is
possibly due to the cohesive crosslinking between network-bound-NH, of APMH and
quinone,% 51 resulting in reduced availability of APMH and catechol at pH 8.5 and 9.0,
respectively, for interacting with the amine functionalized surface. S,q data (Figures S4c
and S4d, Tables S12-S14) was largely in agreement with W,qy, data.

Taken together, both anionic and cationic functional groups contributed considerably to
interfacial binding through electrostatic attraction to surfaces with the opposite charges.
Measured Woqp, values for these ionic species were comparable to and in some cases
exceeded those measured for catechol. Most noticeably, the carboxylate side chain of AAc
buffered local pH to preserve the reduced state of catechol, which was critical for binding to
both quartz and -NH,-functionalized surfaces. Unlike strategies devised by marine mussels
that require multiple foot proteins with unique features (i.e., antioxidant property, surface
drying property, etc.) to preserve the reduced and adhesive state of catechol,24 26 adding
anionic functional group provided a simple yet effective approach in designing synthetic
mussel-mimetic adhesives for applications suitable for mildly basic conditions. On the other
hand, the -NH, side chain of APMH promoted cohesive crosslinking with oxidized quinone
in a basic pH, which limited interfacial interactions. Although we did not test adhesives that
combined both ionic species; natural interfacial foot proteins (i.e., mfp-5 and mfp-3)
containing both anionic and cationic functional groups?® 62 and synthetic mimics that
contain both species have demonstrated enhanced adhesion under simulated seawater
conditions.1® The anionic and cationic side chains in these adhesives likely contributed
synergistically to interfacial binding by separately preserving the reduced state of catechol
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and promoting adhesion to inorganic surfaces (i.e., electrostatic interaction, repelling surface
anions), respectively. The adhesion testing described here consisted of a soft hydrogel
contacting a rigid substrate and additional testing is required to determine if the same trends
can be obtained for contacting a soft, compliant substrate (i.e., soft tissue).83 Finally, our
report provided a useful guide for designing synthetic adhesives and coatings depending on
the intended application (i.e., different surface type and pH).

CONCLUSIONS

In this study, we systemically evaluated the effect of incorporating anionic (AAc) and
cationic (APMH) functional groups on catechol adhesion to both model inorganic and
organic surfaces across a wide range of pH levels. Specifically, we correlated the effect of
these ionic species on the oxidation state and interfacial binding property of catechol. Both
ionic functional groups contributed considerably to interfacial binding through electrostatic
attraction to surfaces with the opposite charges. In some situations, measured adhesion
values for these ionic species were comparable to and can exceed those of catechol. Addition
of AAc preserved the reduced and adhesive form of catechol in a mildly basic condition. On
the other hand, the —-NH, of APMH resulted in covalent crosslinking between oxidized
quinone in a basic pH, which interfered with interfacial binding.
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Refer to Web version on PubMed Central for supplementary material.
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Swelling ratios of adhesive hydrogels equilibrated at pH 3.0-9.0 for 24 h (n = 3). * p < 0.05
when compared to D10 at the same pH.
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Figure2.
Normalized concentration of H,O, released from hydrogels equilibrated at pH 3.0-9.0 after

24 h of incubation (n = 3). * p < 0.05 when compared to D10 at the same pH.
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Work of adhesion (Wqgp) for adhesive hydrogels containing anionic AAc (a) and cationic
APMH (b) tested against a wetted quartz substrate at pH 3.0-9.0 (n = 3). Refer to Tables S3-
S5 for results of statistical analysis.
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Work of adhesion (Wqqgp) of adhesive hydrogels containing anionic AAc (a) and cationic
APMH (b) tested against a wetted APTS-functionalized glass substrate at pH 3.0-9.0 (n = 3).
Refer to Tables S6-S8 for results of statistical analysis.
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Scheme 1.

Schematic representation of adhesive hydrogels D10 (a), D10AA10 (b), DOAP10 (c) and
D10AP10 (d) interacting with a wetted quartz substrate at pH ranging from 3.0 to 9.0 (from
left to right).
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Scheme 2.
Schematic representation of adhesive hydrogels D10 (a), DOAA10 (b), D10AA10 (c),

DOAP10 (d) and D10AP10 (e) interacting with a wetted amine-functionalized substrate
(APTS-coated glass) at pH ranging from 3.0 to 9.0 (from left to right).
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