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Abstract

Catecholic groups in mussel adhesive proteins transition from being strongly adhesive in
a reduced state under acidic conditions to being weakly adhesive in an oxidized state
under basic conditions. Here, we exploit this pH responsive behavior of catechol and
demonstrate that its oxidation state can be manipulated by incorporation of boronic acid
to facilitate reversible transitions between strong and weak adhesion. Our first approach
involved the addition of 3- acrylamido phenylboronic acid (APBA) to dopamine
methacrylamide (DMA) containing adhesives. The synthesized adhesives showed strong
adhesion to quartz surface in an acidic medium (pH 3), while weak adhesion was
observed on raising the pH to a basic value (pH 9), due to unavailability of catechol and
boronic acid because of the formation of a reversible catechol-boronate complex. Boronic
acid not only contributed to adhesion at an acidic pH, but also allowed the catechol to
reversibly interact with the surface in response to changing pH. In our second study, we
demonstrated that addition of an anionic monomer, acrylic acid (AAc), preserved the
reduced and adhesive state of catechol even at a neutral to mildly basic pH, while the
addition of a cationic monomer, N-(aminopropyl) methacrylamide hydrochloride, led to
the oxidized and weak adhesive state at higher basic pH values. This was due to the
buffering of local pH offered by the incorporation of the ionic species, which affected the
oxidation state of catechol. Although the ideal pH for formation of the complex is 9, it
readily forms at neutral to mildly basic pH, leading to decreased adhesion and limiting

the adhesive’s application in physiological and marine pH environments. In our third
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approach, adding elevated amounts of AAc to smart adhesives consisting of DMA and
APBA led to strong adhesion to quartz substrate at neutral to mildly basic pH. Moreover,
the complex formed at pH 9 remained reversible and the interfacial binding could be
tuned by changing the pH during successive contact cycles. pH 3 was required to break
the complex and recover the strong adhesive property. Bulk adhesives analyzed in our
first three approaches needed extended periods of incubation (up to 30 min) to switch
between their adhesive and non-adhesive states. This is because infiltration of the pH
media into the bulk polymer is limited by the slow process of diffusion. Finally, we
fabricated a hybrid adhesive which was composed of gecko-inspired microstructured
PDMS pillars (aspect ratios of 0.4-2) coated with the smart adhesive that we developed in
our first approach. By tuning the aspect ratio of the bare templates, hybrid structures that
showed strong, elevated adhesion at pH 3, were obtained. The increased adhesion was
attributed to contact-splitting effects due to the micropatterning combined with the
interfacial binding of the smart adhesive. On the other hand, formation of the complex,
and the associated swelling of the adhesive together contributed to a significant decrease
in adhesion at pH 9. Additionally, the adhesive properties could be recovered appreciably
at pH 3. Further, we also demonstrated that the hybrid structures could rapidly and
repeatedly switch adhesion states in response to alternating the pH value between 3 and 9
at 1 min intervals. This dissertation describes various strategies used to tune the oxidation
state of catechol to control its reversibly switching adhesion to different substrates under

varying pH conditions
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1 pH Responsive and Oxidation Resistant Wet Adhesive

based on Reversible Catechol-Boronate Complexation®

1.1 Abstract

A smart adhesive capable of binding to a wetted surface was prepared by copolymerizing
dopamine methacrylamide (DMA) and 3-acrylamido phenylboronic acid (AAPBA). pH
was used to control the oxidation state and the adhesive property of the catechol side
chain of DMA and to trigger the catechol-boronate complexation. FTIR spectroscopy
confirmed the formation of the complex at pH 9, which was not present at pH 3. The
formation of the catechol-boronate complex increased the cross-linking density of the
adhesive network. Most notably, the loss modulus values of the adhesive were more than
an order of magnitude higher for adhesive incubated at pH 9 when compared to those
measured at pH 3. This drastic increase in the viscous dissipation property is attributed to
the introduction of reversible complexation into the adhesive network. Based on the
Johnson Kendall Roberts (JKR) contact mechanics test, adhesive containing both DMA
and AAPBA demonstrated strong interfacial binding properties (work of adhesion (Wadn)
= 2000 mJ/m?) to borosilicate glass wetted with an acidic solution (pH 3). When the pH

was increased to 9, Wadn values (180 mJ/m?) decreased by more than an order of

! This article was previously published in Chemistry of Materials, 2016, 28 (15), 5432-5439
https://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b01851
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magnitude. During successive contact cycles, the adhesive demonstrated the capability to
transition reversibly between its adhesive and nonadhesive states with changing pH.
Adhesive containing only DMA responded slowly to repeated changes in pH and became
progressively oxidized without the protection of boronic acid. Although adhesive
containing only AAPBA also demonstrated strong wet adhesion (Wagh ~ 500 mJ/m?), its
adhesive properties were not pH responsive. Both DMA and AAPBA are required to

fabricate a smart adhesive with tunable and reversible adhesive properties.

1.2 Introduction

A smart adhesive can switch between its adhesive and non-adhesive states in response to
externally applied stimuli. The ability to control interfacial binding properties on
command is of critical interests in various fields of materials science and engineering,
including manufacturing, development of sustainable packaging, repair of complex structural
components, and development of painlessly removable wound dressings.** However, existing
smart adhesives are limited by the need for extreme conditions to promote debonding (e.g., elevated
temperature),? adhesion to only a specific type of substrate,® or weakened adhesive strength under
moist conditions.® Smart adhesives reported to-date have demonstrated adhesion predominately to
dry surfaces. The performance of most man-made adhesives is significantly compromised
in the presence of moisture, as water effectively competes for surface bonding and

eliminates contributions of van der Waals’ interaction.5 ’
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Marine mussels secrete adhesive proteins that enable them to bind to various surfaces
(rocks, piers, etc.) in a saline and wet environment.® ® One of the main structural
component in these adhesive proteins is the presence of a unique catechol-based amino
acid, L-3, 4-dihydroxyphenylalanine (DOPA), which is responsible for interfacial binding
and rapid solidification of the proteins.” Modification of inert polymers with catechol
groups imparted these materials with strong adhesive properties to both organic and
inorganic substrates.’®*2 The unique and versatile phenolic chemistries have been
employed to design stimuli responsive films,*? self-healing networks,'* shape-changing
actuators™ 1’ and self-assembled capsules.*® Although smart adhesives inspired by mussel
adhesive chemistry have been recently reported, these adhesive demonstrated limited

reversibility (i.e., one time activation'® or one time deactivation®).

The adhesive strength of catechol is highly dependent on its oxidation state (Scheme
1).22 The interaction between the reduced form of catechol and titanium (Ti) surface
was reported to average around 800 pN, which is 40% that of a covalent bond.?* When
the catechol was oxidized to its quinone form in a basic pH (Scheme 1b), a drastic
reduction in the pull-off force (180 pN) was observed.?* This indicates that the oxidation
state of catechol can be used to tune the adhesive property of this biomimetic adhesive
moiety. However, the quinone is highly reactive and can participate in irreversible
covalent crosslinking (Scheme 1c),%> 26 which will potentially limit the catechol’s ability

to function as a reversible adhesive moiety.
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To preserve the reversibility of catechol, the smart adhesive reported here is composed of
network-bound phenylboronic acid. Catechol forms pH-dependent, reversible complex
with boronic acid.?” This complex is strong enough to form a self-healing polymer
network with modulus approaching those of covalently crosslinked networks.?® Boronic
acid has also been previously used as a temporary protecting group for the synthesis of
DOPA-modified polymers, while preserving the reactivity of its catechol side chain.?®
Additionally, the presence of boronic acid has been demonstrated to reduce the adhesive
strength of a catechol-based adhesive.®® Recently, this coordination chemistry was used

to design pH responsive capsules for drug delivery.®!

a Catechol b Quinone C Dimer Formation
Strong Adhesion  Weak Adhe5|on

Oxidation / QA
Reductlon

Irreversible Covalent

Scheme 1. The reduced form of catechol is responsible for strong interfacial binding (a),
while the oxidized quinone exhibits weak adhesion (b). Quinone is also highly reactive

and can undergo irreversible covalent crosslinking (c).

We hypothesize that the incorporation of the network-bound boronic acid can provide a
protecting mechanism for catechol against irreversible oxidation crosslinking and to
preserve the reversibility of the interfacial binding properties of catechol-containing

4
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smart adhesive. To this end, adhesive hydrogels were prepared by the copolymerization
of dopamine methacrylamide (DMA) and 3-acrylamido phenylboronic acid (AAPBA).
DMA contains a catechol side chain that mimics the adhesive properties of DOPA. The
formation of the catechol-boronate complex in the adhesive network was characterized
by infrared spectroscopy, equilibrium swelling, and oscillatory rheometry experiments.
The effect of the complex on the reversibility of adhesive properties was characterized

using Johnson Kendall Roberts (JKR) contact mechanics test.

1.3 Materials and Methods

N-Hydroxyethyl acrylamide (HEAA), AAPBA, trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (97 %), and toluene (anhydrous, 99.8 %) were purchased from
Sigma Aldrich. 2, 2-Dimethoxy-2-phenylacetophenone (DMPA) and methylene bis-
acrylamide (MBAA) were purchased from Acros Organics. Dimethyl sulfoxide (DMSO)
was purchased from Macron. Ethanol (190 proof) was purchased from Pharmco Aaper.
DMA was synthesized following published protocols.®? The acidic solution was prepared
by titrating a 0.1 M NaCl solution to pH 3 using 1 M HCI, while the basic buffer medium
was prepared by titrating 10 mM Tris (hydroxymethyl) aminomethane (Tris) base with

1M HCl to pH 9.

1.3.1 Preparation of the adhesive hydrogel

Adhesive hydrogels were prepared by curing a precursor solution containing 1 M of

HEAA with up to 10 mol% each of DMA and AAPBA dissolved in 40 v/iv% DMSO in

5
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deionized (DI) water. The bifunctional crosslinker (MBAA) and the photoinitiator
(DMPA) were kept at 3 and 0.1 mol%, respectively, relative to HEAA. The precursor
solutions were degassed three times, added to a mold with a spacer (2 mm thick) and
photoinitiated in a UV crosslinking chamber (XL-1000, Spectronics Corporation,
Westbury, NY) located in a nitrogen-filled glovebox (PLAS LABS, Lansing, MI) for 600
seconds.™® ¢ To form a hemispherical gel, 50 pL of solutions were pipetted on to a
fluorinated glass slide and photoinitiated for 600 seconds. Glass slides were submerged in
a mixture containing 0.5 mL of trichloro(1H,1H,2H,2H-perfluorooctyl)silane and 49 mL
of toluene for 20 min. The glass slides were then washed thrice with fresh toluene and
then air dried. Depending on the experiment, the hydrogels were equilibrated in either the
acidic (pH 3) or basic (pH 9) solutions for 24-48 hours with gentle nutation and frequent
medium changes prior to subsequent experimentation. The adhesive compositions are
abbreviated as DxBy where the x and y stand for the mol% of DMA and AAPBA,

respectively, relative to the concentration of HEAA.

1.3.2 Equilibrium swelling

Hydrogel discs (thickness = 2 mm and diameter = 15 mm) were equilibrated in 5 mL of
either the acidic solution (pH 3) or basic (pH 9) buffer medium for 48 hours, with
continuous and gentle nutation. The samples were dried under vacuum for at least 48
hours. Both the swollen (Ms) and dry (Mq) mass of the samples were used to determine

the equilibrium swelling ratio using the following equation:*
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Equilibrium My ().

My
Swelling =

1.3.3 Fourier transform infrared (FTIR) spectroscopy

The samples were freeze-dried, crushed into fine powder using a mortar and pestle, and
analyzed using a Perkin Elmer Frontier Spectrometer fitted with a GladiATR™ accessory

from Pike Technologies.

1.3.4 Oscillatory rheometry

Hydrogel samples (15 mm diameter and 2 mm thick) were equilibrated in pH 3 or 9 with
nutation for 48 hours and compressed to a constant gap of 1800 um using a 20 mm
diameter parallel plate geometry. The storage (G’) and loss (G’”) moduli were determined
in the frequency range of 0.1-100 Hz and at a strain of 8% using a TA Discovery Hybrid

Rheometer-2 (TA Instruments).

1.3.5 Contact mechanics test

Contact mechanics tests were performed using JKR indentation method to determine the
interfacial binding properties of the hydrogels. A custom-built indentation device
comprising of a 10-g load cell (Transducer Technigues), high resolution miniature linear

stage stepper motor (MFA-PPD, Newport), and an indenter (ALS-06, Transducer
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Techniques) for affixing a hemispherical gel was used to conduct the contact mechanics

testing (Scheme 2).34

Force,
Displacement

‘ Indenter
L

Hemispherical pH buffer
sample — /

Substrate

Scheme 2. Schematic representation of the setup used in the contact mechanics adhesion

testing.

Two contact mechanics tests were performed. In the first test, samples were equilibrated
at pH 3 or 9 for 48 hours prior to testing to determine the effect of pH on their adhesive
properties. The hemispherical gel was affixed to the indenter using Super Glue (Loctite
Professional Liquid) and was compressed at 1 um/sec until reaching a maximum preload
of 20 mN. The gel sample was retracted at the same rate. A borosilicate glass surface
(Pearl microscope slides, cat. no. 7101) was used as test substrate and it was wetted with

25 pL of either pH 3 solution or pH 9 buffer medium.

In the second test, the reversibility of the adhesive to transition between its adhesive and
non-adhesive states in response to pH change was examined. The samples were first
equilibrated in the pH3 solution for 24 hours with gentle nutation before testing.
Reversible adhesion testing was conducted on both a borosilicate glass surface and a

quartz surface (Tedpella, Inc., product no. 26011, Redding, CA). A single hydrogel
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sample was subjected to 3 successive contact cycles on the substrate surface wetted with
25 pL of solution maintained at different pH levels (i.e., pH 3, 9 and then 3 for cycles 1,
2 and 3, respectively). In between cycles, the hemispherical gels were briefly incubated in
100 pL of solution (i.e., pH 9 and 3, after cycles 1 and 2, respectively) for 10 minutes.
After removing 75 uL of the solution, the test was carried out in the presence of the

remaining 25 pL of the solution.

The force (F) versus displacement (8) curves were integrated to determine the work of
adhesion (Wagh), which was normalized by the maximum area of contact (Amax) using the

following equation:®

(2)

To mathematically calculate Amax, the loading portion of the contact curve was fitted with
the Hertzian model:*®
Omax = al 3
max — R’ ( )
where omax IS the maximum displacement at the maximum preload of 20 mN, a is the
radius of Amax, and R is the radius of curvature of the hemispherical gel. The height (h)

and base radius (r) of each individual hemisphere were measured using a digital vernier

caliper before testing to determine R:*’

R—h+r2 4
T2 2h 4
9
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Amax Was determined using the following equation:

Amax = 7'[3.2 . (5)

Finally, the maximum adhesive force (Fmax) was determined as the highest negative load

recorded in the force vs. displacement curve.

1.3.6 Statistical analysis

Statistical analysis was carried out using JMP Pro 12 software (SAS Institute, NC).
Student’s t-test and one way analysis of variance (ANOVA) with Tukey—Kramer HSD
analysis and were performed for comparing means between two and multiple groups,

respectively. p < 0.05 was considered significant.

1.4 Results and discussions

Hydrogels were prepared with a neutral monomer (HEAA) and network-bound catechol
(DMA) and phenylboronic acid (AAPBA) sidechains. We utilize pH to control the
oxidation state of the catechol group and its interfacial binding strength. pH 3 was chosen
in order to examine the adhesive properties of the reduced from of catechol (i.e., adhesive
state).?> 30 Conversely, pH 9 was chosen to examine the adhesive properties of the
oxidized form of the catechol (i.e., non-adhesive state) with weakened interfacial binding
strength,> 38 and to induce the formation of the catechol-boronate complex. The ideal pH
(pHidear) for effective interaction between a diol and a boronic acid has been reported to

be the average of their respective acid dissociation constant (pKa) values (pHideal =

10
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(PKaacid + pKadion)/2).% Given the reported pKa values for catechol (pKagiol = 9.3)*° and
phenylboronic acid (pKaacid = 8.8),% ** pH 9 ((9.3+8.8)/2 = 9) is an ideal pH for

promoting complexation between DMA and AAPBA.

1.4.1 Qualitative analysis

Photographs of hydrogels incubated in pH 3 or 9 for 48 hours confirmed that pH
effectively controlled the oxidation states of DMA (Table 1). Both D10B0 and D10B10
remained colorless after incubation in pH 3, indicating that the acidic pH preserved the

reduced state of the catechol. However, D10B0 developed a dark brown color (tanning of

Table 1. Images of adhesive samples equilibrated at either pH 3 or 9 for 48 hours.

Composition

DOBO

D10B0

D0OB10

D10B10

catechol) when it was incubated in pH 9, which is indicative of the oxidation of
catecholic groups to quinone.*> * On the other hand, D10B10 developed a slight pinkish

tinge at pH 9, indicating that the introduction of boronic acid groups protected the
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catechol from undergoing oxidation. Samples that were catechol-free (e.g., DOBO and

DO0B10) did not display any coloration at both pH levels.

1.4.2 Equilibrium swelling

Hydrogels were equilibrated at either pH 3 or 9 to determine the effect of pH on their
swelling ratio (Figure 1). DOBO did not exhibit any significant change in its swelling
ratio with changing pH, confirming that the poly(HEAA) backbone is not pH responsive.
Increasing the DMA content to 10 mol% (e.g., D10B0) decreased the swelling ratio of
the hydrogel as a result of increased hydrophobicity with the incorporation of the benzene
ring in DMA. This change in swelling may also be attributed to the increased molecular
interactions between the benzene rings (i.e., =—m interactions, hydrogen bonding). At pH
9, D10BO0 exhibited an increase in swelling ratio when compared to pH 3 (30% increase),
potentially due to the increased formation of negatively charged semiquinone with
increasing pH (Scheme 3A).* Similarly, DOB10 exhibited a higher swelling ratio at pH
9. Phenylboronic acid transforms into a negatively charged trigonal structure when the
pH value approaches and becomes higher than its pKa value (pKa = 8.8, Scheme 3B).%°
Similar pH dependent swelling have been previously reported for phenylboronic acid

containing hydrogels.*®
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Figure 1. Swelling ratio of adhesives equilibrated at either pH 3 0or 9 (n =3). * p <0.05

when compared to the adhesive equilibrated at pH 3 for a given composition.

Hydrogels containing both DMA and AAPBA exhibited maximum shrinkage in the
acidic solution and maximum swelling in the basic medium. A drastic reduction in
swelling at the acidic pH is likely due to the hydrophobicity of the benzyl ring in both
DMA and AAPBA as well as their ability to form physical bonds. At pH 9, formation of
the catechol-boronate complex results in the formation of negative charge and extensive
swelling as a result of electrostatic repulsion (Scheme 3C).3% % This pH dependent
swelling was observed for hydrogel formulations that contained various amount of DMA
and AAPBA (Figure 2). D10B10 contained the highest mol% of both DMA and AAPBA
and exhibited the largest difference in the swelling ratio between pH 3 and 9 (an increase

of 360%).
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Scheme 3. Chemical structures showing the pH responsive transition between catechol
and semiquinone (A), trigonal structure and the negatively charged tetrahedral structure
of phenylboronic acid (B), and the unbound catechol and phenylboronic acid moieties

and their negatively charged complex (C).
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Figure 2. Swelling ratio of adhesives equilibrated at either pH 30or 9 (n =3). * p <0.05

when compared to the adhesive equilibrated at pH 3 for a given composition.

143 FTIR

FTIR spectra confirmed the characteristics peaks for HEAA (-OH 3400-3000 cm™?,
secondary amide -NH 1680-1630 cm, and C=0 1600-1500 cm) and benzene rings
(1500-1400 and 800-700 cm™) in D10B10 (Figure 3).%% 4" When comparing spectra of
D10B10 incubated at different pH levels, a new peak was observed at 1489 cm™ at pH 9
(arrow in Figure 3), which was not present when D10B10 was incubated at pH 3. This
new peak is associated with the benzene ring stretch in aromatic compounds as a result of
changing their vibrational states. This peak compares favorably with values (1478-1501

cm™) previously reported for the catechol-boronate complex.*
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D10B10 atpH 9
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D10B10 atpH 3

2000 1500 1000 500
Wavenumber (cm"I )

Figure 3. FTIR spectra of D10B10 equilibrated at either pH 3 or 9. The arrow points to
the presence of a new peak (1489 cm™) found at pH 9, corresponding to the formation of

catechol-boronate complex.

This peak was not present in samples that did not contain both DMA and AAPBA (i.e.,

D0BO, D10B0 or DOB10) tested at both pH 3 and 9 (Figure 4).

D10B10 pH 9

D10B10 pH 3 \

D10B0 pH 9

D10BO pH 3
W

—\/A’%K‘Aﬁ,—\‘

DOBO pH 9

DOBOpH3 W/

3500 3000 2500 2000 1500 1000
Wavenumber (cm'1)

Figure 4. FTIR spectra of adhesives equilibrated at either pH 3 or 9. The arrow points to
the presence of a new peak (1489 cm™) for D10B10 at pH 9, corresponding to the
formation of catechol-boronate complex.
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1.4.4 Oscillatory rheometry

Oscillatory rheometry results indicated that regardless of composition, all the hydrogels
were chemically crosslinked, as the G” values were independent of frequencies (< 45 Hz)
and the G’ values were 1-2 orders of magnitude higher than the G values (Figure 5 and
Figure 6). There were minimal differences in both the G’ and G” values for the various
control groups (DOBO, D10B0, and DOB10) equilibrated at different pH levels (Figure
6). On the other hand, D10B10 exhibited an increase in the G’ value (a 55% increase at a
frequency of 1 Hz) when the pH was increased from pH 3 to 9 (Figure 5). An increase in
the measured stiffness is a result of increasing crosslinking density, resulting from the

formation of new intermolecular crosslinks within the hydrogel network.
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100 :
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Frequency (Hz)

Figure 5. Storage (G’, filled symbol) and loss (G, open symbol) moduli for D10B10

equilibrated at either pH 3 (l, [1) or 9 (@, O) (n = 3).

Most notably, D10B10 incubated at pH 9 exhibited G” values that were an order of

magnitude higher than those incubated at pH 3. This increase in viscous dissipation
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properties indicates the presence of extensive reversible physical interaction in the

hydrogel network attributed to catechol-boronate complexation at pH 9.4° > These

enhancements in mechanical properties are remarkable considering these complexes

needed to counteract the extensive swelling of the network resulting from electrostatic

repulsion of the negatively charged complexes (Scheme 3C). This may explain why there

was only a marginal increase in the measured G’ values in response to changes in pH.

Similar pH dependent behaviors were observed for hydrogels containing various ratios of

DMA and AAPBA (Figure 7).
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Figure 6. Storage (G’, filled symbol) and loss (G”, open symbol) moduli for DOBO (a),

D10BO0 (b), and DOB10 (c) equilibrated at either pH 3 (H, L) or 9 (@, O) (n = 3).
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Figure 7. Storage (G’, filled symbol) and loss (G, open symbol) moduli for D10B2.5 (a),

D5B10 (b), and D2.5B10 (c) equilibrated at either pH 3 (M, []) or 9 (@, O) (n = 3).

1.4.5 Contact mechanics testing of equilibrated adhesive

JKR contact mechanics tests were performed to determine the effect of pH on the

interfacial binding properties of the adhesive. DOBO exhibited minimal interaction with

the substrate at both pH levels as expected (Figure 8a, Table 2). Incorporation of 10

mol% DMA (D10BO0) significantly increased the measured adhesive properties at pH 3

(Figure 8b). This indicates that the reduced form of catechol is responsible for strong

interfacial binding, potentially through H-bonding or electrostatic interaction with silicon
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dioxide (SiO2), which is a major component of borosilicate glass.>! Density functional
theory analysis revealed that catechol readily displaces water molecules to bind to SiO»
surface, with a binding energy (33 kcal/mol) value approaching that of catechol-Ti
interaction.>> %3 D10BO0 incubated at pH 9 exhibited a significant reduction in adhesive
properties. Specifically, the measured Wadh value for D10B0 measured at pH 9 was not

significantly different from that of DOBO.
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Figure 8. Representative contact curves for DOBO (a), D10BO0 (b), and DOB10 (c)

equilibrated and tested at either pH 3 or 9.
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Interestingly, DOB10 also demonstrated equivalent or higher adhesive properties when
compared to its counterparts (Figure 8c). Although the interaction between boronic acid
and glass substrates has not been previously reported, AAPBA likely interacted with the
surface via H-bonding or electrostatic interaction. However, DOB10 also exhibited
significantly higher Fmax values at pH 9 when compared to D10B0 and DOBO. This
indicates that the incorporation of AAPBA alone was not sufficient in creating a smart

adhesive due to its ineffective pH responsive characteristics.

Table 2. Average Fmaxand Wagh values calculated for adhesives containing varying

amounts of DMA and AAPBA equilibrated and tested at either pH 3 or 9 (n = 3).

Fmax (MN) Woadh (mJ/mZ)
Composition

pH 3 pH9 pH 3 pH9

DOBO -14+0.25 |-0.85+0.24|100+24 | 76+11

D10B0O -59+045 | -1.6+0.67 |170+12 | 83+28

DO0B10 -6.6+046 | -41+0.38 | 240+28 | 96+19

D10B10 -11+16 |-1.1+0.020 460 +110| 110 + 6.6

At pH 3, D10B10 demonstrated significantly higher Fmax (-11 £ 1.6 mN) and Wagn (460 +
110 mJ/m?) values relative to those obtained from D10B0 and DOB10 (Figure 9, Table
2). This indicates that both DMA and AAPBA contributed to surface adhesion. At the

same time, D10B10 exhibited a 10 and 4.2 time reduction in Fmax and Wagh Values,
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respectively, at pH 9, indicating that the formation of catechol-boronate complex

successfully reduced interfacial binding.
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Figure 9. Representative contact curves for D10B10 equilibrated and tested at either pH 3
(left) or 9 (right). The lowercase letters indicate the point of initial contact with the
borosilicate glass surface (a), the loading portion of the curve (b), the maximum preload
(c), the unloading portion of the curve (d), the maximum adhesive force (Fmax; €), the area
enclosed by the curve corresponding to Wadn (f), and the point of detachment from the

substrate (Q).

1.45.1 Reversibility adhesion testing

To confirm the reversible nature of the catechol-boronate complex and its contribution to
interfacial binding, samples were repeatedly brought into contact with the substrate while
exposing the adhesive to solutions with different pHs. DOBO exhibited very low adhesive

values for all 3 contact cycles (Figure 10).
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Figure 10. Three successive contact curves for DOBO tested at pH 3, pH 9, and then pH 3

tested against a borosilicate glass substrate.

D10B0 demonstrated strong adhesion during the first contact cycle performed at pH 3
(Figure 11a). However, unlike values obtained from D10BO0 that were equilibrated for 48
hrs (Figure 8b, Table 2), there was no significant change in the measured adhesive
values in the second contact cycle measured at pH 9. This may be due to the adhesive’s
short exposure time to the basic medium and slow oxidation of the catechol to quinone.
However, both Fmax and Wagnh values were significantly lower in the third contact cycle
performed at pH 3. The adhesive network likely traps the basic medium during the
second contact cycle and the catechol groups became progressively oxidized with time.
DO0B10 did not exhibit changes in its adhesive properties with changes in pH (Figure

11b).
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Figure 11. Three successive contact curves for D10BO0 (a), DOB10 (b) and D10B10 (c)

tested at pH 3, pH 9, and then pH 3 using a borosilicate glass substrate.

D10B10 demonstrated elevated adhesive properties (Fmax = -16 £ 0.60 mN, Wagn = 2000

+ 250 mJ/m?) during the first contact cycle at pH 3, with adhesion values that were 2-3
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folds higher when compared to values obtained for D10B0 and DOB10 (Figures 11 and
12). During the second contact at pH 9, these values were reduced by more than an order
of magnitude (Fmax = -2.4 = 1.1 mN, Wagn = 180 + 87 mJ/m?). These values were two to
three times lower when compared to those measured for D10B0 and DOB10 and they
were also not significantly different from those of DOBO. In the third contact cycle
measured at pH 3, D10B10 recovered 90 and 76% of the Fmax and Wadn values,

respectively, measured during the first contact cycle.
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Figure 12. Averaged Wadn (2) and Fmax (b) for adhesives tested in three successive contact
cycles using a borosilicate glass as the substrate (n = 3). * p < 0.05 relative to the values

obtained from the second contact cycle at pH 9 for a given formulation.
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Similar pH responsive trends was observed using quartz surface (Figure 13). D10B10
demonstrated an order of magnitude difference between its adhesive (pH 3) and non-
adhesive (pH 9) states. Similarly, D10B0 demonstrated reduced adhesion with successive
contact cycles while DOB10 was not pH responsive. Lower adhesive values were
obtained for quartz (~14 % reduction for D10B10) when measured at pH 3 indicating that

boron (~13%) in the borosilicate glass contributed to adhesion.
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Figure 13. Averaged Wadn (2) and Fmax (b) for adhesives tested in three successive contact
cycles using a quartz substrate (n = 3). * p < 0.05 relative to the values obtained from the

second contact cycle at pH 9 for a given formulation.
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Taken together, adhesives containing DMA exhibited strong interfacial binding
properties at pH 3, confirming previously published results that the reduced form of
catechol is responsible for strong wet adhesion to inorganic substrates.?> 238 With
extensive incubation time at pH 9, the catechol groups were oxidized and exhibited
reduced adhesive properties. However, pH-mediated oxidation was relatively slow. The
interfacial binding properties of DMA-containing adhesive did not respond to repeated
changes in pH but its adhesive properties decreased progressively with repeated contact.
Phenylboronic acid also demonstrated strong adhesion to borosilicate surfaces in the
presence of water. However, adhesive containing only AAPBA was not pH responsive.
These results indicated that adhesives containing either DMA alone or AAPBA alone

were not suitable in functioning as a smart adhesive.

When an adhesive contained both DMA and AAPBA, both the catechol and
phenylboronic acid moieties contributed to strong interfacial binding at pH 3 (Scheme 4).
Elevating the pH resulted in the formation of catechol-boronate complex and a significant
reduction in the adhesive properties. The reversible nature of this complex allowed both
the catechol and phenylboronic acid moieties to become available for interfacial binding
once the pH was reduced. AAPBA not only served as an adhesive moiety for interfacial
binding, it also functioned as a protecting group to limit catechol oxidation. The
combination of catechol and phenylboronic acid provides a basis for designing a novel
smart adhesive that is capable of switching between its adhesive and non-adhesive states

in the presence of an aqueous environment. To our knowledge, this the first
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demonstration of a wet adhesive with tunable adhesive properties that exploits the

chemistry found in mussel adhesive proteins.

(a) Stong Adhesion (b)  Weak Adhesion
o
HN HN
BQ gj? -—= NQ U\
o o
Hon
i, e
\/' S'\O/ \g/ N IR

Scheme 4. Schematic representation of the smart adhesive containing catechol and
phenylboronic acid functional groups. At an acidic pH, both the catechol and borate
functional groups contributed to strong interfacial binding with the wetted borosilicate
substrate (a). In a basic pH, formation of catechol-boronate complexation reduced the
interfacial binding strength of the adhesive (b). Changing the pH, effectively converts the

smart adhesive between its adhesive and non-adhesive states.

1.5 Conclusions

Hydrogel adhesives containing DMA and AAPBA were prepared. FTIR, equilibrium
swelling and oscillatory rheometry experiments confirmed the formation of catechol-
boronate complex at pH 9. JKR contact mechanics test revealed that adhesives containing

both DMA and AAPBA exhibited elevated adhesive properties at pH 3, which were
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drastically reduced at pH 9. The reversible nature of the catechol-boronate complex
enabled the adhesive to reversibly transition between its adhesive and non-adhesive states

in response to pH change.
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2 Effect of lonic Functional Groups on the Oxidation State
and Interfacial Binding Property of Catechol-Based

Adhesive?

2.1 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 (H202) 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

2 This article was reprinted with permission from Biomacromolecules, 2018 19 (5), 1416-1424. Copyright
2017 American Chemical Society. https://pubs.acs.org/doi/abs/10.1021/acs.biomac.7b01311
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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.

2.2 Introduction

Designing adhesives capable forming strong bonds to wet surfaces is critical for many
biomedical and underwater marine applications.>*>® The presence of a surface liquid
layer on a substrate acts as a barrier for interfacial binding and interferes with adhesion.®
5759 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.®” © These
proteins contain a unique 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.1% 61-63

The majority of existing literature focused on incorporating catechol adhesive moiety
alone in designing synthetic mimics of mussel foot proteins.>” % % 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).®

Recently, different research groups demonstrated that the incorporation of cationic
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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.5”-% The presence of cations likely enhanced wetting to these surfaces that has a
surface negative charge.®” Additionally, the positively charged cation displaces positively
charged salt ions on the surface, subsequently allowing the catechol to form stable
interfacial bonds.®® However, incorporation of anionic functional group alone did not

enhance the interfacial binding property of catechol containing adhesive.5

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
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 t0.212* 0 The reduced
catechol is responsible for strong interfacial binding to inorganic surfaces.’* 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., -NHa, -SH) found on
biological substrates.’® 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.”> ® Similarly, the hydrophobic
nature of mfp-3s as well as its ability to form self-coacervates limits catechol’s contact
with seawater.”* 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
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acidic moiety can preserve the catechol in its reduced state.”™ ’® 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 N-(3-aminopropyl)methacrylamide
hydrochloride (APMH) with dopamine methacrylamide (DMA), which contain an
anionic —COOH, a cationic —NH>, 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 (H202) 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).

2.3 Materials and methods

2.3.1 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-
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dimethoxy-2-phenylacetophenone (DMPA) were purchased from Acros Organics (New
Jersey, USA). Dimethyl sulfoxide (DMSQO) 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.®? Glass slides were
purchased from Fisher Scientific (cat. no. 12-550- A3; Hampton, NH). Quartz slides were

purchased from Ted Pella (Redding, CA).

2.3.2 Preparation of the Coated Substrates

Amine-functionalized substrates were prepared by silane chemistry following published
procedures with minor modification.””"® Glass slides were sonicated in acetone and
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.®°

2.3.3 Preparation of the Testing Media

The acidic pH 3.0 solution was prepared by adding appropriate quantities of 1 M HCl to a
solution containing 0.1 M NaCl.8° 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
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prepared by adjusting the pH of 10 mM Tris (hydroxymethyl)aminomethane (Tris) buffer

containing 0.1 M NaCl with 1 M HCI.

2.3.4 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 N2 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 L 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, M1) for a total of 600 s.*> 8% 8! 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. D10AAQ and
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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.

2.3.5 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
(Mgq) samples were used to calculate the equilibrium swelling ratio by using the following

equation:&°

Equilibrium Swelling

I
~
=)}
-

In the case of FOX assay samples, dry weights were taken into consideration to account

for the effect of swelling at different pH values.

2.3.6 Oscillatory Rheometry

Hydrogel discs (thickness = 2 mm and diameter = 15 mm) were compressed to a constant
gap of 1800 um 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).
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2.3.7 FOX Assay for Quantifying Hydrogen Peroxide Concentration

The concentration of H>O> generated by the adhesive hydrogel was measured using the
Quantitative Peroxide Assay Kit (Thermo Scientific™; Waltham, MA).82 & 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 pL of the hydrogel extract was mixed with 200 pL 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 L 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 H202) from 30 % H202 solution and serially diluting it to a
concentration of 7.8 — 2000 uM. H20> concentrations were normalized by the
concentration of DMA as calculated based on the combined volumes of the hydrogel and

the extraction fluid.

2.3.8 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).& 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 pum/sec until reaching a maximum preload
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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 uL of
buffer solution with the same pH as those used to equilibrate the hemispheres. The force
(F) versus displacement (3) curves were integrated to determine the work of adhesion
(Wadn), which was normalized with the calculated maximum area of contact (Amax)

according to the following equation:&

Amax was mathematically calculated by fitting the loading portion of the force vs

displacement curve with the Hertzian model:®*

aZ
Omax = R’ (8)

where Omax 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 VVernier calipers before the

start of each test, to determine R:%

Amax Was calculated by using the following equation:

Amax = n32 (10)
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The adhesion strength (Sadn) was calculated by normalizing the maximum pull-off force

(Fmax) by the maximum area of contact (Amax) as follows:%

_ Fmax
Sadh = A (11)

2.3.9 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.

2.4 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 5). 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.?® 8% 87 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.®8°° 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).%
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Scheme 5. Chemical structures of dopamine methacrylamide (DMA), acrylic acid (AACc)

and N-(3-aminopropyl)methacrylamide hydrochloride (APMH).

HO  OH
HN g
/<o
DMA

AAc APMH

2.4.1 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 14) 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.
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Figure 14. Storage modulus (G') for DO (a), DOAA10 (b), DOAP10 (c), D10 (d),

D10AA10 (e) and D10AP10 (f) equilibrated at pH 3.0-9.0 for 24 h (n = 3).

Incorporating DMA into HEAA gels (i.e., D10) drastically reduced the measured

swelling ratio (Figures 15 and 16), which is potentially due to @-x interactions and H-

bonding between catechol moieties.®? For D10AA10, increasing pH increased its swelling

ratio as AAc (pKa = 4.25)% became progressively more deprotonated (Figure 15).
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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.*> %

24

—v— D10 —=— D10AA10 —&— D10AP10

20

16 4

12 4

Swelling ratio (g/g)

3.0 5.0 7.5 8.5 9.0
pH

Figure 15. 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. D10, D10AA10 and D10AP10
represent adhesive hydrogels containing DMA (catechol), AAc (-COOH) and APMH (-

NH:) respectively.
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Figure 16. Swelling ratios of control hydrogels equilibrated at pH 3.0-9.0 for 24 h (n = 3).

2.4.2 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 (H20) are generated as
byproducts (Scheme 6).8 Dismutation of O2*~ also generates H202, which is significantly
more stable when compared to O2*~.%" As such, H.0; can be quantified using the

conventional FOX assay as it is being generated and released from the hydrogel samples.
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Scheme 6. Schematic representation of the generation of hydrogen peroxide (H20) as a

result of catechol autoxidation.

slow
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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 H20- even after 24 h (Figures 17 and 18)
and these samples remained clear and colorless (Table 3). As expected, catechol
remained in its reduced state in an acidic pH.”* However, when the pH was raised to 7.5,
D10 generated detectable amount of H2O> within 2 h and the H20- concentration
continued to increase for 24 h (0.0481 £ 0.00373 uM H202 /uM catechol by 24 h),
indicating that catechol were increasingly oxidized over time. Given the half-life of H20>
at room temperature (= pH 7.0) can range from 12 — 30 h,% D10 continued to generate
H>0> over time. D10 generated more H>O, 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 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 pKj of catechol (= 9.3).4°
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Figure 17. 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. . D10, D10AA10 and D10AP10 represent adhesive hydrogels containing DMA

(catechol), AAc (-COOH) and APMH (-NH>) respectively.

When AAc was incorporated, D10AA10 did not generate H.O> even when it was
incubated at pH 7.5 and only a small amount of H>O, was detected at pH 8.5 (Figure 17).
Correspondingly, D1I0AA10 remained colorless when incubated at a pH that was 7.5 or
less and D10AAL0 only developed minor discoloration around its edge after it was
incubated at pH 8.5 for 24 h (Table 3). When the pH was raised to 9.0, a significantly
higher amount of H2O, was generated (0.0617 + 0.00202 uM H2O,/uM catechol after 24
h) and D10AA10 appeared brown in color (Table 3), indicating catechol oxidation.
However, the amount of H,O> 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
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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.
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Figure 18. Normalized concentration of H2O: released from hydrogels equilibrated at pH
3.0-9.0 after 2 (a), 4 (b), 6 (c) and 12 (d) hours of incubation (n = 3). * p < 0.05 when

compared to D10.

Samples containing APMH (e.g., D10AP10) generated similar amount of H.O> as D10 at
pH levels between 3.0 and 7.5 (Figure 17). 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,
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respectively). Previously, we reported that dopamine with a free -NH2 group generated
significantly more H.O, when compared to DMA, potentially due to the polymerization
of dopamine to form polydopamine.® Autoxidation of dopamine involves
intracyclization and formation of intramolecular Michael-type adduct to form dopamine
indole.%? 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.
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Table 3. Images of adhesive hydrogels equilibrated at pH 3.0-9.0 for 24 h. The dashed

circles highlights the location of colorless hydrogels.

Composition pH 3.0 pH 5.0 pH 7.5 pH 8.5 pH 9.0

DO

DOAAT0

DOAP10

D10

DI0OAATO

DIOAPI0

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
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hinders the diffusion of H.O2 into the extracting solution.®> 8 Nevertheless, H20;
quantification served as useful approach to measure the extent of catechol oxidation in
situ. Samples that did not contain DMA (e.g., DO, DOAA10 and DOAP10) did not
generate H20O2 over 24 h for all the pH values (data not shown) and these samples
remained colorless (Table 3), confirming that the source of H20- is associated with

autoxidation of catechol.

2.4.3 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.qg.,
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,® 1% while APTS-
coated glass was used to simulate amine functional group found on tissue surfaces. %!

Most importantly, interaction between catechol and these surfaces have been well

documented.’® 7t

2.4.3.1 Adhesion to Quartz Surface

The control HEAA hydrogels (D0) exhibited weak adhesion to quartz surface with Wagn
values that averaged around 11-130 mJ/m? depending on the pH (Table 4). Addition of
DMA to HEAA hydrogels (D10) significantly increased Wagn values and D10
demonstrated elevated adhesive property at acidic pH (444.7 + 123.7 mJ/m? at pH 3.0;

Figure 19a). This is due to the strong interfacial binding (i.e., H-bond) between catechol
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and SiO;, surface (Scheme 7a).% 8 W.qn 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 Wagn 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'%> 1% and electrostatic repulsion between DOAA10

and quartz surface greatly minimized the measured adhesion values (Scheme 7b).

Table 4. Work of adhesion (Wadh) for DO tested against a wetted quartz and APTS-

functionalized glass substrate at pH 3.0-9.0 (n = 3).

Woadh (MJ/m?)
Surface
pH 3.0 pH 5.0 pH 7.5 pH 8.5 pH 9.0
Quartz 128.9 + 1159+ 91.55 + 25.16 + 11.06 +
39.46 37.50 29.64 9.464 8.217
142.7 132.7 + 170.0 £ 54.03 + 82.41 +
APTS +21.83 41.94 7.705 13.87 53.61
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Scheme 7. 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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Figure 19. Work of adhesion (Wadn) for adhesive hydrogels containing AAc (-COOH) (a)
and APMH (-NH) (b) tested against a wetted quartz substrate at pH 3.0-9.0 (n = 3).

Refer to Tables 5-7 for results of statistical analysis.

When AAc was incorporated into DMA-containing hydrogel (D10AA10), there was a
drastic increase in the measured Wagn values at pH 7.5 and 8.5 when compared to those of
D10 (~ 7 and 11 fold increase, respectively) (Figure 19a). Given that DOAA10 was
poorly adhesive to quartz at this pH range, the elevated adhesive values measured for
D10AA10 can be attributed to catechol’s ability to from strong interfacial bonds (Scheme

7¢). The Wagn at pH 7.5 and 8.5 was not significantly different from the value measured
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at pH 5.0 (Table 7). 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 17) and the photographs of the hydrogel (Table 3). 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.%® However, our new findings suggest that the anionic
functional groups contributed by buffering the local pH to preserve the adhesive property

of catechol.

Table 5. Statistical analysis for Wagn of adhesive hydrogels containing anionic AAc tested
against a wetted quartz substrate. Compositions not connected by the same letter at a

given pH are significantly different.

Composition | pH 3.0 pH 5.0 pH75 | pH85 | pH9.0
D10 A A A A A
DOAA10 B B A A A
D10AA10 | A C B B A
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Table 6. Statistical analysis for Wagn of adhesive hydrogels containing cationic APMH
tested against a wetted quartz substrate. Compositions not connected by the same letter at

a given pH are significantly different.

Composition | pH3.0 | pH5.0 | pH75 | pH85 | pH9.0

D10 A A A A A
DOAP10 B B B B B
D10AP10 B B B| A A

Table 7. Statistical analysis for Wagn of adhesive hydrogels containing anionic AAc or
cationic APMH tested against a wetted quartz substrate. pHs not connected by the same

letter for a given composition are significantly different.

pH| D10 | pH |DOAAL0| pH |D10AAL0| pH |DOAP10| pH | D10AP10

30| A 30 | A 30| A 30 | A 30 | A

50| A 5.0 B |50 BC|50|A B|50]| A

75 B|75| A B|75|A B |75|A B|75]| A

8.5 B|85| A B|85|A B |85|A B |85 B

9.0 B| 9.0 B |90 C| 9.0 B | 9.0 B
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Adding a cationic monomer, APMH, to the HEAA hydrogels (DOAP10) exhibited Wadn
values (200-380 mJ/m?) that were comparable to those of D10 (452.6 + 58.18 mJ/m? at
pH 3.0; Figure 19b). This result is in agreement with previous findings that indicated
cationic functional groups contributed significantly to interfacial binding to inorganic
surfaces.®”-%° APMH likely interacted with the quartz surface using a combination of
electrostatic interaction and H-bonding (Scheme 7d). The Wadn 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 —-NH: into the adhesive network. Most noticeably, Wagh
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 17), indicating that catechol in both adhesives were
equally oxidized. The elevated 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), Wagan values for D10AP10 decreased drastically and became
equivalent to those of oxidized D10. However, Wagn values for DOAP10 remained
constant and average around 300-380 mJ/m?. 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 7e). This observation is in
agreement with the FOX assay data, which also showed that D10AP10 generated
significantly higher amount of H20O- at pH 8.5 and 9.0 as compared to D10, possibly due
to the formation of adducts with the nucleophile.®® S.an data (Figures 20a and 20b,

Tables 8-10) was largely in agreement with the Wadn results.
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Figure 20. Adhesion strength (Sadn) for adhesive hydrogels containing anionic AAc or
cationic APMH tested against a wetted quartz (a and b) or APTS-functionalized substrate

(cand d) at pH 3.0-9.0 (n=3). Refer to Tables 8-10 and 14-16 for statistical analysis.
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Table 8. Statistical analysis for Sadan of adhesive hydrogels containing anionic AAc tested
against a wetted quartz substrate. Compositions not connected by the same letter at a

given pH are significantly different.

Composition | pH 3.0 pH50 |pH75 | pH85 | pH9.0
D10 A A A A A
DOAA10 B B A A A
D10AA10 | A C B B A

Table 9. Statistical analysis for Sadan of adhesive hydrogels containing cationic APMH
tested against a wetted quartz substrate. Compositions not connected by the same letter at

a given pH are significantly different.

Composition pH 3.0 pH 5.0 pH 7.5 pH 8.5 pH 9.0
D10 A A A A A
DOAP10 A B A B B B
D10AP10 B A B A B A B
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Table 10. Statistical analysis for Sagn of adhesive hydrogels containing anionic AAc or
cationic APMH tested against a wetted quartz substrate. pHs not connected by the same

letter for a given composition are significantly different.

pH| D10 pH | DOAA1O | pH | D10AA10 | pH |DOAP10| pH |D10AP10
30| A 30| A 30| A 3.0 A 30| A

50| A 5.0 B |50 B 5.0 A 50| A B
7.5 B |75 B |75/ A B 7.5 A 7.5 B
8.5 B |85 B |85/ A B 8.5 A 85| A

9.0 B (9.0 B |90 C 190 A 90| A B

2.4.3.2 Adhesion to —-NHz-functionalized Glass

Woadn values for D10 decreased with increasing pH (Woadh = 471.7 £ 138.5 and 107.6 £
62.11 mJ/m? for pH 3.0 and 8.5, respectively.) (Figure 21a). The strong interaction at
acidic pH was due to the strong cation-n interactions between catechol and the positively
charged APTS substrate (Scheme 8a).%% ¢ This interaction may have weakened as the pH
was increased due to reduced surface charge density and the deprotonation of -NHz. D10
may have transitioned to form weaker H-bond or electrostatic interactions. Interestingly,

elevated Waan Value was obtained for D10 at pH 9.0 (Wagh = 340.0 + 41.15 mJ/m?), which
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suggested the formation of interfacial covalent bond formation between oxidized quinone

and primary amine on the surface.’*

a 800 —v— D10 —=— D10AA10
—O— DOAA10
600 -
£
-2
E 400
=
®
2 200
0 o

3.0 5.0 7.5 8.5 9.0

b i
800 - —v— D10
—A— DOAP10
—e— D10AP10
o 600
E
-
£ 400
£
®
2 200
0 4

3.0 50 75 8.5 9.0
pH

Figure 21. Work of adhesion (Wagn) of adhesive hydrogels containing AAc (-COOH) (a)
and APMH (-NHz) (b) tested against a wetted APTS-functionalized glass substrate at pH

3.0-9.0 (n = 3). Refer to Tables 11-13 for results of statistical analysis.
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Scheme 8. 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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Woagh for hydrogel containing only the anionic AAc (i.e., DOAA10) initially increased
with increasing pH reaching a maximum at pH 5.0 (Wagh = 343.1 + 13.93 mJ/m?; Figure
21a, Scheme 8b). 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),% the carboxyl group became more negatively
charged and interacted with APTS through electrostatic interaction. However, further
increase in pH resulted in reduced Wagn 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.

Table 11. Statistical analysis for Wadn of adhesive hydrogels containing anionic AAc
tested against a wetted APTS-functionalized glass substrate. Compositions not connected

by the same letter at a given pH are significantly different.

Composition | pH3.0 | pH50 | pH75 | pH85 | pH9.0
D10 A A A A A
DOAAL0 B | A A A B
D10AA10 | A B A B | A
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Table 12. Statistical analysis for Wadn of adhesive hydrogels containing cationic APMH

tested against a wetted APTS-functionalized glass substrate. Compositions not connected

by the same letter at a given pH are significantly different.

Composition | pH 3.0 pH 5.0 pH75 | pH85 | pH9.0
D10 A A A B A A
DOAP10 B B B A A

D10AP10 A A A A B

Table 13. Statistical analysis for Wagn of adhesive hydrogels containing anionic AAc or

cationic APMH tested against a wetted APTS-functionalized glass substrate. pHs not

connected by the same letter for a given composition are significantly different.

pH| D10 |pH | DOAA10 | pH D10AA10|pH| DOAP10 | pH | D10AP10

3.0 30 A D|30 A 30|A 30| A B C

5.0 B 5.0 5.0 A 50/A B 50| A B

7.5 BC|75 C 7.5 A 7.5 B C 75 A

8.5 C|85 C D|85 A 8.5 C 8.5 C

9.0 B 9.0 D |90 A 9.0 9.0 B C
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Table 14. Statistical analysis for Sagn 0f adhesive hydrogels containing anionic AAc

tested against a wetted APTS-functionalized glass substrate. Compositions not connected

by the same letter at a given pH are significantly different.

Composition | pH3.0 | pH50 | pH75 [pH85| pH9.0
D10 A A B A A A
DOAA10 B B A A B
D10AA10 A A A B A

Table 15. Statistical analysis for Sagn 0f adhesive hydrogels containing cationic APMH

tested against a wetted APTS-functionalized glass substrate. Compositions not connected

by the same letter at a given pH are significantly different.

Composition pH 3.0 pH50 | pH75 | pH85 pH 9.0
D10 A A A B A A
DOAP10 B B B A B
D10AP10 C|l A Bl A A C
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Table 16. Statistical analysis for Sagn of adhesive hydrogels containing anionic AAc or
cationic APMH tested against a wetted APTS-functionalized glass substrate. pHs not

connected by the same letter for a given composition are significantly different.

pH | D10 | pH |DOAA10| pH |D10AA10| pH DOAP10 pH [D10AP10
30|A B |30 A 3.0 A 30| A 30| A
50 A 5.0 B |5.0 A 5.0 B 50| A B
75| A B |75 B |75 A 7.5 C 7.5 B
85| A 85| A B |85 A 8.5 C D|85] A B
9.0 B |90 A B |90 A 9.0 D|90| A

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 Wagn values were significantly higher than the
formulations containing either of the two functional groups alone (i.e., D10 or DOAA10;
Figure 21a). The Wadh values measured in this series were also the highest among the
adhesive-surface combinations that were investigated in this study (i.e., Wadn = 658.5 +
141.9 mJ/m? at pH 3.0). The combination of cation-r and electrostatic interactions likely
contributed to the elevated adhesive property (Scheme 8c). While the Wadn values for
both D10 and DOAA10 decreased with increasing pH, Wadn values for D1I0AA10 did not

change significantly with changing pH (Table 13). Based on FOX assay results, addition
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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 -NH.-functionalized
surface. Additionally, long range interaction (i.e., electrostatic attraction between —COO"
and —NHjs") likely promoted catechol surface adsorption, potentially similar to how
cations promoted adhesion of catechol adsorption to inorganic substrates.'® When the pH
was raised to 9.0, D10AA10 exhibited Wagn 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.”

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 (Wadh = 36.23 + 22.38
mJ/m?; Figure 21b, Scheme 8d). Wadn 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 (Wadh = 402.0 £

23.64 mJ/m?) potentially due to interfacial H-bond formation.

At pH 3.0 and 5.0, D10AP10 exhibited comparable Wagh values as D10 (Figure 21b).
This indicated that catechol needed to form strong interfacial cation-n interactions while
overcoming electrostatic repulsion between network bound -NH3" of APMH and
positively charged surface (-NHs* of APTS; Scheme 8e). As the pH was increased to
7.5, Wagh value for D10AP10 averaged around 339.7 + 57.07 mJ/m?, which was ~ 1.5

fold higher compared to those of D10 and DOAP10. With increasing pH, a reduction in
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charge density allowed both catechol and network-bound —NH2 group to from interfacial
bonds. However, further increase in the pH resulted in a statistically significant decrease
in interfacial binding (Wagn at pH 8.5 = 117.3 + 51.59 mJ/m? and pH 9.0 = 136.4 + 52.95
mJ/m?) (Table 13). This is possibly due to the cohesive crosslinking between network-
bound-NH: of APMH and quinone,® ® resulting in reduced availability of APMH and
catechol at pH 8.5 and 9.0, respectively, for interacting with the amine functionalized
surface. Sagn data (Figures 20c and 20d, Tables 14-16) was largely in agreement with

Wagh data.

Taken together, both anionic and cationic functional groups contributed considerably to
interfacial binding through electrostatic attraction to surfaces with the opposite charges.
Measured Wagn 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,”> ™ 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
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groups”® 1% and synthetic mimics that contain both species have demonstrated enhanced
adhesion under simulated seawater conditions.®® The anionic and cationic side chains in
these adhesives likely contributed synergistically to interfacial binding by separately
preserving the reduced state of catechol 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 of the same trends can be obtained for contacting a soft,
compliant substrate (i.e., soft tissue).1% 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).

2.5 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
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crosslinking between oxidized quinone in a basic pH, which interfered with interfacial

binding.
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3 Incorporation of Anionic Monomer to Tune the Reversible
Catechol-Boronate Complex for pH Responsive, Reversible

Adhesion?®

3.1 Abstract

Up to 30 mol% of acrylic acid (AAc) was incorporated into a pH responsive smart
adhesive consisting of dopamine methacrylamide (DMA) and 3-acrylamido
phenylboronic acid (APBA). FTIR spectroscopy and rheometry confirmed that the
incorporation of AAc shifted the pH of catechol-boronate complexation to a more basic
pH. Correspondingly, adhesive formulations with elevated AAc contents demonstrated
strong adhesion to quartz substrate at a neutral t3o mildly basic pH (pH 7.5-8.5) based on
Johnson-Kendall-Roberts (JKR) contact mechanics test. When pH was further increased
to pH 9.0, there was a drastic reduction in the measured work of adhesion (18 and 7 fold
reduction compared to values measured at pH 7.5 and 8.5, respectively) due to the
formation of catechol-boronate complex. The complex remained reversible and the
interfacial binding property of the adhesive was successfully tuned with changing pH in

successive contact cycles. However, an acidic pH (pH 3.0) was required to break the

3 This article was reprinted with permission from Langmuir, 2018. Copyright 2018 American Chemical
Society. https://pubs.acs.org/doi/abs/10.1021/acs.langmuir.8b00373
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catechol-boronate complex to recover the elevated adhesive property. Adding AAc

enables the smart adhesive to function in physiological or marine pH ranges.

3.2 Introduction

Smart adhesives can transform reversibly between its adhesive and non-adhesive states
with an externally applied stimulus. This property is particularly important for the
development of painless and removal dressings, sustainable packaging materials,
recyclable bonded structures, and robust walking mechanisms for microrobotics. 107
Currently available smart adhesives are limited by the need for elevated temperatures for
debonding,? adhesion to a specific substrate,® or poor adhesion in a wet environment.? In
particular, the presence of a liquid layer on the substrate acts as an obstacle to adhesion,

making most synthetic adhesives ineffective in a wet environment.8 575

Mussels secrete adhesive proteins that contain a catecholic amino acid, 3,4—
dihydroxyphenylalanine (DOPA), which enables them to bind to wet substrates.>” % In its
reduced form, catechol has the ability to interact inorganic surfaces (e.g., metals) through
formation of coordination bonds, while in its oxidized form, it is capable of forming
interfacial covalent bonds with organic surfaces (e.g., tissues).”* 1% Incorporating
catechol into inert polymers has imparted these materials with strong, wet adhesive
properties for various applications.'% 1% 110 Several labs have recently reported different

catechol-based adhesives that are responsive to light,?® enzyme,*® or temperature.*'*
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The adhesive property of catechol is highly dependent on its oxidation state.?? 23 5% 70 At
an acidic pH, catechol is in its reduced state, and forms strong interfacial bonds with
inorganic substrates.”* However, when the pH approaches the dissociation constant of
catechol (pKa = 9.3), catechol is progressively oxidized and its strength of interfacial
interaction is significantly reduced.”* Recently, we exploited this pH-dependent adhesive
property of catechol to design a smart adhesive.?® This adhesive consisted of both
network-bound catechol and boronic acid, which demonstrated elevated adhesion at pH
3.0. At pH 9.0, the formation of catechol-boronate complex reduced the measured work
of adhesion by over an order of magnitude. Boronic acid not only contributed to
adhesion, but also protected catechol from irreversible oxidation and crosslinking. Even
though the ideal pH for catechol-boronate complexation is 9.0,% 112 the complex forms
readily at a neutral and mildly basic pH,*® which will limit the potential for using this

smart adhesive for applications at physiological or marine pH ranges (i.e., pH 7.5-8.5).8%

91

To tune the pH of catechol-boronate complexation, we introduced an acidic anionic
monomer, acrylic acid (AAc), into the adhesive network. Incorporating an acidic moiety
has been demonstrated to preserve the catechol in its reduced state.” ’® Similarly, we
previously demonstrated that the incorporation of AAc preserved the reduced and
adhesive state of catechol even at a pH of 8.5, potentially due to the localized buffering
capacity of the carboxylic acid side chain.!*®* We hypothesized that incorporating AAc
will shift the catechol-boronate complexation pH to a more basic pH, and thus control the
pH at which the adhesive transitions between adhesive and non-adhesive states.
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To this end, we synthesized adhesives containing dopamine methacrylamide (DMA), 3-
acrylamido phenylboronic acid (APBA) and AAc consisting of an adhesive catechol
moiety, protective boronic acid functional group, and an anionic -COOH side chain,
respectively. Johnson-Kendall-Roberts (JKR) contact mechanics tests were carried out to
determine the effect of AAc concentration on adhesion over a wide range of pH (3.0-9.0).
Additionally, Fourier-transform infrared (FTIR) spectroscopy and rheometry experiments
were used to characterize the effect of AAc on the formation of the catechol-boronate

complex.

3.3 Materials and methods

3.3.1 Materials

APBA, AAc, N-hydroxyethyl acrylamide (HEAA), trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (97%), 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 (200 proof) was purchased from Pharmco Aaper (Brookfield, CT). DMA was
synthesized by following previously published protocols.®? Quartz slides were purchased
from Ted Pella (Redding, CA). The acidic pH 3.0 solution was prepared by adding
appropriate quantities of 1 M HCI to a solution containing 0.1 M NaCl, while pH 7.5, 8.5,

and 9.0 buffers were prepared by adjusting the pH of 10 mM Tris
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(hydroxymethyl)aminomethane (Tris) buffer containing 0.1 M NaCl with 1 M HCI.1%3
Fluorinated glass slides were prepared by submerging glass slides (Fisher Scientific; cat.
no. 12-550-A3; Hampton, NH) in a solution containing 0.5 mL of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane and 49 mL of toluene for 20 min, washed

three times with fresh toluene, and air-dried.®

3.3.2 Preparation of the Adhesive

Adhesive hydrogels were prepared by curing precursor solutions containing 1 M HEAA
with 10 mol % of DMA, 10 mol % of APBA and 0-30 mol % of AAc dissolved in 40 %
(v/v) DMSO and deionized (DI) water. The cross-linker (MBAA) and photoinitiator
(DMPA) were kept constant at 3 and 0.1 mol %, respectively. All of the monomer, cross-
linker, and photoinitiator concentrations in the precursor solutions were reported in
relation to the concentration of the HEAA (Scheme 9). Precursor solutions were
degassed three times with N> gas and added to a mold composed of two pieces of glass
separated by a silicone rubber spacer (2.0 mm thick). All samples were photocured in an
ultraviolet (UV) cross-linking chamber (XL-1000, Spectronics Corporation; Westbury,
NY) placed inside a N»-filled glovebox (Plas Laboratories; Lansing, MlI) for a total of
600 s.15 8L 113 After the curing process, all samples were washed in a pH 3.0 solution
overnight to remove any unreacted monomers. Samples for swelling and rheometry
experiments were formed into a disk shape using a punch with a diameter of 7.9 mm.
They were further rinsed twice in deionized (DI) water and equilibrated at the desired pH

for 24 h with constant nutation. For contact mechanics tests, hemispherical samples were
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prepared by irradiating 50 uL of the precursor solution on a hydrophobic, fluorinated
glass slide with UV and purified in the similar manner as described above.'*® Adhesive
compositions were abbreviated as DxByAz where X, y and z denote the mol % of DMA,
APBA and AAc respectively, in relation to HEAA.

Scheme 9. Chemical structures of N-hydroxyethyl acrylamide (HEAA), dopamine
methacrylamide (DMA), 3-acrylamido phenylboronic acid (APBA), acrylic acid (AAc),

methylene bis-acrylamide (MBAA) and 2,2-dimethoxy-2-phenylacetophenone (DMPA).

HO OH
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H H
AO]/NVNWO]/\\\

MBAA DMPA

3.3.3 Equilibrium Swelling

Hydrogel discs (thickness = 2.0 mm and diameter = 7.9 mm) were equilibrated at

different pH levels for 24 h, and then dried in vacuum for at least 48 h. The masses of the
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swollen (Ms) and dried (Mg) samples were obtained to determine the equilibrium swelling

ratio by using the equation:!3

M
Equilibrium Swelling = W (12)
d

334 FTIR

The samples were freeze-dried, crushed into powder using a mortar and pestle, and
analyzed using a PerkinElmer Frontier Spectrometer fitted with a GladiATR™ accessory

from Pike Technologies.

3.3.5 Oscillatory Rheometry

Hydrogel discs (thickness = 2.0 mm and diameter = 7.9 mm), were compressed to a fixed
gap of 1800 um using an 8 mm diameter parallel plate geometry. The storage (G’) and
loss (G””) moduli were determined in the frequency range of 0.1-100 Hz and at a constant
strain of 8 % using a TA Discovery Hybrid Rheometer-2 (TA Instruments; New Castle,

DE).

3.3.6 Contact Mechanics Test

JKR contact mechanics tests were performed using a custom-built setup comprising of a
10-g load cell (Transducer Techniques; Temecula, CA) and a miniature linear stage
stepper motor (MFA-PPD, Newport; Irvine, CA). Hemispherical adhesives were affixed

to an indenter stem (ALS-06, Transducer Techniques; Temecula, CA) using Super Glue
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(Adhesive Systems MG 100) and compressed at a rate of 1 um/sec against a buffer-
wetted quartz surface until a fixed maximum preload of 20 mN was reached (Figure
22).80.113 The hemispheres were then retracted at the same speed. One contact cycle
comprised of bringing the hemispheres into contact with the substrate at a constant speed

until the fixed preload was reached and then retracting it at the same speed.

Stepper motor

Load cell

Indenter stem

L !
-y Hemispherical
o adhesive
] Custom-built

- : i 2. T well
= Substrate ]ﬂ ‘#D

Figure 22. Photograph of the contact mechanics setup used for the adhesion experiments.

Two types of adhesion tests were performed. For the first test, samples were equilibrated
at pH 3.0, 7.5, 8.5 or 9.0 for 24 h and tested against a quartz slide wetted with 25 pL of
buffer with the same pH to determine the effect of AAc concentration on interfacial
binding properties at these different pH levels. For the second test, adhesives were
examined for their ability to switch between adhesive and non-adhesive states in response
to pH. A single sample was subjected to 3 successive contact cycles. Samples were first
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incubated at pH 7.5 for 3 h. The first and the second contacts were carried out in the
presence of pH 7.5 and 9.0, respectively, while the third contact was carried out in the
presence of either pH 7.5, or pH 3.0. Between two cycles, the samples were incubated for
30 min in a custom-built well that contained ~ 350 pL of either pH 9.0 (between first and
second cycle), or pH 7.5 or 3.0 (between second and third cycles) buffer solution. In
order to ensure that the target pH was reached before testing (i.e., pH 9.0 for incubation
prior to the second cycle), the custom-built well was rinsed twice with = 350 uL of buffer
with the desired pH before the start of the subsequent cycle. Additionally, the medium
used to incubate the hemispherical adhesive was changed every 10 min during the 30 min

incubation period.

The force (F) versus displacement (8) curves were integrated to determine the work of
adhesion (Wagnh), which was normalized by the maximum area of contact (Amax) by using

the following equation:&

(13)

Anmax was calculated by fitting the loading portion of the F versus 6 curve with the

Hertzian model:®*

Omax = R’ (14)
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where dmax IS the maximum displacement at the maximum preload of 20 mN, a is the
radius of Amax, and R is the curvature of the hemispherical sample. The height (h) and
base radius (r) of each hemisphere were measured using digital Vernier calipers before

the start of each test to determine R:8°

R—h+r2 15
2 2h (15)

Anmax Was calculated by using the equation:
Amax = na2 (16)

The adhesion strength (Sadn) was calculated by normalizing the maximum pull-off force

(Fmax) by the maximum area of contact (Amax) using the equation:%®

_ Frmax
Sagh = A
max

17)

3.3.7 Statistical Analysis

Statistical analysis was performed using JMP Pro 13 application (SAS Institute, NC).
One-way analysis of variance (ANOVA) with Tukey-Kramer HSD analysis was

performed for comparing means. p< 0.05 was considered significant.
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3.4 Results and discussion

Up to 30 mol % of AAc was formulated into an adhesive hydrogel containing DMA and
APBA and its effect on the formation of catechol-boronate complex and interfacial
binding property were evaluated over a wide range of pH (3.0-9.0). pH 3.0 was chosen
because the adhesive properties of catechol with inorganic substrates at this pH have been
widely documented.?® 113 Additionally, we have previously confirmed that adhesives
containing both DMA and APBA do not form complex at this pH.8° pH 7.5 and 8.5 were
chosen to represent physiological and marine pH ranges.®% °* pH 9.0 was selected to

promote the formation of the catechol-boronate complex and to inactivate the adhesive.®

3.4.1 Equilibrium Swelling

Equilibrium swelling tests were performed to confirm the addition of AAc in the
adhesives. The equilibrium swelling ratio of AAc-containing adhesives increased with
increasing pH (Figure 23). Additionally, formulations containing higher AAc
concentrations also demonstrated higher increase in swelling with increasing pH. For
example, the equilibrium swelling ratio of D10B10A30 exhibited the highest difference
between values measured at pH 9.0 and 3.0 (over 2 fold increase). The carboxylic acid
side chain of AAc becomes progressively deprotonated with increasing pH (pKa =
4.25).% The negatively charged AAc resulted in charge repulsion of the polymer chains

and increased the swelling ratio of the adhesive network.%
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Figure 23. Equilibrium swelling ratio for adhesive equilibrated at pH 3.0, 7.5, 8.5 or 9.0

for 24 h (n = 3). Refer to Table 17 for statistical analysis.

Table 17. Statistical analysis for equilibrium swelling ratio of adhesive equilibrated at pH
3.0, 7.5, 8.5 or 9.0 for 24 h. Compositions not connected by the same letter at a given pH

are significantly different.

pH 3.0 pH 7.5 pH 8.5 pH 9.0
D10B10A0 | A A A A
D10B10A10 | A B B B B
D10B10A20 | A B C C C
D10B10A30 B B D C
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342 FTIR

All adhesive formulations exhibited signature peaks for HEAA (—OH 3400-3000 cm™,
secondary amide -NH 1680-1630 cm™, and C=0 1600-1500 cm™?), and benzene rings
(1500-1400 and 800-700 cm™) in their FTIR spectra (Figures 24 and 25).8% 114
Formulations containing AAc also exhibit characteristics peak of carboxylic acid (-C=0
~ 1700 cm™),'* which increased in peak intensity with increasing AAc content in the
adhesive (Figure 24a). With increasing pH, formulations containing both DMA and
APBA exhibited a new peak at 1490 cm™ (arrows in Figure 24). This peak corresponds
to the benzene ring stretch as a result of catechol-boronate complexation.*® 8 For
formulations with no AAc or low AAc content (e.g., D10B10A0 and D10B10A10,
respectively), this new peak appeared at a pH as low as 7.5 (Figure 24b). For
formulations with higher AAc concentrations (e.g., D10B10A20 and D10B10A30), the
complexation peak was not observed until a pH of 8.5 (Figure 24c). FTIR results
confirmed that the presence of the acidic AAc monomer interfered with the formation of
catechol-boronate complexation, potentially due to the ability of the network-bound
anion to maintain a more acidic pH environment within the adhesive network. Adhesive
formulations with elevated AAc contents required a higher pH in the incubation medium
to form the complex. FTIR spectra for formulations that did not contain both DMA and
APBA (e.g., DOB10A20, D10B0A20) did not exhibit a peak at 1490 cm™ (Figure 25),

further confirming that this peak is attributed to the catechol-boronate complex.
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Figure 24. FTIR spectra of adhesive equilibrated at pH 3.0 (a), pH 7.5 (b), pH 8.5 (¢) or
pH 9.0 (d). The arrows indicate peaks corresponding to formation of the catechol-

boronate complex at 1490 cm™
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Figure 25. FTIR spectra of adhesives equilibrated at pH 3.0 (a), pH 7.5 (b) or pH 9.0 (c).
The arrows indicate peaks corresponding to formation of the catechol-boronate complex

at 1490 cm™.

3.4.3 Oscillatory Rheometry

Frequency sweep experiments were performed to determine the storage and loss moduli
(G” and G”, respectively) of the adhesive (Figure 26) and the values obtained at a
frequency of 1 Hz were further summarized in Figure 27. For all the adhesive

formulations, G’ values were comparable (averaged around 10* Pa) and did not change
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greatly with changing pH. Contrastingly, G values increased by 1 to 2 orders of
magnitude with increasing pH. An elevated G” value corresponded to the dissipation of
reversible physical bonds between catechol and boronic acid within the polymer
network.>® 15 We have previously observed a similar pH-induced change in the measured
G” values as a result of catechol-boronate complexation.® For D10B10AO, the onset of
change in the G” values occurred between pH 3.0 and 7.5 (Figure 27a). With increasing
AAc content, a higher solution pH was required to induce a similar increase in the G”
values. For D10B10A30, G” values remained constant around 10? Pa and did not increase
to 102 Pa until pH 9.0. Rheometry data corroborated FTIR data in showing that the
presence of AAc interfered with the catechol-boronate complexation. Specifically, the pH
responsive nature of the complex correlated with the concentration of the anionic
monomer. Formulations that did not contain both DMA and APBA (e.g., DOB10A20 and
D10B0A20) did not exhibit a large increase in the measured G” values with increasing

pH (Figure 28).

84

www.manaraa.com



107 107
a 108 b 108 -
. 105 1 . 10°
m [u]
. L
o 10% i 10% 4
© 100 © 402
102 - 102 |
101 g y T T 10! y v T T
0.1 1 10 100 0.1 1 10 100
Frequency (Hz)
107 107
c 10 d 108
. 105 - _ 108
< <
i 104 i 10° 1
© 405 | © 109 - ; .—;’2%
102 - -102 4
10! r T T T 101 T T - .
0.1 1 10 100 0.1 1 10 100
Frequency (Hz) Frequency (Hz)
—e— pH30 —&— pH85 —0— pH3.0 —— pH8S5
—m— pH75—4— pH9.0 —o— pH7.5 —— pH9.0

Figure 26. Storage (G’, filled symbols) and loss (G", empty symbols) moduli for
D10B10A0 (a), D10B10A10 (b), D10B10A20 (c) and D10B10A30 (d) equilibrated at

pHs 3.0, 7.5, 8.5 or 9.0 and tested in the frequency range of 0.1-100 Hz and 8 % strain (n

=3).
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Figure 27. Storage (G', filled symbols) and loss (G", empty symbols) moduli for
D10B10A0 (a), D10B10A10 (b), D10B10A20 (c) and D10B10A30 (d) equilibrated at

pHs 3.0, 7.5, 8.5 or 9.0 tested at a frequency of 1 Hz and 8 % strain (n = 3).
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Figure 28. Storage (G, filled symbols) and loss (G", empty symbols) moduli for
DOB10A20 (a), and D10B0A20 (b) equilibrated at pHs 3.0, 7.5 or 9.0 tested at a

frequency of 1 Hz and 8 % strain (n = 3).

3.4.4 Contact Mechanics Test: Single Contact

JKR contact mechanics test was performed to determine the effect of AAc concentration
on interfacial binding property over a wide range of pH (3.0-9.0) using quartz (SiO>)
surface as the test substrate (Figure 29). Adhesive formulation without AAc (e.g.,
D10B10A0) exhibited the strongest adhesive interaction with quartz at pH 3.0 (Wadh =
1830 * 170 mJ/m?, Saen = 10.8 + 0.209 kPa), when both the reduced form of catechol and
the boronic acid contributed to strong interfacial interaction (i.e., hydrogen bonding) with
the quartz surface.’" 8 Correspondingly, all formulations exhibited low G” values (= 10?
Pa, Figure 27). When D10B10A0 was incubated at a pH of 7.5 or higher, there was a
significant decrease in the measured adhesive values (Wadn = 487 + 21.9 mJ/m?, Sagh =
4.66 £ 0.704 kPa for pH 7.5). The measured adhesive values for D10B10AO further

decreased with increasing pH (Wagh = 264 * 10.1 mJ/m?, Sagr = 0.515 + 0.613 kPa for pH
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9.0). Both FTIR and rheometry results (Figures 24 and 27, respectively) indicated that
catechol-boronate complexation formed at a pH as low as 7.5 for D10B10AO, suggesting
that the formation of the complex limited the availability of the adhesive molecules for
interfacial binding. A large reduction in the measured adhesive values at a neutral to
mildly basic pH made D10B10A0 impractical for many applications at this pH range.
Additionally, at low AAc concentration, the adhesive values for D10B10A10 at pH 3.0
were lower than the other tested formulations. This is perhaps due to the H-bond
interactions between AAc chains in the bulk,'® which interfered with the ability of

catechol to form interfacial bonds.

Incorporating 20 mol % or higher AAc resulted in a significant increase in the measured
adhesive values at both pH 7.5 and 8.5 (Figure 29 and Table 19). For example, measured
Woagnh values for D10B10A20 and D10B10A30 equilibrated at pH 7.5 were 3 fold higher
when compared to those measured for D10B10AO. This indicated that network-bound
AAc was able to counteract the solution pH and maintain a local acidic pH within the
adhesive network.''® At pH 7.5, no catechol-boronate complex peaks were observed for
both D10B10A20 and D10B10A30 (Figure 24b), and these formulations also exhibited
low G” values (= 10? Pa; Figures 27c and 27d). These observations further suggest that
both DMA and APBA were available for strong interfacial binding at pH 7.5. With
further increase in pH, measured adhesive values decreased. At pH 8.5, both D10B10A20
and D10B10A30 showed complexation peak in their FTIR spectra (Figure 24c), which
correspondingly resulted in reduced adhesion, and D10B10A20 also exhibited high G”
values (= 10* Pa), while G” values of D10B10A30 continued to remain low (=~ 102 Pa).
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However, values measured at pH 8.5 were still around 3 fold higher when compared to
those measured for D10B10AO. Regardless of adhesive formulation, lowest adhesive
values were measured at pH 9.0, and all formulations exhibited high G” values (10%- 10*
Pa, Figure 27). Although the incorporation of AAc preserved the interfacial binding
property of the adhesive at a neutral to mild basic pH, the anion lost its buffering
capability at an elevated pH, which was corroborated with elevated G” values.
Nevertheless, the Wadh values for D10B10A20 at pH 7.5 and pH 8.5 were 18 and 7 fold
higher, respectively, when compared to values measured at pH 9.0. This difference in the

measured adhesive values makes the adhesive a good candidate to function as a smart

adhesive.
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Figure 29. Work of adhesion (Wadn) (a) and adhesion strength (Saan) (b) for single contact
experiments tested between wetted quartz substrate and adhesive equilibrated at pH 3.0,

7.5,8.50r 9.0 (n = 3). Refer to Table 18 for statistical analysis.
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Table 18. Statistical analysis for work of adhesion (Wagn) and adhesion strength (Sagn) of
adhesives tested against a wetted quartz substrate. Compositions not connected by the

same letter at a given pH are significantly different.

Wadh Sadh

pH pH pH pH pH | pH
Composition | pH 3.0 pH 3.0

7.5 8.5 9.0 7.5 85 | 90
D10B10A0 | A A A A A A A A
D10B10A10 C|A A B |AB C|A B B| A
D10B10A20 |A B B B B |AB B B| A
D10B10A30 B B B B BC B B| A

3.4.5 Contact Mechanics Test: Reversible Adhesion Testing

To evaluate the feasibility for AAc to control the pH responsive characteristics of the
catechol-boronate complex, adhesive samples were subjected to three successive contact
cycles at pH 7.5, 9.0 and then at 7.5 again (Figure 30). D10B10A20 showed strong
adhesion during the first contact at pH 7.5 (Wadnh = 677 + 173 mJ/m?, Sagh = 4.76 + 0.557
kPa) and significantly reduced adhesion during the second contact at pH 9.0 (Wagn = 230.

+ 33.2 mJ/m?, Saan = 2.59 + 0.185 kPa) as expected. However, the adhesion values
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remained low for the final contact at pH 7.5 (Wagh = 311 + 174 mJ/m?, Sagn = 2.80 + 1.13
kPa). The adhesive samples were incubated for only 30 min at pH 7.5 in between the last
two contact cycles and may not have had sufficient ionic exchange to break the strong,
reversible complex. D10B10AO0 was not responsive to changes in pH as the catechol-
boronate complexation readily formed at a pH 7.5 and higher and it does not contain

anionic monomer to modulate complexation pH.

2500 12
3 s 1% contact: pH 7.5 b s 1*contact: pH 7.5
2000 4| === 2" contact: pH 9.0 10 {| == 2™ contact: pH 9.0
=== 3" contact: pH 7.5 = 3 contact: pH 7.5
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. ﬁ 6 *
S 1000 - . &
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500 4 ) - -
2 | *
0 DOB10A20 D10B0OA20 D10B10A0 D10B10A20 0- DOB10A20 D10B0OAZ20 D10B10A0 D10B10AZ20

Figure 30. Averaged Wadn (2) and Sadn (b) for adhesives tested in three successive contact
cycles using quartz as the substrate (n = 3). * p < 0.05 relative to the values obtained

from the second contact cycle at pH 9.0 for a given formulation.

To confirm the reversible nature of the catechol-boronate complex, the pH for the third
contact cycle was lowered to 3.0 (Figures 31 and 32). D10B10A20 exhibited elevated
and reduced adhesion at pH 7.5 (Wadh = 663 * 65.1 mJ/m?, Sagh = 5.63 + 0.488 kPa) and
9.0 (Wagh=85.9 + 47.6 mJ/m?, Saan = 1.34 + 1.03 kPa), respectively, as observed in the
previous series of reversible adhesion testing (Figure 30). However, when the pH was
decreased to 3.0 during the third contact cycle, the adhesive recovered its adhesive
properties (Wagh = 1540 + 171 mJ/m?, Sadh = 6.99 + 0.983 kPa). The measured Wagn and

91

www.manaraa.com



Sadn Values were 17 and 5 fold higher, respectively, when compared to values measured
for the second contact at pH 9.0. Similarly, D10B10AO0 exhibited low adhesive properties
during the first two contact cycles conducted at pH 7.5 and 9.0, but recovered elevated
adhesive properties during the third contact cycle conducted at pH 3.0 (Wagh = 1800 £
439 mJ/m?, Saen = 9.20 + 1.19 kPa). These observations indicate that the catechol-
boronate complex within the adhesive remained reversibly bonded, and an acidic pH was

required to break the complex and recover the strong interfacial binding.

During both series of reversible adhesion testing (Figures 30 and 31), the presence of
boronic acid in DOB10A20 contributed to adhesion potentially via hydrogen bonding or
electrostatic interaction.®’ However, DOB10A20 did not demonstrate pH responsive
adhesive property, indicating that the presence of boronic acid alone was not sufficient to
design a smart adhesive. D10BOA20 demonstrated reversible adhesion resulting from pH
dependent oxidation and reduction of the catechol moiety. Although catechol readily
oxidizes at a pH of 7.5, the presence of the network-bound anion preserved the reduced
state of catechol for strong adhesion.'*®* AAc lost its buffering capacity when the pH was
increased to pH 9.0. However, pH 7.5 was insufficient to reduce catechol for strong
adhesion and pH 3.0 was required to recover its adhesive property. This observation
further confirmed that poor ion diffusion is the main factor that limited pH responsive
property of the hydrogel based adhesive. Although D10B0A20 was pH responsive, the
measured adhesion values were relatively low when compared to D10B10A20. This
confirms our previous findings that both catechol and boronic acid contributed to strong
adhesion.®

92

www.manaraa.com



2500

14}

2000

Wadh (mJ/m?)

500

1500 |

—
[=]
(=]
(=]

0.DOEHUA20 D10B0A20 D10B10A0 D10B10A20

mmmm 1*' contact: pH 7.5
—= 2™ contact: pH 9.0
mmm 3" contact: pH 3.0

Sadh (kPa)

wmmm 1% contact: pH 7.5 *
]| == 2™ contact: pH 9.0
s 3" contact: pH 3.0

" DOB10A20 D10B0A20 D10B10A0 D10B10A20

Figure 31. Averaged Wadn (2) and Sagn (b) for adhesives tested in three successive contact

cycles using quartz as the substrate (n = 3). * p < 0.05 relative to the values obtained

from the second contact cycle at pH 9.0 for a given formulation.
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Figure 32. Three successive contact curves for DOB10A20 (a), D10B0A20 (b),

D10B10A0 (c) and D10B10A20 (d) tested at pH 7.5, pH 9.0, and then pH 3.0 using a

quartz substrate.

The ideal pH for complexation between catechol (pKa = 9.3)*° and phenylboronic acid

(pKa = 8.8)*%*! has been reported to be the average of their respective pKa values

((9.3+8.8)/2 =~ 9).3% As such, the complex forms as the pH approached 9 and resulted in

poor adhesion at a neutral and mildly basic pH. The addition of AAc acidified the local

pH within the adhesive network and shifted the pH for catechol-boronate complexation to

a more basic pH. This disruption of the complex permitted both catechol and

phenylboronic acid to participate in strong interfacial binding at pH 7.5 to 8.5 (Scheme
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10). Incorporation of elevated amount of AAc did not prevent complexation at pH 9.0,
which is necessary for the inactivation of the adhesive. Although the JKR technique used
to calculate Wadn takes into account only the maximum area of contact and minimizes the
sample volume to reduce losses due to the bulk dissipation within the adhesive hydrogel,
the hysteresis in the JKR curves which indicates a likely contribution of bulk dissipative
behavior due to pH responsive changes in the adhesive network, would require further
probing.'"1%® The incorporation of AAc provides an effective strategy for designing
adhesives for applications that demand strong adhesion at physiological or marine pH
levels, while preserving the adhesive’s ability to transition between its adhesive and non-

adhesive states in response to pH.
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Scheme 10. Schematic representation of a smart adhesive consisting of acrylic acid in

addition to catechol and phenylboronic acid interacting with a wetted quartz substrate.
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3.5 Conclusions

DMA and APBA-—containing adhesive hydrogels were formulated with up to 30 mol % of
AAc to tune the pH responsive characteristics of catechol-boronate complexation. FTIR
and rheometry confirmed that formulations with elevated AAc contents required a higher

pH to form the catechol-boronate complex, which corresponded to elevated adhesive

* The presence of the anionic AAc reduced local pH, which prevented catechol-boronate
complexation while enabled these adhesive molecules to form strong interfacial bonds with
the quartz substrate even at a neutral mildly basic pH (a). When the pH was raised to a
more basic value (i.e. pH 9.0), AAc lost its buffering capacity, which resulted in the
formation of the catechol-boronate complex while inactivating the adhesive (b).
Decreasing the solution pH to pH 3.0, effectively breaks the catechol-boronate complex
and recovers strong interfacial binding behavior of the adhesive molecules (c).
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property measured at a neutral to mildly basic pH (pH 7.5-8.5). This is potentially due to
the ability for the anionic AAc side chain to acidify the local pH within the adhesive
network. At pH 9.0, measured adhesive values reduced dramatically due to the formation
of the catechol-boronate complex. The catechol-boronate complex remained reversible
and the interfacial binding property of the adhesive was successfully tuned with changing
pH in successive contact cycles. However, an acidic pH (pH 3.0) was required to break

the catechol-boronate complex to recover the elevated adhesive property.
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4 Evaluating the Enhanced Adhesion, Rapid Switching and
Reversibility of Adhesive Hydrogel-Coated

Polydimethylsiloxane Micropillars

4.1 Abstract

Adhesive hydrogels with 10 mol % each of dopamine methacrylamide (DMA) and 3-
acrylamido phenylboronic acid (APBA) were coated on chemically modified
micropillared polydimethylsiloxane (PDMS) templates of different aspect ratios (ARS) to
obtain hybrid adhesive structures. Field Emission-Scanning Electron Microscopy (FE-
SEM), X-ray Photoelectron Spectroscopy (XPS), Contact Angle (CA) measurements and
Fourier- Transform Infrared Spectroscopy (FTIR) confirmed the presence of the coating
on the PDMS templates. Environmental Scanning Electron Microscopy (ESEM) images
showed that the adhesive coating was deswollen at an acidic pH and swollen at a basic
pH. Johnson-Kendall-Roberts (JKR) contact mechanics tests indicated strong adhesion
for hybrid adhesives with template ARs 0.4 and 1 incubated at pH 3, which decreased
significantly at pH 9 (5-fold decrease in the work of adhesion for hybrid structures with
template AR 1). The increase in adhesion at low pH was attributed to contact splitting
effects obtained by micropatterning combined with the wet interfacial binding offered by

catechol and boronic acid. On the other hand, formation of the reversible catechol-
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boronate complex and the associated swelling decreased the interfacial binding and
surface area, respectively, which together contributed to the dramatic decrease in
adhesion. Although the flat adhesives showed strong adhesion, it was not pH responsive.
Hybrid structures with template AR 1 exhibited strong adhesion at pH 3, which decreased
dramatically when the pH was raised to 9. Reversible transitions between strong and
weak adhesion were observed during the successive contact cycles. Moreover, they also
displayed rapidly switching adhesion (average strength of adhesion at pH 3 was around
4-fold higher than pH 9) over multiple cycles. The increased rate of transitions was due to
the large surface area which promoted quick diffusion of the ions in the pH medium.
Thus, integration of adhesive hydrogel coating and micropatterning was essential for
designing hybrid adhesives with enhanced adhesion and rapid switching between strong

and weak adhesion.

4.2 Introduction

Smart adhesives can reversibly transition between strong and weak adhesion states in
response to externally applied stimuli. This control of adhesion is of particular interest in
various applications including painless removal of wound dressings, effortless
disassembly of bonded structural components, sustainable recycling of materials without
damaging substrates, controlled locomotion of robots underwater, etc.> * 107120 Cyrrent
smart adhesives have limited applications due to adhesion mainly in a dry environment,?
lack of switchable adhesion (ability to turn the adhesion on and off),3 or slow switching

between strong and weak adhesion.*?! Thus, it is desirable to develop a smart adhesive
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that can demonstrate strong wet adhesion, and reversibly and rapidly transform between

adhesive and non-adhesive states.

Marine mussels secrete several foot proteins that contain a unique catecholic amino acid,
3,4-dihydoxyphenylalanine, which is responsible for adhesion to wetted surfaces (e.g.
rocks, piers, etc.).>” % The adhesion offered by catechol depends on its oxidation state.?*-
23 Catechol in its reduced form interacted strongly with titanium (Ti), and reported pull-
off forces of around 800 pN, which is 40 % that of a covalent bond.”* When the pH was
elevated to a basic value, catechol was oxidized to its quinone form, which significantly
diminished its adhesive properties.’® This suggested that the oxidation state of catechol
could be exploited to tune its adhesive properties. However, quinone is highly reactive
and can undergo irreversible crosslinking and polymerization, making it unfavorable to
employ catechol alone for reversible adhesion. Even though some labs have reported
smart adhesives that mimic mussel adhesive chemistry, they are limited in terms of their

reversibility (i.e., one-time triggered adhesion activation'® or deactivation®°).

Recently, we synthesized a smart adhesive containing catechol and boronic acid, which
demonstrated strong interfacial binding at pH 3. When the pH was elevated to 9, the
formation of the catechol-boronate complex led to a decrease of over an order of
magnitude in the work of adhesion. The presence of the boronic acid not only served as a
temporary protecting group for catechol and facilitated reversible adhesion, but also
contributed to adhesion at acidic pH.2° However, long incubation time, deactivation, and

reversible switching between adhesive states, still need to be addressed.
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Several research groups have established theories regarding gecko adhesion mechanisms
by studying the specific geometry of the gecko’s feet which suggest that the adhesion is
dominated by weak secondary forces such as van der Waals interactions.*?? 122 Gecko-
inspired adhesives having different geometries and orientations of the gecko-mimicking
fibers have demonstrated reversible adhesion to various surfaces. However, their
adhesion was drastically reduced upon immersion in water due to diminished van der
Waals’ interactions.? 124 125 Existing reports have demonstrated synergistic wet adhesion
offered by combining gecko-inspired PDMS pillars with mussel-inspired polymeric
coatings. Even though multiple cycles of attachment and detachment were reported, the
adhesives lack reversible transformation between strong and weak adhesive states.? 126
127 A recent study illustrated that coating a catechol-containing polymer onto PDMS posts
enhanced the switching between adhesive states of the structures due to the increased

area offered by micropatterning.1?

We hypothesize that by coating our previously synthesized smart adhesives onto
micropillared PMDS templates, we can demonstrate strong wet adhesion, along with
reversible and rapid switching between high and low adhesion values. We fabricated
hybrid structures composed of a gecko-inspired PMDS micropillar array with aspect
ratios (ARs) ranging from around 0.4-1, carried out their chemical modification and
coated them with an adhesive hydrogel containing dopamine methacrylamide (DMA) and
3-acrylamido phenylboronic acid (APBA). The bare PDMS templates were characterized
using 3D profiling. The adhesive hydrogel coating on the bare templates was
characterized using Field Emission-Scanning Electron Microscopy (FE-SEM),
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Environmental Scanning Electron Microscopy (ESEM), contact angle (CA)
measurements, Fourier- Transform Infrared Spectroscopy (FTIR) and X-ray
Photoelectron Spectroscopy (XPS). The effect of AR of the pillars and applied maximum
preloads on the adhesive properties of these adhesive hydrogel-coated PDMS templates

was studied using Johnson-Kendall-Roberts (JKR) contact mechanics tests.

4.3 Materials and Methods

4.3.1 Materials

APBA, N-hydroxyethyl acrylamide (HEAA) and 3-(trimethoxysilyl)propyl methacrylate
(TMSPMA), and trichloro(1H,1H,2H,2H-perfluorooctyl)silane 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 (200 proof) was purchased from Pharmco Aaper (Brookfield, CT). DMA was
synthesized by following previously published protocols.*? Hydrogen peroxide (30%
stock solution) (H20.) was purchased from Fisher Scientific (Fair Lawn, NJ).
Polydimethylsiloxane (PDMS) monomer and crosslinking agent (Sylgard 184 Silicone
Elastomer kit) was purchased from Dow Corning (Midland, MI). The acidic pH 3.0
solution was prepared by adding appropriate quantities of 1 M HCI to deionized (DI)
water. The pH 9.0 medium was prepared by adjusting the pH of 10 mM Tris

(hydroxymethyl) aminomethane (Tris) buffer with 1 M HCI.
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4.3.2 Si master mold and preparation of the PDMS micropillared template

Si wafers having holes with height (h), diameter (d) and pitch (p) ranging from 4-20 um,
10 um and 20 um respectively, were fabricated. For the fabrication of the Si master, a Si
wafer with 100 nm of silicon dioxide (SiO2) was used as the base substrate. The wafer
was solvent cleaned in acetone, isopropanol, and deionized (DI) water before baking at
200°C for 5 min on a hot plate. For the patterning process, a photoresist, Shipley 1813
(Shipley; Marlborough, MA) was spun on at 4000 rpm for 40 sec and baked at 100°C,
before exposing to UV light in a EV 620 mask alignment system (EV Group; Albany,
NY) to give a dose of 160 mW/cm?. The photomask used had 10 um diameter pores
spaced in a square array with a 20 um pitch. The developed wafer was hard baked at
120°C for 10 min, and then the SiO> was etched in 10:1 buffered oxide etchant (BOE) to
produce openings to the Si surface. To etch the Si wafer, a pseudo Bosch etch process
was used in a Trion ICP/RIE Etch PHTII-4301 (Trion Technology, Inc.; Clearwater, FL).
100 sccm of sulfur hexafluoride (SFs) was used to etch the Si at a reactor pressure of 35
mTorr, inductively coupled plasma power of 600W, and RIE (Reactive lon Etch) power
of 60 W for 13 sec. 75 sccm of octafluorocyclobutane (CsFg) was used to passivate the Si
sidewall at a reactor pressure of 120 mTorr, with inductively coupled plasma power of
600 W for 40 sec. These two steps were cycled 10, 24 and 48 times to achieve around 4,
10 and 20 um deep pores, respectively. The photoresist and SiO2 were removed in
acetone and BOE, respectively, to complete the Si master fabrication. The Si wafer was
cleaned with pressurized N> gas. It was then placed inside a desiccator chamber in which
two drops (= 100 pL) of the silanizing agent, trichloro(1H,1H,2H,2H-perfluorooctyl)silane
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were placed on a glass slide. The desiccator chamber was pumped down for 10 min using
laboratory vacuum to accelerate the evaporation of silane and maintained in a sealed
condition for 10 additional minutes. The wafer was retrieved and placed on a hot plate at
150°C for 10 min to evaporate the excess silane. PDMS prepolymer and curing agent
(Sylgard 184 Elastomer kit; Dow Corning Corporation, Canada) were mixed in the
weight ratio 10:1 and degassed to remove all the bubbles. The mixture was then poured
over a Si wafer and cured at 60°C for 4 hours in an oven. The cured PDMS was allowed
to cool overnight and then peeled off, followed by washing with ethanol and DI water.
Hereon, the PDMS micropillared templates will be referred to as ‘bare templates’ for
simplicity. For specific notations, bare templates were addressed as ‘Bare ARX’, where X
represents the AR (AR was calculated as h/2r1, where h and r; stand for the height and

radius of the respective PDMS templates).

4.3.3 Chemical modification of the bare template

Chemical modification was carried out according to a previously published protocol.*?®
Briefly, the surface of the micropillared PDMS samples was treated with oxygen plasma
at 100 W power, 200 mTorr pressure for 1 min (Jupiter 11, March Instruments; Westlake,
OH). They were then immersed in a solution containing H20-H202-HCI in a volume ratio
of 5:1:1 for 5 min followed by a DI water rinse. Further, they were introduced into a 1.5
viv % TMSPMA solution of ethanol-DI water (volume ratio of 1:1) for 1 hour (Scheme

11a-11c). The samples were washed with DI water and dried with compressed air and Na.
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Scheme 11. Schematic representation of a bare template (a) O, plasma and hydrogen
peroxide (H202) + HCI treatment (b), chemical modification using TMSPMA (c), DMPA

priming, precursor (HEAA only shown) coating and UV irradiation of the bare template

(d).
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4.3.4 Preparation of adhesive hydrogel and coating the bare template

Adhesive hydrogels were prepared by curing a precursor solution containing 1 M of HEAA
with 10 mol % each of DMA and APBA dissolved in 40% (v/v) dimethyl sulfoxide DMSO
in DI water. The bifunctional cross-linker methylene bis-acrylamide MBAA and the
photoinitiator DMPA were kept at 3 and 0.1 mol %, respectively, relative to HEAA. To
prepare a flat adhesive film, precursor solutions were degassed three times with N2 gas and
added to a mold composed of two glass pieces separated by a silicone rubber spacer (0.75
mm thick), and photoinitiation was carried out in a UV cross-linking chamber (XL-1000,
Spectronics Corporation; Westbury, NY) located in a nitrogen-filled glovebox (PLAS

LABORATORIES; Lansing, MI) for a total of 200 sec.!* 8. 129
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To prepare the adhesive hydrogel-coated bare templates, the chemically modified bare
templates were primed with = 6 pL of the 0.1 mol % DMPA solution in ethanol to promote
free radical initiated polymerization,®*° followed by pipetting ~ 10 pL of the precursor
solutions onto them. A cover glass was placed on top and photoinitiation was carried out
for 100 sec (Scheme 11d and Scheme 12). Both - the film and the hybrid structures were
immersed in DI water overnight with gentle nutation. The PDMS substrate was gently
peeled off from the cover glass, rinsed briefly in DI water, and the samples were used for
further analysis. The flat adhesive film was referred to as ‘AD-Flat’ and the adhesive
hydrogel-coated bare templates were referred to as “hybrid structures’ in general and ‘AD-

ARX’ for specific notations where “x’ represents the AR of bare template.

Scheme 12. Schematic representation of the separate components involved in coating the

bare template (a) and the assembled configuration (b).

uv

n
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4.3.5 3D Profiling

The bare templates were sputter-coated with a 20 nm Pt/Pd coating (Cressington 208HR;
Watford, England, UK) and analyzed using a Profilm3D white light interferometer

(Filmetrics Inc., San Diego, CA).

43.6 FE-SEM

Samples were incubated in pH 3 for 5 min, air-dried for at least 72 hours under the fume
hood. They were then coated with 5 nm Pt/Pd coating (Cressington 208HR; Watford,

England, UK), and imaged at 10 kV using the FE-SEM (S-4700, Hitachi; Tarrytown, NY).

43.7 ESEM

Samples were incubated in pH 3 or pH 9 for 5 min and imaged using the ESEM (XL 40,
Philips; Andover, MA) at an accelerating voltage of 30 kV and working distances of 7.7
mm or 12.5 mm, respectively, for the pH 3 or pH 9 samples. The water vapor inside the
chamber was maintained at 868 Pa and saturated vapor pressure was achieved by setting

the temperature of the Peltier stage around 5°C.

4.3.8 CA Measurements

Samples were incubated in 5 mL pH 3 buffer for 5 min. The excess buffer was then
removed and the sample was maintained in a parafilm-sealed petri dish along with a 200

pL drop of pH 3 buffer for 30 minutes before analysis. A drop of approximately 0.66 pL
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of DI water was manually placed on the sample surface using 1/8"" rotation of a threaded
plunger syringe (81242, Hamilton; Reno, NV) fitted with a small gauge metal needle.
The droplet image was taken 10 sec after the deposition. The values for the CA were
measured using ImageJ software for an average of 3 values of CA on different areas of a

single sample.

4.3.8.1 Details of the Imaging Setup for CA Measurements

The contact angle measurement system comprises of an illumination source, a stage for
droplet deposition on the sample and a microscope coupled to CCD camera. A carousel
projector (Kodak Medalist, Eastman Kodak Company; Rochester, NY) was used as the
source of illumination. A labjack (L200, Thorlabs; Newton, NJ) was mounted on a
translation stage (AXY2509W, Velmex; Bloomfield, NY) enabling X-Y-Z movement of
the sample stage. A long distance microscope (K2/S, Infinity; Boulder, CO) was coupled
to a CCD camera (TM-1325CL, Pulnix; Sunnyvale, CA) for focusing and image
acquisition. Images were captured on an IBM thinkpand T60 laptop using the EP1X

XCAP software and the EPIX EL1DB framegrabber.
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439 FTIR

The samples were dried in vacuum overnight and analyzed using a PerkinEImer Spectrum
One Spectrometer (Waltham, MA) fitted with a GladiATR accessory from Pike

Technologies (Madison, W1).

4.3.10 XPS

The samples were dried in vacuum overnight and their surface was analyzed using the X-
ray photoelectron spectrometer (PHI 5800, Physical Electronics; Chanhassen, MN). A
Mg anode operated at 15 kV, 27 mA and 400 W was used to generate X-rays (hv =
1253.6 eV) and a hemispherical analyzer angled at 45 degrees from the sample was used
to detect electrons from an analysis area with a nominal diameter of 800 pum. Survey
spectra were collected for 5 min, in a range of 0 to 1150 electron volts (eV), a step size of
0.8 eV/step, a 20 ms/step dwell time and a 187.85 eV pass energy. High resolution
spectra were collected for the time required to generate adequate signal to noise, in a 20
eV range per element (with the combined CI2p and B1s region spanning a range of 30
eV), a step size of 0.1 eV/step, a 100 ms/step dwell time and a 23.50 eV pass energy.
Charge correction was accomplished with a neutralizer that generated 6 eV electrons at a

current necessary for the major peak in the C1s region to present at 284.8 eV.
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4.3.11 Contact Mechanics Test

Contact mechanics tests were performed using the JKR indentation method to determine
the interfacial binding properties of the adhesive hydrogel coated samples. A custom-built
indentation device with a 10-g load cell (Transducer Techniques; Temecula, CA), high
resolution miniature linear stepper motor (MFA-PPD, Newport; Irvine, CA) with a SiO;
hemispherical indenter with a diameter of 6 mm and thickness of 3 mm (QU-HS-6, ISP
Optics; Irvington, NY) affixed using super glue (Gorilla glue) to the load stem (ALS-06,
Transducer Techniques; Temecula, CA) was used to conduct the tests. The samples washed
in DI water were placed under the fume hood for drying for 10 min. During a contact cycle,
the SiO2 hemisphere was compressed against the samples at 0.5 pm/sec until a maximum
preload of 20 mN was reached (except in effect of preload tests), maintained in contact
with the substrate for 30 sec, and then retracted at the same rate. The SiO. hemisphere was
cleaned with a DI water-wetted kimwipe before the start of each contact cycle. Three

contact mechanics tests were performed.

For the first series of tests, the bare templates, AD-Flat and the hybrid structures with
different ARs were first incubated in either pH 3 or 9 for 5 min. A single contact cycle was
then carried out in the presence of = 2 uL of either pH 3 or 9. Further, the hybrid structures

were tested out in the presence of = 2 uL of pH 3 or 9 while varying the maximum preload

from 10-80 mN.

For the second test, the samples were probed for their ability to transition between adhesive

and non-adhesive states in response to pH. They were subjected to three successive contact
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cycles. The first and the third contacts were carried out in the presence of = 2 uL of pH 3,
while the second contact was carried out in the presence of ~ 2 uLL pH 9. Between the
cycles, the samples were briefly rinsed in DI water and incubated for 5 min in a petri dish
that contained 10 mL of either pH 9 (between first and second cycle) or pH 3 (between

second and third cycles).

For the third test, a single sample was tested for its ability to repeatedly switch between
adhesive and non-adhesive states in response to changing pH. The sample washed in DI
water was incubated at pH 3 for 5 min prior to the first contact cycle. It was then tested in
the presence of pH 3 (= 2 uL). The sample was then briefly rinsed in DI water before
incubating in a pH 9 solution for 1 min. Following the incubation, it was tested in the
presence of pH 9 (= 2 uL). It was thus tested at pH 3 and pH 9 in the same alternating

manner with 1 min incubations in between for three more contact cycles.

The force (F) versus displacement (8) curves were integrated to determine the work of
adhesion (Wadn), which was normalized by the apparent maximum area of contact (Amax)

by using the following equation:®°

(18)

where Amax Was calculated by fitting the loading portion of the F versus & curve with the

Hertzian model:®*
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aZ
Omax = = 19
max R ( )

where dmax IS the maximum displacement at the applied maximum preloads (10-80 mN), a
is the radius of Amax, and R is the curvature of the hemispherical SiO. indenter. The
thickness (t = 3 mm) and base radius (r = 3 mm) of the SiO, hemisphere was used to

determine R:®

R= -+ (20)

Anmax Was calculated by using the equation:

Amax = naz. (2 1)

The adhesion strength (Sagn) was calculated by normalizing the maximum pull-off force

(Fmax) by the apparent maximum area of contact (Amax) using the equation:®®

S _ I:max
adh —
Amax

(22)

The Young’s modulus (E) was obtained by determining the slope of the advancing portion
of the F versus & curve at a fixed point near the maximum preload.
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4.3.12 Statistical Analysis

Statistical analysis was performed using JMP Pro 13 application (SAS Institute, NC).
One-way analysis of variance (ANOVA) with Tukey-Kramer HSD analysis was

performed for comparing means. p<0.05 was considered significant.

4.4 Results and Discussion

To facilitate covalent interaction between the bare template and the adhesive hydrogel
network, the surface of the bare templates was activated with hydroxyl (-OH) groups
using the O plasma treatment and then modified using H.O-H20,-HCI. Further,
TMSPMA was employed as an intermediate bridge to interact with the hydroxyl groups
and also facilitate covalent binding of the adhesive hydrogel to the -OH modified
templates. The adhesive hydrogel was introduced into the spaces between the

micropillars by capillary action, followed by UV photopolymerization.

4.4.1 3D profiler

3D profiling of the bare templates was carried out to ensure their integrity after peel-off

(Figure 33).
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Figure 33. 3D profiles of the bare templates-Bare AR0.4 (a), Bare AR1 (b) and Bare AR2

(©).

442 FE-SEM

FE-SEM was used to characterize the morphology of the bare templates and the hybrid
structures (Figure 34). Images of Bare AR0.4, Bare AR1 and Bare AR2 (Figure 34a,
34b, and 34c respectively) display the bare templates with vacant interstitial spaces
between the micropatterns. The increasing height of the PDMS pillars (lowest for Bare
ARO0.4 and highest for Bare AR2) was also evident from these images. Figure 34d, 34e,
and 34f indicate the presence of the adhesive hydrogel coating on the hybrid structures
AD-ARO0.4, AD-AR1 and AD-AR?2, respectively. Equal volumes of precursor were used
to coat bare templates with different ARs. Since the volume of interstitial spaces between
the pillars was different (lowest for AR0.4 and highest for AR2), different levels of filling
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by the adhesive hydrogel were observed. Overall, the adhesive hydrogel was present in
the interstitial spaces between the bare micropillars, and also exhibits the formation of a
layer coating the top and the sides of the bare templates. In case of AD-ARO0.4 (Figure
34d), most of the bare template was obscured by the coating, and the hybrid structure
appeared like a bumpy surface. For AD-AR1, an appreciable height of the pillars was still
visible after the coating (Figure 34e). When Bare AR2 was coated with the adhesive, it
settled toward the bottom of the pillars, and likely formed a web like pattern due to the
relatively lower volume of precursor as compared to the volume of interstitial spaces

(Figure 34f).
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Figure 34. FE-SEM images showing bare templates Bare AR0.4 (a), Bare AR1 (b), Bare

AR?2 (c), and hybrid structures AD-ARO0.4 (d), AD-ARL1 (e), AD-AR2 (f). Scale bar = 20

pm.

443 ESEM

ESEM was used to characterize the filling of interstitial spaces by the adhesive hydrogel
at pH 3 or pH 9 for the hybrid structures . For AR-ARO0.4 incubated at pH 3, the top of
the pillared structures was still visible (Figure 35a). On elevating the pH to 9, the

negative charge on the catechol-boronate complex led to extensive swelling, which
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obscured the features and decreased the AR (Figure 35d). AD-ARL1 after 5 min
incubation at pH 3 displayed the existence of the adhesive coated pillared structures
(Figure 35b), which were similar to the patterns seen in the bare AR1 template (Figure
34b). Increasing the pH to 9 created a globular coating around the pillars and interstitial
spaces between the pillars appeared to be filled with the adhesive, thus dramatically
decreasing the AR (Figure 35e). In the case of AD-AR2, no significant differences in
morphology were seen in the samples incubated at pH 3 (Figure 35c) and pH 9 (Figure

35f). This could perhaps be attributed to the relatively lower filling of interstitial spaces.
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Figure 35. ESEM images showing hybrid structures AD-ARO0.4 (first row) AD-AR1
(second row) and AD-AR?2 (third row) incubated in pH 3 (a-c) or pH 9 (d-f) for 5 min.

Scale bar = 10 pm.

4.4.4 CA Analysis

The wetting of the bare templates and the hybrid structures was evaluated by performing
CA measurements. The representative contact images for the contact angles before and
after coating can be seen in Figure 36. Overall, the CA for the bare templates was higher

than the hybrid structures. Specifically, the CA for Bare AR0.4 decreased from 135.6 +
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0.7989° to 113.3 + 6.072° for AD-ARO0.4 (Figures 36a and 36d, respectively). The CA
for Bare AR1 decreased from 146.9 = 1.710° to 115.29 + 1.854° for AD-ARL1 (Figures
36b and 36e, respectively), while the CA for Bare AR2 decreased from 149.4 + 0.6228°
t0 129.2 + 1.461° for AD-AR2 (Figures 36¢ and 36f, respectively). Thus, the wettability
of the bare templates decreased significantly after the adhesive hydrogel coating. The

higher hydrophilicity of the hybrid structures confirmed the presence of the adhesive

hydrogel coating.
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Figure 36. Contact angle images showing representative images for bare templates Bare
ARO0.4 (a), Bare ARL1 (b), Bare AR2 (c) and hybrid structures AD-ARO0.4 (d), AD-AR1

(), AD-AR2 ().

445 FTIR

FTIR was used for detecting the presence of the adhesive hydrogel coating on the bare
template (Figure 37). Bare AR1 showed the typical spectrum of PDMS with Si-CHj3 at
2960-2950 cm?, 1260-1259 cm™ and 796-789 cm™, and Si-O-Si at 1074-1020 cm™13!

When compared to the PDMS surface, the presence of the adhesive hydrogel coating on
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AD-ARO0.4, AD-AR1 and AD-AR2 was verified by presence of functional groups
hydroxyl -OH 3400-3000 cm™, secondary amide -NH 1680-1630 cm™, C=0 1600-1500

cm, benzene groups 1500-1400, 800-700 cm™.&

Bare AR1
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c NV
S |AD-AR0.4
@
£
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[u]
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Figure 37. FTIR spectra of Bare AR1, AD-AR0.4, AD-AR1 and AD-AR2.

446 XPS

XPS was used to confirm the presence of the adhesive hydrogel coating on the bare
template (Figure 38). Bare AR1 showed the presence of oxygen (1s, 530.8 eV), carbon
(1s, 284.8 eV) and silicon (2s, 153 eV and 2p, 103 eV) (Figure 38a).1*? In addition to
silicon, the hybrid structures showed the presence of nitrogen (1s, 399 eV) and boron
(1s,~=191.5 eV) (Figure 38b-38d), which indicated the presence of the adhesive

hydrogel.
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Figure 38. XPS spectra of Bare AR1 (a), AD-AR0.4 (b), AD-ARL1 (c) and AD-AR2 (d).

The inset images in (b-d) show the presence of boron with binding energy ~ 191.5 eV.

4.4.7 Contact Mechanics Test

4.4.7.1 Effect of micropatterning on adhesive properties at a fixed preload

To assess the effect of micropatterning on the adhesive properties, AD-Flat, bare

templates and hybrid structures with different ARs were analyzed at pH 3 or pH 9. Bare

templates with different ARs showed negligible Wadn values at pH 3 (Figure 39a). AD-

Flat demonstrated strong adhesion because of H-bonds and other electrostatic attractions

offered by the catechol and boronic acid at pH 3.8% Although AD-ARO0.4 showed the

presence of the adhesive hydrogel coating (Figure 40), its adhesion was not significantly
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different from AD-Flat. On increasing the AR, AD-AR1 demonstrated a significant
increase in Wagn When compared to AD-AR0.4 (Wagh = 421.1 + 24.49 mJ/m?) (Table 19).
This increase in adhesion could be corroborated by ESEM image of AD-AR1 which
showed distinct pillars with adhesive coating (Figure 35b). Thus, contact-splitting
phenomenon potentially contributed to elevated adhesion in the case of AD-AR1.1% On
the other hand, in case of AD-ARO0.4, the adhesive hydrogel coating had obscured the
micropillared structures (Figure 35a). On further increase in the AR, AD-AR2 showed
poor adhesion. This can be attributed to the fact that the interstitial space was largest in
Bare AR2 template and the same volume of precursor was used to coat bare templates
with different ARs. Because of this, there was perhaps negligible interaction between the
hemisphere and the adhesive coating which was toward the bottom of the template
(Figure 35c). Sagn for all the bare templates as well as AD-AR2 was very low at pH 3
(Figure 39b). Even though AD-Flat demonstrated strong Wagn value at pH 3, the
corresponding low Fmaxand high Amax (Figures 41a and 41b, respectively), led to low
Sadh. AD-ARO.4 (Sagh = 16.67 + 3.398 mJ/m?) and AD-ARL (Sagh = 17.29 + 2.160 mJ/m?)

— both showed strong, statistically comparable Sadn values (Table 19).
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Figure 39. Wadn () and Sagn (b) of AD-Flat, bare templates and hybrid structures of
different ARs tested at a preload of 20 mN for samples incubated at pH 3 (n = 3). Refer to

Table 19 for statistical analysis.
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Figure 40. FTIR spectra of AD-Flat, AD-ARO0.4, AD-AR1 and AD-AR?2 tested at pH 3.
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Table 19. Statistical analysis for Wagn (2) and Sagn (b) of AD-Flat, bare templates and

hybrid structures of different ARs tested at a preload of 20 mN for samples incubated pH

3 (n = 3). Wadn Or Sagh for compositions not connected by the same letter are significantly

different.
Composition Wadh Sadh
Bare AR0.4 A A
Bare AR1 A A
Bare AR2 A A
AD-Flat B A
AD-AR0.4 B
AD-AR1
AD-AR?2 A A
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Figure 41. Fmax (a) and Amax (b) of AD-Flat, bare templates and hybrid structures of
different ARs tested at a preload of 20 mN for samples incubated at pH 3 (n = 3). Refer to

Table 20 for statistical analysis.

Table 20. Statistical analysis for Fmax (&) and Amax (b) of AD-Flat, bare templates and
hybrid structures of different ARs tested at a preload of 20 mN for samples incubated at
pH 3 (n = 3). Fmax Or Amax for compositions not connected by the same letter are

significantly different.

Composition Fmax Amax
Bare ARO.4 A B A C
Bare AR1 A C
Bare AR2 A B A C
AD-Flat B B
AD-AR0.4 C | A C
AD-AR1 cC | A
AD-AR?2 A A C
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At pH 9, the Wa,dn demonstrated by the bare templates of different ARs was still low
(Figure 42a). The adhesion exhibited by the AD-Flat continued to remain high (Table
21). This was despite FTIR results which showed the formation of the catechol-boronate
complex for these samples (Figures 43 and 44), indicating that formation of complex
alone was insufficient to cause a dramatic decrease in adhesion within the short
incubation period. Both AD-AR0.4 and AD-AR1 showed a significant decrease in Wadn
when compared to pH 3. Specifically, Wadn for AD-AR1 (Wagh = 85.27 + 15.34 mJ/m?)
was around 5-fold lower than that at pH 3. The corresponding ESEM image at pH 9
(Figure 35e) showed that swelling of adhesive coating® transformed distinct pillared
structures (Figure 35b) into globular structures which perhaps lowered the good contact
formation. When combined with the decrease in adhesion caused by the formation of the
complex,® the dual effect caused a drastic decrease in adhesion at pH 9. AD-AR2
showed weak adhesion, which could be attributed no significant difference in
morphology between the pH 3 and pH 9 incubations (Figure 35f). Sagn values for all the
tested compositions (Figure 42b) were largely in agreement with the Wadn, except in case

of AD-Flat. Sagn for AD-AR0.4 (Sash = 1.127 + 0.3424 mJ/m?) and AD-AR1 (Sash = 1.240

127

www.manaraa.com



+ 0.4269 mJ/m?) decreased by over and order of magnitude when compared to pH 3.
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Figure 42. Wagh (2) and Sadn (b) of AD-Flat, bare templates and hybrid structures of

different ARs tested at a preload of 20 mN for samples incubated at pH 9 (n = 3). Refer to

Table 21 for statistical analysis.

Table 21. Statistical analysis for Wagn (a) and Saan (b) of AD-Flat, bare templates and

hybrid structures of different ARs tested at a preload of 20 mN for samples incubated at

pH 9 (n = 3). Wadn Or Sadn for compositions not connected by the same letter are

significantly different.

Composition Wadn Sadh
Bare AR0.4 A A
Bare AR1 A
Bare AR2 A A
AD-Flat A
AD-AR0.4 A A
AD-AR1 A A
AD-AR2 A A
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Figure 43. FTIR spectra of AD-Flat, AD-AR0.4, AD-AR1 and AD-AR?2 tested at pH 9.

The arrows indicate the formation of the catechol-boronate complex at 1495 cm™,
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Figure 44. FTIR spectra (2000-1000 cm™) of AD-Flat, AD-AR0.4, AD-AR1 and AD-
AR2 (in the smaller range of 2000-1000 cm) tested at pH 9. The arrows indicate the

formation of the catechol-boronate complex at 1495 cm™.
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Figure 45. Fmax (a) and Amax (b) of AD-Flat, bare templates and hybrid structures
different ARs tested at a preload of 20 mN for samples incubated at pH 9 (n = 3). Refer to

Table 22 for statistical analysis.

Table 22. Statistical analysis for Fmax (a) and Amax (b) of AD-Flat, bare templates and
hybrid structures of different ARs tested at a preload of 20 mN for samples incubated at
pH 9 (n = 3). Fmax or Amax for compositions not connected by the same letter are

significantly different.

Composition Fmax Amax

Bare AR0.4 A

Bare AR1

Bare AR2

AD-Flat

AD-AR0.4

AD-AR1

> > > > |»

AD-AR2
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4.4.7.2 Effect of preload on the adhesive properties of hybrid structures

To determine the effect of preload on the adhesive behavior of the hybrid structures of
different ARs at pH 3 or 9, the preload was varied from 10-80 mN, and the Wadh and Sadn
were calculated. At any given preload, the Wagn values demonstrated by AD-AR1 were
higher than both AD-ARO0.4 and AD-AR2 (Figure 46a, Table 23). For AD-ARO0.4, even
though the Sagh remained constant when the preload was increased from 10 to 20 mN,
further increase in preload resulted in a decrease in the Sagn values (Fig. 46b, Table 26).
This is because even though the Amax increased with increasing preload (Figure 47D,
Table 25), the Fmax values did not show a significant increase (Figure 47a, Table 25).
This could be supported by ESEM data for AD-ARO0.4 at pH 3 (Figure 35a) which
showed that the micropillared template was covered with the adhesive, thus decreasing
the effective area available for interfacial binding. This confirmed that we could not take
advantage of micropatterning for adhesion in case of AD-ARO0.4. For AD-AR1, statistical
analysis revealed that the Saan values were constant with increasing preload (Table 24).13
Here, Fmax and Amax— both increased with increasing preload (Figures 47a and 47b,
Table 25), indicating that as the hemisphere made contact with increasing area of the
sample, the pull-off forces also increased. This meant that AD-AR1 was the ideal sample
to take advantage of the increased adhesion via micropatterning. This is in line with our
observations from the tests conducted at a single preload which indicated that contact-
splitting effects resulting in increased adhesion for AD-AR1. Meanwhile, AD-AR2

showed low adhesion across the range of preloads.
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This is likely because the presence adhesive coating was present at the bottom of the
hybrid structure (Figure 35c and relatively weak transmittance as seen in FTIR-Figure
37), indicating that the hemisphere perhaps could not form adhesive bonds even at higher

preloads.

1000 1 —A— AD-AR0.4 —8— AD-AR1T —#— AD-AR2| |, 25

()

—A— AD-AR0.4 —&— AD-AR1 —— AD-AR2

800 - 20 A

600 - 15 |

. l/{/‘“ 10 1
200 - 5 1
10 20 40 80

Wagh (mJd/m?2)
Sadh (kPa)

0 e

10 20 40 80
Preload (mN) Preload (mN)

Figure 46. Wagh (a) and Sadn (b) of hybrid structures of different ARs while varying the

preload from 10-80 mN at pH 3 (n = 3). Refer to Tables 23 and 24 for statistical analysis.
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Table 23. Statistical analysis for Wadnh and Sadn Of hybrid structures of different ARs while
varying the preload from 10-80 mN at pH 3 (n = 3). Wagn and Sagn for compositions at a

particular preload not connected by the same letter are significantly different.

Wadh Sadh

Preload 10 20 40 80 10 | 20 40 80

AD-

ARO0.4

AD-

AR1

AR2
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Table 24. Statistical analysis for Wadn (2) and Sagn (b) of hybrid structures of different

ARs while varying the preload from 10-80 mN at pH 3 (n = 3). Wagh Or Sagn at preload

values for a given composition not connected by the same letter are significantly

different.
AD-AR0.4 AD-AR1 AD-AR2
Preload Wadh Sadh Wadh Sadh Wadh Sadh
10 A A A A A A
20 A A A A A A
40 B|A B B A A A B
80 B B B A A B
g 30 b 20
—a— AD-AR0.4 —m— AD-AR1 —— AD-AR2 ‘ ‘—A— AD-ARO.4 —m— AD-AR1 —— AD-AR2
25 1
3 15
£ 151 £
% ~ 1.0
<
51 0.5
01 — & o o
‘ ‘ ‘ ‘ 0.0 : : ‘ ‘
10 20 40 80 10 20 40 80
Preload (mN) Preload (mN)

Figure 47. Fmax (a) and Amax (D) of hybrid structures of different ARs while varying the

preload from 10-80 mN at pH 3 (n = 3). Refer to Tables 25 and 26 for statistical analysis.
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Table 25. Statistical analysis for Fmax (&) and Amax (b) of hybrid structures of different
ARs while varying the preload from 10-80 mN at pH 3 (n = 3). Fmax Or Amax at preload

values for a given composition not connected by the same letter are significantly

different.
AD-AR0.4 AD-AR1 AD-AR2
Preload | Fmax Amax Fmax Anmax Fmax Anmax
10 A A A A A A
20 A A A A A A
40 A B B B A A
80 A C B C A B
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Table 26. Statistical analysis for Fmax and Amax 0f hybrid structures of different ARs while
varying the preload from 10-80 mN at pH 3 (n = 3). Fmax or Amax for compositions at a

particular preload not connected by the same letter are significantly different.

A
Fmax max
Preload 10 20 40 80 10 20 40 80
AD-
A A A A A A |A B A
ARO0.4
AD-
A A B B B A | A A
AR1
AD-
B B C C Cl A B A
AR?2

Wadn for all the hybrid structures was low across the range of tested preloads at pH 9
(Figure 48a). Specifically, the largest reduction (6-fold) in the average Wadn values was
shown by AD-AR1. This is because of the dual effect resulting from the formation of the
complex (Figure 49b), due to which catechol and boronic acid were not available for
interfacial binding, and the related swelling of the adhesive network,2° which could be

corroborated by the ESEM images (Figure 35¢). Sadn Values were negligible for all
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hybrid structures. The greatest decrease (= 20-fold) in average Sadn values across the

range of tested preloads was also seen in the case of AD-AR1 (Figure 48b).

1000

‘+ AD-AR0.4 —=— AD-AR1 —¢— AD-AR2

800 -
600 -

400 -

200 - %
0_

Wagh (mJd/m?)

10 20 40 80
Preload (mN)

Sadh (kPa)

25

‘ —4&— AD-AR0.4 —=— AD-AR1 —&— AD-AR2

20

15 4

10 |

0 §<S§‘
10 20 40 80
Preload (mN)

Figure 48. Wagnh (a) and Sadn (b) of hybrid structures of different ARs while varying the

preload from 10-80 mN at pH 9 (n = 3). Refer to Tables 27 and 28 for statistical analysis.

Table 27. Statistical analysis for Wagn (2) and Sagn (b) of hybrid structures of different

ARs while varying the preload from 10-80 mN at pH 9 (n = 3). Wadn Or Sadn at preload

values for a given composition not connected by the same letter are significantly

different.
AD-ARO0.4 AD-AR1 AD-AR2
Preload | Wadn | Sadn | Wadh | Sadn Wadh Sadn
10 A A A A A B A
20 A A A A A A
40 A A A A B A
80 A A A A C A
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Table 28. Statistical analysis for Wadn and Saan Of hybrid structures of different ARs while
varying the preload from 10-80 mN at pH 9 (n = 3). Wagn and Sagn for compositions at a

particular preload not connected by the same letter are significantly different.

Woadh Sadh
Preload 10 20 40 80 10 20 40 80
AD-
A A A A A A A A
AR0.4
AD-AR1 A A A A A A A A
AD-AR2 A A A A A A A A
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Figure 49. FTIR spectra of hybrid structures AD-AR0.4 (a), AD-AR1 (b) and AD-AR2
(c) tested while varying the preload from 10-80 mN at pH 9. The arrows indicate the
formation of the catechol-boronate complex at 1495 cm™. The inset image in (c) shows

the presence of the complex at a zoomed in scale.
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Figure 50. Fmax (a) and Amax (b) of hybrid structures of different ARs while varying the

preload from 10-80 mN at pH 9 (n = 3). Refer to Tables 29 and 30 for statistical analysis.
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Table 29. Statistical analysis for Fmax (2) and Amax (b) of hybrid structures of different

ARs while varying the preload from 10-80 mN at pH 9 (n = 3). Fmax Or Amax at preload

values for a given composition not connected by the same letter are significantly

different.
AD-AR0.4 AD-AR1 AD-AR?2
Pre-
Fmax Anmax Frmax Anmax Frmax Anmax
load
10 | A A A A AlA
20 |A B B A B A|A
40 B C A C A B
80 |A B A A C
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Table 30. Statistical analysis for Fmax and Amax 0f hybrid structures of different ARs while
varying the preload from 10-80 mN at pH 9 (n = 3). Fmax and Amax for compositions at a

particular preload not connected by the same letter are significantly different.

Fmax Amax
Preload 10 20 40 80 10 20 40 80
AD-

A A A A A A A A

ARO0.4
AD-AR1 A A B A B B A A
AD-AR2 A A B A A B A A
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4.4.7.3 Reversibly Switching Adhesion of Hybrid Structures

To investigate the reversible transitions of the hybrid structures between strong and weak
adhesion, a SiO2 hemisphere was repeatedly brought into contact with the samples while
changing the pH value. Wagn for all bare templates (Bare AR0.4-2) was low and not
responsive to pH (Figure 51a). AD-Flat demonstrated appreciable Wagn value during the
first contact cycle at pH 3 (Wadh = 262.3 + 17.67 mJ/m?) (Figure 52a). This could be
attributed to the compliant behavior of a bulk polymer which shows greater displacement
for the same value of preload (Figure 53a) with low E values (Figure 54, Table 31)
when compared to the hybrid structures.*? Moreover, the adhesion did not diminish
significantly during the second contact cycle at pH 9 (Wadh = 162.1 + 14.21 mJ/m?), and
was not recovered during the third contact cycle at pH 3 (Wadh = 196.9 + 66.40 mJ/m?)
(Table 32). However, FTIR results showed that the catechol-boronate complex formed
after the second contact cycle (pH 9) continued to exist even after the third contact cycle
(pH 3) (Figure 53e). This not only indicated that formation of the complex alone was not
sufficient to significantly reduce adhesion, but also demonstrated that the 5 min
incubation period between contact cycles was insufficient to break the complex into the

bulk in case of AD-Flat.
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Figure 51. Averaged Wagn (2) and Sadn (b) of bare templates of different ARs tested in 3

successive contact cycles using a SiO2 hemisphere (n = 3). Refer to Tables 32-35 for

further statistical analysis.

The Wagn exhibited by AD-ARO0.4 during the first contact cycle was not significantly

different from AD-Flat (Table 33). Additionally, the adhesion did not decrease

significantly (= 38 %) during the second contact cycle (Table 32). This is because the

swelling of the adhesive due to the complex obscured the micropillared features (Figure

35d) and AD-ARO0.4 likely behaved similar to AD-Flat (i.e., comparable adhesion values

during the first cycle that did not diminish significantly during the second cycle (Table

33)). Moreover, statistical analysis revealed that the recovery of adhesion during the

third contact cycle was not significant (Table 32).
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Figure 52. Averaged Wadn (2) and Sagn (b) of AD-Flat, and hybrid structures of different
ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3). * “p < 0.05
when compared to 2" contact cycle for a given composition. Refer to Tables 32-35 for

further statistical analysis.

AD-ARL1 exhibited strong Wadn during the first contact cycle at pH 3, which was
significantly higher than both- AD-Flat as well as AD-ARO0.4 (Table 33). Further, the
adhesion decreased drastically (= 73 %) during the second contact cycle (Table 32). This
could be attributed to the dual effect involving obscuring of the micropillared pattern and
formation of globular structures caused by the swelling of the adhesive coating (Figure
35e) combined with the unavailability of catechol and boronic acid for interfacial
adhesion. Thus, formation of the complex (Figure 53g) in addition to the change in
morphology caused by the swelling likely contributed to the dramatic decrease in
adhesion. During the third contact cycle, the adhesion values demonstrated a significant
recovery of adhesion (= 69 %), which was = 87 % of the value during the first contact
cycle. Since the same volume of precursor was used to coat the bare templates with

different ARs, the interstitial spaces filled by the adhesive hydrogel in case of AD-AR1
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was lower than AD-ARO0.4 (Figure 35a and 35b), making it ideal to observe reversibly
switching adhesion. AD-AR2 showed negligible adhesion during the three successive
contact cycles. Sagn for all bare templates (Bare AR0.4-2) was low and not responsive to
pH (Figure 51b). Statistical analysis indicated that Sagn for AD-Flat demonstrated pH
responsiveness (Table 34); but adhesion values were low. AD-AR0.4 exhibited high Sagn
during the first and third contact cycles at pH 3, while demonstrating low Sagh during the
second contact cycle at pH 9. However, since the Wagn values did not show a significant
decrease (Figure 52a, Table 32), AR-ARO0.4 was not suitable for switching between
strong and weak adhesion. AD-AR1 demonstrated high Sagn values during the first
contact at pH 3, which dramatically decreased by an order of magnitude during the
second contact cycle at pH 9 (Figure 52b, Table 34). Further, we were able to recover 97
% of the adhesion during the third contact cycle at pH 3. AD-AR1 showed high Wadn and
Sadn Values during the first contact cycle. These values decreased significantly in the
second contact cycle before showing an appreciable increase during the third contact
cycle. Hence, we chose AD-AR1 to investigate rapidly switching and repeatable

adhesion.
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Figure 53. Three successive contact curves of the compositions (left column, a-d) and
their corresponding FTIR graphs (right column, e-h) for AD-Flat (a-e), AD-ARO0.4 (b-f),

AD-AR1 (c-g), and AD-AR2 (d-h) tested at pH 3, pH 9 and then pH 3 using a SiO-

hemisphere.
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Figure 54. Young’s modulus (E) of AD-Flat, bare templates and hybrid structures of

different ARs tested in 3 successive contact cycles (n = 3). Refer to Table 31 for

statistical analysis.
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Table 31. Statistical analysis for the ‘E’ of AD-Flat, bare templates and hybrid structures
of different ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3).
‘E’ at contact cycle numbers for a given composition not connected by the same letter are

significantly different.

E
Bare Bare Bare AD- AD- AD- AD-
Cycle #
AR0.4 | AR1 AR2 Flat ARO0.4 AR1 AR2
1% contact: pH
A A A A B A A A
3
2" contact: pH
A A A B A A A
9
3" contact: pH
A A A A A A A
3
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Table 32. Statistical analysis for the Wagn of AD-Flat, bare templates and hybrid
structures of different ARs tested in 3 successive contact cycles using a SiO2 hemisphere
(n = 3). Wagn at contact cycle numbers for a given composition not connected by the

same letter are significantly different.

Wadh
Cycle # Bare Bare Bare AD-Flat AD- AD- AD-
AR0.4 AR1 AR2 AR0.4 AR1 AR2
1%t contact:
A A A A A A A
pH 3
2" contact:
A A A A A B A
pH 9
3" contact:
A A A A A A A
pH 3
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Table 33. Statistical analysis for Wagn of AD-Flat, bare templates and hybrid structures of

different ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3). Wadn

of compositions during a particular contact cycle not connected by the same letter are

significantly different.

Woadn

Composition 1%t contact: pH 3 | 2" contact: pH9 | 3" contact: pH 3
Bare AR0.4 A A A

Bare AR1 A A A

Bare AR2 A A A

AD-Flat B A B
AD-AR0.4 B A B C

AD-AR1 C A C

AD-AR?2 A A A
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Table 34. Statistical analysis for the Saah of AD-Flat, bare templates and hybrid structures

of different ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3).

Sadn at contact cycle numbers for a given composition not connected by the same letter

are significantly different.

Sadh
Bare Bare Bare AD- AD- AD-
Cycle # AD-Flat
AR0.4 | AR1 AR2 ARO0.4 AR1 AR2
lSt
A A A A A A A
contact:
2nd
) A A A B B B A
contact:
pH9
3rd
A A A A A A A
contact:
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Table 35. Statistical analysis for Sagh of AD-Flat, bare templates and hybrid structures of
different ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3). Sadn
of compositions during a particular contact cycle not connected by the same letter are

significantly different.

Sadh

Composition | 1% contact: pH 3 | 2" contact: pH 9 | 3™ contact: pH 3
Bare AR0.4 A A A

Bare AR1 A A A

Bare AR2 A A A

AD-Flat A A A
AD-AR0.4 B A B

AD-AR1 B A B

AD-AR2 A A A
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4.4.7.4 Rapidly Switching, Repeatable Adhesion of AD-AR1

The adhesion tests conducted hitherto indicated that AD-AR1 had the ability to form
strong interfacial bonds and reversibly switch between strong and weak adhesion while
allowing an incubation time of 5 min between cycles. To further investigate the adhesion
switching and capabilities of AD-AR1, the incubation time between changing the pH
from 3 to 9 was decreased to 1 min, and to examine the repeatability, four-adhesion
on/off cycles were conducted. When AD-AR1 was tested for multiple adhesion on/off
cycles with alternate incubations at pH 3 and 9, strong Wadh observed during each pH 3
cycle decreased significantly during the subsequent corresponding pH 9 cycle after only 1
min of incubation (Figure 55a). On an average, the Wagn values at pH 3 were around 2-
fold higher than those at pH 9. Moreover the adhesion could be repeatedly and rapidly
activated by 1 min incubation at pH 3. The Sagn (Figure 55b) and Fmax (Figure 56a)
values were also in agreement with the Wagn values. Specifically, averaged Saqn values at
pH 3 were around 4-fold higher than those at pH 9. It was interesting to note that the
calculated Amax values at pH 3 were higher than those at pH 9 (Figure 56b), which
further corroborated our observations that the adhesive was deswollen at pH 3 and
presented a greater surface area of the hybrid adhesives for interfacial binding. On the
other hand, the pH 9 incubation caused the adhesive to rapidly swell and likely obscured
the large surface area. The FE-SEM images of the hybrid structures obtained at the end of
these tests indicated no significant damage to them (Figure 57). Additionally, the FTIR
spectra of samples at the end of these tests revealed the presence of the catechol-boronate
complex (Figure 58).
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Figure 55. Wagh (a) and Sadn (b) of AD-AR1 showing multiple adhesion on/off cycles with

alternate incubations at pH 3 and pH 9 (n = 3) using a SiO2 hemisphere. *p < 0.05 when

compared to the preceding pH 3 contact.
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Figure 56. Fmax (a) and Amax (b) of AD-AR1 showing multiple adhesion on/off cycles with

alternate incubations at pH 3 and pH 9 (n = 3) using a SiO2 hemisphere. “p < 0.05 when

compared to the preceding pH 3 contact.
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Figure 57. Representative FE-SEM image of one of the samples at the end of the rapidly

switching, repeatable adhesion tests for AD-AR1. Scale bar = 20 pm.
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Figure 58. FTIR spectra of the samples at the end of the rapidly switching, repeatable
adhesion tests for AD-ARL1 (n = 3). The arrows indicate the formation of the catechol-

boronate complex at 1495 cm™™.
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In summary, the bare templates were neither adhesive nor responsive to pH in wet
conditions. The flat adhesive adhered strongly at acidic pH but could not quickly switch
between adhesive and non-adhesive states in response to changing pH, indicating that the
pH responsive switch was limited by the rate of diffusion. These results indicated that
neither bare templates nor flat adhesive could not be used as rapidly switching smart
adhesives. AD-ARO0.4 showed promising adhesion strength due to the micropatterning.
However, its work of adhesion during the reversible switching tests was comparable to
the flat adhesive, i.e., it did not show pH responsiveness. This limited it from being

employed for quick attachment and detachment.

For AD-ARL1 under acidic conditions, the adhesive coating was deswollen, revealing the
coated micropillars which took advantage of the contact-splitting phenomenon.
Additionally, catechol and boronic acid were in the uncomplexed state and able to form
strong interfacial bonds with the surface. This resulted in a combined effort to
demonstrate strong, elevated adhesion. At a basic pH, the reduced surface area due to the
swelling of the hydrogel coupled with the formation of the catechol-boronate complex led
to a dramatic decrease in adhesion. The strong adhesion values could be recovered upon
lowering the pH to an acidic value. Moreover, we demonstrated that AD-AR1 could
rapidly and repeatedly switch between strong and weak adhesion in response to pH.
Thus, we exploited the gecko-inspired design to provide large surface area for rapid
diffusion of the ions from the pH solution into the adhesive network. Additionally, the
large surface area combined with the pH responsive, reversible catechol-boronate
complex facilitated strong wet adhesion. Taken together, we were able to incorporate
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catechol chemistry and gecko-inspired structures into a single hybrid adhesive and
demonstrate elevated adhesion and rapid responsivity. To our knowledge, this is the first
report that includes the chemical and wet morphological characterization of smart
adhesive coated-micropillars and the study of their wet adhesion capabilities in response

to rapidly changing pH.

4.5 Conclusion

We prepared hybrid structures composed of an adhesive hydrogel coating on bare PDMS
templates. The presence of the coating on the bare template was verified using FE-SEM,
ESEM, CA, FTIR and XPS experiments. The enhanced adhesive property and rapidly
switching repeatable adhesion was demonstrated using JKR contact mechanics test. It
was found that the large contact area provided by the template along with strong adhesion
of the smart adhesive at an acidic pH resulted in elevated adhesion. On the other hand, at
a basic pH, the swelling of the adhesive and the unavailability of the catechol and boronic
acid groups due to formation of the catechol-boronate complex drastically decreased
adhesion. Thus, the micropillared templates and the smart adhesive coating were both
essential for the hybrid structures to rapidly transition between strong and weak adhesion

in response to changing pH.

158

www.manaraa.com



4.6 Acknowledgements

The authors would like to thank Rattapol Pinnaratip for help with FE-SEM imaging and
technical discussions, and Randall Wilharm for the synthesis of DMA. Parts of this study
were completed using Michigan Technological University's Microfabrication Facility.
The authors also acknowledge the Applied Chemical & Morphological Analysis
Laboratory at Michigan Tech for use of the instruments and staff assistance. This project
was supported by the Office of Naval Research Young Investigator Award under Award

Number N00014-16-1-2463.

159

www.manharaa.com




5 Summary

This dissertation describes the progress made toward controlling the oxidation state of
catechol by addition of boronic acid for reversible adhesion, introduction of acrylic acid
for adhesion at neutral to mildly basic pH, and the incorporation of acrylic acid to smart
adhesives for reversible adhesion at neutral to mildly basic pH. The microfabrication-
oriented approach to demonstrate rapid switching between adhesive and non-adhesive

states was also included.

In Chapter 1, we added phenylboronic acid to catecholic polymers. This strategy allowed
us to protect catecholic groups from undergoing irreversible oxidation and crosslinking.
The incorporation of boronic acid not only contributed to strong adhesion (in addition to
catechol) at an acidic pH (pH 3), but also provided temporary protection against
oxidation of catechol at a basic pH (pH 9) due to the formation of the catechol-boronate
complex. The reversible nature of the complex allowed the catechol and boronic acid
groups to interact with the surface once again after the pH was reduced. We thus
demonstrated a novel wet adhesive with tunable transitions between adhesive states in

response to changing pH.

Chapter 2 describes the effect of addition of ionic species on the interfacial binding
ability of catechol containing polymers. Quantification of the amount of hydrogen
peroxide released as a result of catechol oxidation showed that the addition of anionic

species buffered the local pH environment and preserved the reduced state of catechol,
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while cationic species accelerated the oxidation. This was further corroborated by
adhesion tests which showed that presence of anionic species preserved the reduced and
adhesive state of catechol at neutral to mildly basic pH, whereas presence of cationic
species led to formation of cohesive crosslinking and diminished adhesion at higher basic
pH. Addition of ionic species was thus a simple, yet effective strategy to manipulate the

oxidation state of catechol.

Although the ideal pH for formation of the catechol boronate complex is 9, it is known
that the complex readily forms at a neutral to slightly basic pH. In Chapter 3, the addition
of elevated amounts of acrylic acid to smart adhesives containing catechol and boronic
acid acidified the local pH and demonstrated strong adhesion at a neutral to mildly basic
pH value (pH 7.5 - 8.5) and a higher pH was required for the formation of the complex.
The adhesive property decreased significantly due to the formation of the complex at pH
9. While we were able to tune the reversible interfacial interactions by changing pH
during successive contact cycles, pH 3 was required to break the complex and recover

strong adhesion.

The ability of the bulk adhesives (reported in Chapters 1-3) to switch between strong and
weak adhesion was largely limited by the process of slow diffusion of the ions from the
pH medium into the hydrogel network. To address this concern, in Chapter 4, we coated
our smart adhesive onto the surface of a micropillared PDMS structure, which

demonstrated increased differences between adhesion strengths at acidic and basic pH.
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Additionally, the hybrid structure enabled rapid, reversible switching between adhesive

and non-adhesive adhesive states in response to pH.
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	Abstract

	Catecholic groups in mussel adhesive proteins transition from being strongly adhesive in a reduced state under acidic conditions to being weakly adhesive in an oxidized state under basic conditions. Here, we exploit this pH responsive behavior of cate...

	1 pH Responsive and Oxidation Resistant Wet Adhesive based on Reversible Catechol-Boronate Complexation0F
	1.1 Abstract
	A smart adhesive capable of binding to a wetted surface was prepared by copolymerizing dopamine methacrylamide (DMA) and 3-acrylamido phenylboronic acid (AAPBA). pH was used to control the oxidation state and the adhesive property of the catechol side...

	1.2 Introduction
	A smart adhesive can switch between its adhesive and non-adhesive states in response to externally applied stimuli. The ability to control interfacial binding properties on command is of critical interests in various fields of materials science and en...
	Marine mussels secrete adhesive proteins that enable them to bind to various surfaces (rocks, piers, etc.) in a saline and wet environment.8, 9 One of the main structural component in these adhesive proteins is the presence of a unique catechol-based ...
	The adhesive strength of catechol is highly dependent on its oxidation state (Scheme 1).21-23 The interaction between the reduced form of catechol and titanium (Ti) surface was reported to average around 800 pN,  which is 40% that of a covalent bond.2...
	To preserve the reversibility of catechol, the smart adhesive reported here is composed of network-bound phenylboronic acid. Catechol forms pH-dependent, reversible complex with boronic acid.27 This complex is strong enough to form a self-healing poly...
	Scheme 1. The reduced form of catechol is responsible for strong interfacial binding (a), while the oxidized quinone exhibits weak adhesion (b). Quinone is also highly reactive and can undergo irreversible covalent crosslinking (c).
	We hypothesize that the incorporation of the network-bound boronic acid can provide a protecting mechanism for catechol against irreversible oxidation crosslinking and to preserve the reversibility of the interfacial binding properties of catechol-con...

	1.3 Materials and Methods
	N-Hydroxyethyl acrylamide (HEAA), AAPBA, trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97 %), and toluene (anhydrous, 99.8 %) were purchased from Sigma Aldrich. 2, 2-Dimethoxy-2-phenylacetophenone (DMPA) and methylene bis-acrylamide (MBAA) were purchas...
	1.3.1 Preparation of the adhesive hydrogel
	Adhesive hydrogels were prepared by curing a precursor solution containing 1 M of HEAA with up to 10 mol% each of DMA and AAPBA dissolved in 40 v/v% DMSO in deionized (DI) water. The bifunctional crosslinker (MBAA) and the photoinitiator (DMPA) were k...

	1.3.2 Equilibrium swelling
	Hydrogel discs (thickness = 2 mm and diameter = 15 mm) were equilibrated in 5 mL of either the acidic solution (pH 3) or basic (pH 9) buffer medium for 48 hours, with continuous and gentle nutation. The samples were dried under vacuum for at least 48...

	1.3.3 Fourier transform infrared (FTIR) spectroscopy
	The samples were freeze-dried, crushed into fine powder using a mortar and pestle, and analyzed using a Perkin Elmer Frontier Spectrometer fitted with a GladiATRTM accessory from Pike Technologies.

	1.3.4 Oscillatory rheometry
	Hydrogel samples (15 mm diameter and 2 mm thick) were equilibrated in pH 3 or 9 with nutation for 48 hours and compressed to a constant gap of 1800 μm using a 20 mm diameter parallel plate geometry. The storage (G’) and loss (G’’) moduli were determin...

	1.3.5 Contact mechanics test
	Contact mechanics tests were performed using JKR indentation method to determine the interfacial binding properties of the hydrogels. A custom-built indentation device comprising of a 10-g load cell (Transducer Techniques), high resolution miniature l...
	Scheme 2. Schematic representation of the setup used in the contact mechanics adhesion testing.
	Two contact mechanics tests were performed. In the first test, samples were equilibrated at pH 3 or 9 for 48 hours prior to testing to determine the effect of pH on their adhesive properties. The hemispherical gel was affixed to the indenter using Sup...
	In the second test, the reversibility of the adhesive to transition between its adhesive and non-adhesive states in response to pH change was examined. The samples were first equilibrated in the pH3 solution for 24 hours with gentle nutation before te...
	The force (F) versus displacement (δ) curves were integrated to determine the work of adhesion (Wadh), which was normalized by the maximum area of contact (Amax) using the following equation:35
	,W-adh. = ,,F dδ.-,A-max...            (2)
	To mathematically calculate Amax, the loading portion of the contact curve was fitted with the Hertzian model:36
	,δ-max .= ,,a-2.-R.,                  (3)
	where δmax is the maximum displacement at the maximum preload of 20 mN, a is the radius of Amax, and R is the radius of curvature of the hemispherical gel. The height (h) and base radius (r) of each individual hemisphere were measured using a digital ...
	R = ,h-2.+,,r-2.-2h..          (4)
	Amax was determined using the following equation:
	Amax ,= πa-2..            (5)
	Finally, the maximum adhesive force (Fmax) was determined as the highest negative load recorded in the force vs. displacement curve.

	1.3.6 Statistical analysis
	Statistical analysis was carried out using JMP Pro 12 software (SAS Institute, NC). Student’s t-test and one way analysis of variance (ANOVA) with Tukey–Kramer HSD analysis and were performed for comparing means between two and multiple groups, respec...


	1.4 Results and discussions
	Hydrogels were prepared with a neutral monomer (HEAA) and network-bound catechol (DMA) and phenylboronic acid (AAPBA) sidechains. We utilize pH to control the oxidation state of the catechol group and its interfacial binding strength. pH 3 was chosen ...
	1.4.1 Qualitative analysis
	Photographs of hydrogels incubated in pH 3 or 9 for 48 hours confirmed that pH effectively controlled the oxidation states of DMA (Table 1). Both D10B0 and D10B10 remained colorless after incubation in pH 3, indicating that the acidic pH preserved the...
	Table 1. Images of adhesive samples equilibrated at either pH 3 or 9 for 48 hours.
	catechol) when it was incubated in pH 9, which is indicative of the oxidation of catecholic groups to quinone.42, 43 On the other hand, D10B10 developed a slight pinkish tinge at pH 9, indicating that the introduction of boronic acid groups protected ...

	1.4.2 Equilibrium swelling
	Hydrogels were equilibrated at either pH 3 or 9 to determine the effect of pH on their swelling ratio (Figure 1). D0B0 did not exhibit any significant change in its swelling ratio with changing pH, confirming that the poly(HEAA) backbone is not pH res...
	Figure 1. Swelling ratio of adhesives equilibrated at either pH 3 or 9 (n = 3). * p < 0.05 when compared to the adhesive equilibrated at pH 3 for a given composition.
	Hydrogels containing both DMA and AAPBA exhibited maximum shrinkage in the acidic solution and maximum swelling in the basic medium. A drastic reduction in swelling at the acidic pH is likely due to the hydrophobicity of the benzyl ring in both DMA an...
	Scheme 3. Chemical structures showing the pH responsive transition between catechol and semiquinone (A), trigonal structure and the negatively charged tetrahedral structure of phenylboronic acid (B), and the unbound catechol and phenylboronic acid moi...
	Figure 2. Swelling ratio of adhesives equilibrated at either pH 3 or 9 (n = 3). * p < 0.05 when compared to the adhesive equilibrated at pH 3 for a given composition.

	1.4.3 FTIR
	FTIR spectra confirmed the characteristics peaks for HEAA (–OH 3400-3000 cm-1, secondary amide –NH 1680-1630 cm-1, and C=O 1600-1500 cm-1) and benzene rings (1500-1400 and 800-700 cm-1) in D10B10 (Figure 3).46, 47 When comparing spectra of D10B10 incu...
	Figure 3. FTIR spectra of D10B10 equilibrated at either pH 3 or 9. The arrow points to the presence of a new peak (1489 cm-1) found at pH 9, corresponding to the formation of catechol-boronate complex.
	This peak was not present in samples that did not contain both DMA and AAPBA (i.e., D0B0, D10B0 or D0B10) tested at both pH 3 and 9 (Figure 4).
	Figure 4. FTIR spectra of adhesives equilibrated at either pH 3 or 9. The arrow points to the presence of a new peak (1489 cm-1) for D10B10 at pH 9, corresponding to the formation of catechol-boronate complex.

	1.4.4 Oscillatory rheometry
	Oscillatory rheometry results indicated that regardless of composition, all the hydrogels were chemically crosslinked, as the G’ values were independent of frequencies (< 45 Hz) and the G’ values were 1-2 orders of magnitude higher than the G” values ...
	Figure 5. Storage (G’, filled symbol) and loss (G”, open symbol) moduli for D10B10 equilibrated at either pH 3 ((, () or 9 ((, () (n = 3).
	Most notably, D10B10 incubated at pH 9 exhibited G” values that were an order of magnitude higher than those incubated at pH 3. This increase in viscous dissipation properties indicates the presence of extensive reversible physical interaction in the ...
	Figure 6. Storage (G’, filled symbol) and loss (G”, open symbol) moduli for D0B0 (a), D10B0 (b), and D0B10 (c) equilibrated at either pH 3 ((, () or 9 ((, () (n = 3).
	Figure 7. Storage (G’, filled symbol) and loss (G”, open symbol) moduli for D10B2.5 (a), D5B10 (b), and D2.5B10 (c) equilibrated at either pH 3 ((, () or 9 ((, () (n = 3).

	1.4.5 Contact mechanics testing of equilibrated adhesive
	JKR contact mechanics tests were performed to determine the effect of pH on the interfacial binding properties of the adhesive. D0B0 exhibited minimal interaction with the substrate at both pH levels as expected (Figure 8a, Table 2). Incorporation of ...
	dioxide (SiO2), which is a major component of borosilicate glass.51 Density functional theory analysis revealed that catechol readily displaces water molecules to bind to SiO2 surface, with a binding energy (33 kcal/mol) value approaching that of cate...
	Figure 8. Representative contact curves for D0B0 (a), D10B0 (b), and D0B10 (c) equilibrated and tested at either pH 3 or 9.
	Interestingly, D0B10 also demonstrated equivalent or higher adhesive properties when compared to its counterparts (Figure 8c). Although the interaction between boronic acid and glass substrates has not been previously reported, AAPBA likely interacted...
	Table 2. Average Fmax and Wadh values calculated for adhesives containing varying amounts of DMA and AAPBA equilibrated and tested at either pH 3 or 9 (n = 3).
	At pH 3, D10B10 demonstrated significantly higher Fmax (-11 ± 1.6 mN) and Wadh (460 ± 110 mJ/m2) values relative to those obtained from D10B0 and D0B10 (Figure 9, Table 2). This indicates that both DMA and AAPBA contributed to surface adhesion. At the...
	Figure 9. Representative contact curves for D10B10 equilibrated and tested at either pH 3 (left) or 9 (right). The lowercase letters indicate the point of initial contact with the borosilicate glass surface (a), the loading portion of the curve (b), t...
	1.4.5.1   Reversibility adhesion testing
	To confirm the reversible nature of the catechol-boronate complex and its contribution to interfacial binding, samples were repeatedly brought into contact with the substrate while exposing the adhesive to solutions with different pHs. D0B0 exhibited ...
	Figure 10. Three successive contact curves for D0B0 tested at pH 3, pH 9, and then pH 3 tested against a borosilicate glass substrate.
	D10B0 demonstrated strong adhesion during the first contact cycle performed at pH 3 (Figure 11a). However, unlike values obtained from D10B0 that were equilibrated for 48 hrs (Figure 8b, Table 2), there was no significant change in the measured adhesi...
	Figure 11. Three successive contact curves for D10B0 (a), D0B10 (b) and D10B10 (c) tested at pH 3, pH 9, and then pH 3 using a borosilicate glass substrate.
	D10B10 demonstrated elevated adhesive properties (Fmax = -16 ± 0.60 mN, Wadh = 2000 ± 250 mJ/m2) during the first contact cycle at pH 3, with adhesion values that were 2-3 folds higher when compared to values obtained for D10B0 and D0B10 (Figures 11 a...
	Figure 12. Averaged Wadh (a) and Fmax (b) for adhesives tested in three successive contact cycles using a borosilicate glass as the substrate (n = 3). * p < 0.05 relative to the values obtained from the second contact cycle at pH 9 for a given formula...
	Similar pH responsive trends was observed using quartz surface (Figure 13). D10B10 demonstrated an order of magnitude difference between its adhesive (pH 3) and non-adhesive (pH 9) states. Similarly, D10B0 demonstrated reduced adhesion with successive...
	Figure 13. Averaged Wadh (a) and Fmax (b) for adhesives tested in three successive contact cycles using a quartz substrate (n = 3). * p < 0.05 relative to the values obtained from the second contact cycle at pH 9 for a given formulation.
	Taken together, adhesives containing DMA exhibited strong interfacial binding properties at pH 3, confirming previously published results that the reduced form of catechol is responsible for strong wet adhesion to inorganic substrates.22, 23, 38 With ...
	When an adhesive contained both DMA and AAPBA, both the catechol and phenylboronic acid moieties contributed to strong interfacial binding at pH 3 (Scheme 4). Elevating the pH resulted in the formation of catechol-boronate complex and a significant re...
	Scheme 4. Schematic representation of the smart adhesive containing catechol and phenylboronic acid functional groups. At an acidic pH, both the catechol and borate functional groups contributed to strong interfacial binding with the wetted borosilica...


	1.5 Conclusions
	Hydrogel adhesives containing DMA and AAPBA were prepared. FTIR, equilibrium swelling and oscillatory rheometry experiments confirmed the formation of catechol-boronate complex at pH 9. JKR contact mechanics test revealed that adhesives containing bot...
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	Substrate
	a
	(1).
	Equilibrium Swelling =
	MsMd
	Wadh (mJ/m2)
	Fmax (mN)
	Composition
	pH 9
	pH 3
	pH 9
	pH 3
	76 ± 11
	100 ± 24
	-0.85 ± 0.24
	-1.4 ± 0.25
	D0B0
	83 ± 28
	170 ± 12
	-1.6 ± 0.67
	-5.9 ± 0.45
	D10B0
	96 ± 19
	240 ± 28
	-4.1 ± 0.38
	-6.6 ± 0.46
	D0B10
	110 ± 6.6
	460 ± 110
	-1.1 ± 0.020
	-11 ± 1.6
	D10B10
	2 Effect of Ionic Functional Groups on the Oxidation State and Interfacial Binding Property of Catechol-Based Adhesive1F
	2.1 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 ...

	2.2 Introduction
	Designing adhesives capable forming strong bonds to wet surfaces is critical for many biomedical and underwater marine applications.54-56 The presence of a surface liquid layer on a substrate acts as a barrier for interfacial binding and interferes wi...
	The majority of existing literature focused on incorporating catechol adhesive moiety alone in designing synthetic mimics of mussel foot proteins.57, 64, 65 However, many of the adhesive foot proteins, especially those found at the interface are highl...
	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 has yet to be systemically studied. The adhesive strength 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 N-(3-aminopropyl)methacrylamide hydroc...

	2.3 Materials and methods
	2.3.1 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-...

	2.3.2 Preparation of the Coated Substrates
	Amine-functionalized substrates were prepared by silane chemistry following published procedures with minor modification.77-79 Glass slides were sonicated in acetone and subsequently dipped into 3 v/v % APTS solution in acetone for 10 min with no agit...

	2.3.3 Preparation of the Testing Media
	The acidic pH 3.0 solution was prepared by adding appropriate quantities of 1 M HCl to a solution containing 0.1 M NaCl.80 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 buf...

	2.3.4 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)...

	2.3.5 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 (Md) samples were used to calculate the equilibrium swelling ratio by using the f...
	In the case of FOX assay samples, dry weights were taken into consideration to account for the effect of swelling at different pH values.

	2.3.6 Oscillatory Rheometry
	Hydrogel discs (thickness = 2 mm and diameter = 15 mm) were compressed to a constant gap of 1800 µm 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 stra...

	2.3.7 FOX Assay for Quantifying Hydrogen Peroxide Concentration
	The concentration of H2O2 generated by the adhesive hydrogel was measured using the Quantitative Peroxide Assay Kit (Thermo ScientificTM; Waltham, MA).82, 83 Hydrogel samples (thickness = 2 mm diameter = 6.35 mm) were briefly rinsed with DI water and ...

	2.3.8 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).80 Hemispherical samples equilibrated at dif...
	,W-adh. = ,,F dδ.-,A-max..   (7)
	Amax was mathematically calculated by fitting the loading portion of the force vs displacement curve with the Hertzian model:84
	,δ-max .= ,,a-2.-R.,                  (8)
	where δmax 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 Vernier calipers be...
	R = ,h-2.+,,r-2.-2h.          (9)
	Amax was calculated by using the following equation:
	Amax = πa2    (10)
	The adhesion strength (Sadh) was calculated by normalizing the maximum pull-off force (Fmax) by the maximum area of contact (Amax) as follows:86 ,S-adh. = ,,F-max . -,A-max..    (11)

	2.3.9 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.


	2.4 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 5). Our experiments were con...
	Scheme 5. Chemical structures of dopamine methacrylamide (DMA), acrylic acid (AAc) and N-(3-aminopropyl)methacrylamide hydrochloride (APMH).
	2.4.1 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 %...
	Figure 14. Storage modulus (G') for D0 (a), D0AA10 (b), D0AP10 (c), D10 (d), D10AA10 (e) and D10AP10 (f) equilibrated at pH 3.0-9.0 for 24 h (n = 3).
	Incorporating DMA into HEAA gels (i.e., D10) drastically reduced the measured swelling ratio (Figures 15 and 16), which is potentially due to π-π interactions and H-bonding between catechol moieties.92 For D10AA10, increasing pH increased its swelling...
	Figure 15. 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. D10, D10AA10 and D10AP10 represent adhesive hydrogels containing DMA (catechol), AAc (-COOH) and APMH (-NH2) ...
	Figure 16. Swelling ratios of control hydrogels equilibrated at pH 3.0-9.0 for 24 h (n = 3).

	2.4.2 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.87 During the autoxidation of catecho...
	Scheme 6. Schematic representation of the generation of hydrogen peroxide (H2O2) as a result of catechol autoxidation.
	Tracking the concentration of H2O2 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 H2O2 even after 24 h (Figures 17 and 18...
	Figure 17. Normalized concentration of H2O2 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. . D10, D10AA10 and D10AP10 represent adhesive hydrogels containing DMA (ca...
	When AAc was incorporated, D10AA10 did not generate H2O2  even when it was incubated at pH 7.5 and only a small amount of H2O2 was detected at pH 8.5 (Figure 17). Correspondingly, D10AA10 remained colorless when incubated at a pH that was 7.5 or less ...
	Figure 18. Normalized concentration of H2O2 released from hydrogels equilibrated at pH 3.0-9.0 after 2 (a), 4 (b), 6 (c) and 12 (d) hours of incubation (n = 3). * p < 0.05 when compared to D10.
	Samples containing APMH (e.g., D10AP10) generated similar amount of H2O2 as D10 at pH levels between 3.0 and 7.5 (Figure 17). At a more basic pH, D10AP10 generated higher amount of H2O2 when compared to D10 (2.5 and 3 fold increase at pH 8.5 and 9.0, ...
	Table 3. Images of adhesive hydrogels equilibrated at pH 3.0-9.0 for 24 h. The dashed circles highlights the location of colorless hydrogels.
	The measured H2O2 concentration was lower than the concentration of catechol in the hydrogel network. While H2O2 was constantly being generated, H2O2 decomposition also occurred concurrently. Additionally, the hydrogel network also served as a cage th...

	2.4.3 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 ...
	2.4.3.1 Adhesion to Quartz Surface
	The control HEAA hydrogels (D0) exhibited weak adhesion to quartz surface with Wadh values that averaged around 11-130 mJ/m2 depending on the pH (Table 4). Addition of DMA to HEAA hydrogels (D10) significantly increased Wadh values and D10 demonstrate...
	Table 4. Work of adhesion (Wadh) for D0 tested against a wetted quartz and APTS-functionalized glass substrate at pH 3.0-9.0 (n = 3).
	Scheme 7. Schematic representation of adhesive hydrogels D10 (a), D10AA10 (b), D0AP10 (c) and D10AP10 (d) interacting with a wetted quartz substrate at pH ranging from 3.0 to 9.0 (from left to right).
	Figure 19. Work of adhesion (Wadh) for adhesive hydrogels containing AAc (-COOH) (a) and APMH (-NH2) (b) tested against a wetted quartz substrate at pH 3.0-9.0 (n = 3). Refer to Tables 5-7 for results of statistical analysis.
	When AAc was incorporated into DMA-containing hydrogel (D10AA10), there was a drastic increase in the measured Wadh values at pH 7.5 and 8.5 when compared to those of D10 (~ 7 and 11 fold increase, respectively) (Figure 19a). Given that D0AA10 was poo...
	Table 5. Statistical analysis for Wadh of adhesive hydrogels containing anionic AAc tested against a wetted quartz substrate. Compositions not connected by the same letter at a given pH are significantly different.
	Table 6. Statistical analysis for Wadh of adhesive hydrogels containing cationic APMH tested against a wetted quartz substrate. Compositions not connected by the same letter at a given pH are significantly different.
	Table 7. Statistical analysis for Wadh of adhesive hydrogels containing anionic AAc or cationic APMH tested against a wetted quartz substrate. pHs not connected by the same letter for a given composition are significantly different.
	Adding a cationic monomer, APMH, to the HEAA hydrogels (D0AP10) exhibited Wadh values (200-380 mJ/m2) that were comparable to those of D10 (452.6 ± 58.18 mJ/m2 at pH 3.0; Figure 19b). This result is in agreement with previous findings that indicated c...
	Figure 20. Adhesion strength (Sadh) for adhesive hydrogels containing anionic AAc or cationic APMH tested against a wetted quartz (a and b) or APTS-functionalized substrate (c and d) at pH 3.0-9.0 (n=3). Refer to Tables 8-10 and 14-16 for statistical ...
	Table 8. Statistical analysis for Sadh of adhesive hydrogels containing anionic AAc tested against a wetted quartz substrate. Compositions not connected by the same letter at a given pH are significantly different.
	Table 9. Statistical analysis for Sadh of adhesive hydrogels containing cationic APMH tested against a wetted quartz substrate. Compositions not connected by the same letter at a given pH are significantly different.
	Table 10. Statistical analysis for Sadh of adhesive hydrogels containing anionic AAc or cationic APMH tested against a wetted quartz substrate. pHs not connected by the same letter for a given composition are significantly different.
	2.4.3.2 Adhesion to –NH2-functionalized Glass
	Wadh values for D10 decreased with increasing pH (Wadh = 471.7 ± 138.5 and 107.6 ± 62.11 mJ/m2 for pH 3.0 and 8.5, respectively.) (Figure 21a). The strong interaction at acidic pH was due to the strong cation-π interactions between catechol and the po...
	Figure 21. Work of adhesion (Wadh) of adhesive hydrogels containing AAc (-COOH) (a) and APMH (-NH2) (b) tested against a wetted APTS-functionalized glass substrate at pH 3.0-9.0 (n = 3). Refer to Tables 11-13 for results of statistical analysis.
	Scheme 8. Schematic representation of adhesive hydrogels D10 (a), D0AA10 (b), D10AA10 (c), D0AP10 (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).
	Wadh for hydrogel containing only the anionic AAc (i.e., D0AA10) initially increased with increasing pH reaching a maximum at pH 5.0 (Wadh = 343.1 ± 13.93 mJ/m2; Figure 21a, Scheme 8b). At pH 3.0, the carboxyl group of AAc was mostly protonated and in...
	Table 11. Statistical analysis for Wadh of adhesive hydrogels containing anionic AAc tested against a wetted APTS-functionalized glass substrate. Compositions not connected by the same letter at a given pH are significantly different.
	Table 12. Statistical analysis for Wadh of adhesive hydrogels containing cationic APMH tested against a wetted APTS-functionalized glass substrate. Compositions not connected by the same letter at a given pH are significantly different.
	Table 13. Statistical analysis for Wadh of adhesive hydrogels containing anionic AAc or cationic APMH tested against a wetted APTS-functionalized glass substrate. pHs not connected by the same letter for a given composition are significantly different.
	Table 14. Statistical analysis for Sadh of adhesive hydrogels containing anionic AAc tested against a wetted APTS-functionalized glass substrate. Compositions not connected by the same letter at a given pH are significantly different.
	Table 15. Statistical analysis for Sadh of adhesive hydrogels containing cationic APMH tested against a wetted APTS-functionalized glass substrate. Compositions not connected by the same letter at a given pH are significantly different.
	Table 16. Statistical analysis for Sadh of adhesive hydrogels containing anionic AAc or cationic APMH tested against a wetted APTS-functionalized glass substrate. pHs not connected by the same letter for a given composition are significantly different.
	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 Wadh values were significantly higher than the formula...
	Both D0AP10 and APTS-functionalized surface contained –NH2 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 (Wadh = 36.23 ± 22.38 mJ/m2...
	At pH 3.0 and 5.0, D10AP10 exhibited comparable Wadh values as D10 (Figure 21b). This indicated that catechol needed to form strong interfacial cation-π interactions while overcoming electrostatic repulsion between network bound –NH3+ of APMH and pos...
	Taken together, both anionic and cationic functional groups contributed considerably to interfacial binding through electrostatic attraction to surfaces with the opposite charges. Measured Wadh values for these ionic species were comparable to and in ...


	2.5 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 th...
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	82.41 ± 53.61
	54.03 ± 13.87
	170.0 ± 7.705
	132.7 ± 41.94
	142.7 ±21.83
	3 Incorporation of Anionic Monomer to Tune the Reversible Catechol-Boronate Complex for pH Responsive, Reversible Adhesion3
	3.1 Abstract
	Up to 30 mol% of acrylic acid (AAc) was incorporated into a pH responsive smart adhesive consisting of dopamine methacrylamide (DMA) and 3-acrylamido phenylboronic acid (APBA). FTIR spectroscopy and rheometry confirmed that the incorporation of AAc sh...

	3.2 Introduction
	Smart adhesives can transform reversibly between its adhesive and non-adhesive states with an externally applied stimulus. This property is particularly important for the development of painless and removal dressings, sustainable packaging materials, ...
	Mussels secrete adhesive proteins that contain a catecholic amino acid, 3,4–dihydroxyphenylalanine (DOPA), which enables them to bind to wet substrates.57, 60 In its reduced form, catechol has the ability to interact inorganic surfaces (e.g., metals) ...
	The adhesive property of catechol is highly dependent on its oxidation state.22, 23, 55, 70 At an acidic pH, catechol is in its reduced state, and forms strong interfacial bonds with inorganic substrates.71 However, when the pH approaches the dissocia...
	To tune the pH of catechol-boronate complexation, we introduced an acidic anionic monomer, acrylic acid (AAc), into the adhesive network. Incorporating an acidic moiety has been demonstrated to preserve the catechol in its reduced state.75, 76 Similar...
	To this end, we synthesized adhesives containing dopamine methacrylamide (DMA), 3-acrylamido phenylboronic acid (APBA) and AAc consisting of an adhesive catechol moiety, protective boronic acid functional group, and an anionic –COOH side chain, respec...

	3.3 Materials and methods
	3.3.1 Materials
	APBA, AAc,  N-hydroxyethyl acrylamide (HEAA), trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%), and toluene (anhydrous, 99.8%) were purchased from Sigma-Aldrich (St. Louis, MO). Methylene bis-acrylamide (MBAA) and 2,2-dimethoxy-2-phenylacetophenone (...

	3.3.2 Preparation of the Adhesive
	Adhesive hydrogels were prepared by curing precursor solutions containing 1 M HEAA with 10 mol % of DMA, 10 mol % of APBA and 0–30 mol % of AAc dissolved in 40 % (v/v) DMSO and deionized (DI) water. The cross-linker (MBAA) and photoinitiator (DMPA) we...
	Scheme 9. Chemical structures of N-hydroxyethyl acrylamide (HEAA), dopamine methacrylamide (DMA), 3-acrylamido phenylboronic acid (APBA), acrylic acid (AAc), methylene bis-acrylamide (MBAA) and 2,2-dimethoxy-2-phenylacetophenone (DMPA).

	3.3.3 Equilibrium Swelling
	Hydrogel discs (thickness = 2.0 mm and diameter = 7.9 mm) were equilibrated at different pH levels for 24 h, and then dried in vacuum for at least 48 h. The masses of the swollen (Ms) and dried (Md) samples were obtained to determine the equilibrium s...

	3.3.4 FTIR
	The samples were freeze-dried, crushed into powder using a mortar and pestle, and analyzed using a PerkinElmer Frontier Spectrometer fitted with a GladiATRTM accessory from Pike Technologies.

	3.3.5 Oscillatory Rheometry
	Hydrogel discs (thickness = 2.0 mm and diameter = 7.9 mm), were compressed to a fixed gap of 1800 μm using an 8 mm diameter parallel plate geometry. The storage (G′) and loss (G′’) moduli were determined in the frequency range of 0.1-100 Hz and at a c...

	3.3.6 Contact Mechanics Test
	JKR contact mechanics tests were performed using a custom-built setup comprising of a 10-g load cell (Transducer Techniques; Temecula, CA) and a miniature linear stage stepper motor (MFA-PPD, Newport; Irvine, CA). Hemispherical adhesives were affixed ...
	Figure 22. Photograph of the contact mechanics setup used for the adhesion experiments.
	Two types of adhesion tests were performed. For the first test, samples were equilibrated at pH 3.0, 7.5, 8.5 or 9.0 for 24 h and tested against a quartz slide wetted with 25 μL of buffer with the same pH to determine the effect of AAc concentration o...
	The force (F) versus displacement (δ) curves were integrated to determine the work of adhesion (Wadh), which was normalized by the maximum area of contact (Amax) by using the following equation:80
	,W-adh. = ,,F dδ.-,A-max..                  (13)
	Amax was calculated by fitting the loading portion of the F versus δ curve with the Hertzian model:84
	,δ-max .= ,,a-2.-R.,                  (14)
	where δmax is the maximum displacement at the maximum preload of 20 mN, a is the radius of Amax, and R is the curvature of the hemispherical sample. The height (h) and base radius (r) of each hemisphere were measured using digital Vernier calipers bef...
	R = ,h-2.+,,r-2.-2h.                (15)
	Amax was calculated by using the equation:
	Amax = πa2                (16)
	The adhesion strength (Sadh) was calculated by normalizing the maximum pull-off force (Fmax) by the maximum area of contact (Amax) using the equation:86
	,S-adh. = ,,F-max . -,A-max..             (17)

	3.3.7 Statistical Analysis
	Statistical analysis was performed using JMP Pro 13 application (SAS Institute, NC). One-way analysis of variance (ANOVA) with Tukey-Kramer HSD analysis was performed for comparing means. p< 0.05 was considered significant.


	3.4 Results and discussion
	Up to 30 mol % of AAc was formulated into an adhesive hydrogel containing DMA and APBA and its effect on the formation of catechol-boronate complex and interfacial binding property were evaluated over a wide range of pH (3.0-9.0). pH 3.0 was chosen be...
	3.4.1 Equilibrium Swelling
	Equilibrium swelling tests were performed to confirm the addition of AAc in the adhesives. The equilibrium swelling ratio of AAc-containing adhesives increased with increasing pH (Figure 23). Additionally, formulations containing higher AAc concentrat...
	Figure 23. Equilibrium swelling ratio for adhesive equilibrated at pH 3.0, 7.5, 8.5 or 9.0 for 24 h (n = 3). Refer to Table 17 for statistical analysis.
	Table 17. Statistical analysis for equilibrium swelling ratio of adhesive equilibrated at pH 3.0, 7.5, 8.5 or 9.0 for 24 h. Compositions not connected by the same letter at a given pH are significantly different.

	3.4.2 FTIR
	All adhesive formulations exhibited signature peaks for HEAA (−OH 3400-3000 cm–1, secondary amide –NH 1680-1630 cm–1, and C═O 1600-1500 cm–1), and benzene rings (1500-1400 and 800-700 cm–1) in their FTIR spectra (Figures 24 and 25).81, 114 Formulation...
	Figure 24. FTIR spectra of adhesive equilibrated at pH 3.0 (a), pH 7.5 (b), pH 8.5 (c) or pH 9.0 (d). The arrows indicate peaks corresponding to formation of the catechol-boronate complex at 1490 cm-1.
	Figure 25. FTIR spectra of adhesives equilibrated at pH 3.0 (a), pH 7.5 (b) or pH 9.0 (c). The arrows indicate peaks corresponding to formation of the catechol-boronate complex at 1490 cm-1.

	3.4.3 Oscillatory Rheometry
	Frequency sweep experiments were performed to determine the storage and loss moduli (G’ and G”, respectively) of the adhesive (Figure 26) and the values obtained at a frequency of 1 Hz were further summarized in Figure 27. For all the adhesive formula...
	Figure 26. Storage (G′, filled symbols) and loss (G″, empty symbols) moduli for D10B10A0 (a), D10B10A10 (b), D10B10A20 (c) and D10B10A30 (d) equilibrated at pHs 3.0, 7.5, 8.5 or 9.0 and tested in the frequency range of 0.1-100 Hz and 8 % strain (n = 3).
	Figure 27. Storage (G', filled symbols) and loss (G", empty symbols) moduli for D10B10A0 (a), D10B10A10 (b), D10B10A20 (c) and D10B10A30 (d) equilibrated at pHs 3.0, 7.5, 8.5 or 9.0 tested at a frequency of 1 Hz and 8 % strain (n = 3).
	Figure 28. Storage (G', filled symbols) and loss (G", empty symbols) moduli for D0B10A20 (a), and D10B0A20 (b) equilibrated at pHs 3.0, 7.5 or 9.0 tested at a frequency of 1 Hz and 8 % strain (n = 3).

	3.4.4 Contact Mechanics Test: Single Contact
	JKR contact mechanics test was performed to determine the effect of AAc concentration on interfacial binding property over a wide range of pH (3.0-9.0) using quartz (SiO2) surface as the test substrate (Figure 29). Adhesive formulation without AAc (e....
	Incorporating 20 mol % or higher AAc resulted in a significant increase in the measured adhesive values at both pH 7.5 and 8.5 (Figure 29 and Table 19). For example, measured Wadh values for D10B10A20 and D10B10A30 equilibrated at pH 7.5 were 3 fold h...
	Figure 29. Work of adhesion (Wadh) (a) and adhesion strength (Sadh) (b) for single contact experiments tested between wetted quartz substrate and adhesive equilibrated at pH 3.0, 7.5, 8.5 or 9.0 (n = 3). Refer to Table 18 for statistical analysis.
	Table 18. Statistical analysis for work of adhesion (Wadh) and adhesion strength (Sadh) of adhesives tested against a wetted quartz substrate. Compositions not connected by the same letter at a given pH are significantly different.

	3.4.5 Contact Mechanics Test: Reversible Adhesion Testing
	To evaluate the feasibility for AAc to control the pH responsive characteristics of the catechol-boronate complex, adhesive samples were subjected to three successive contact cycles at pH 7.5, 9.0 and then at 7.5 again (Figure 30). D10B10A20 showed st...
	Figure 30. Averaged Wadh (a) and Sadh (b) for adhesives tested in three successive contact cycles using quartz as the substrate (n = 3). * p < 0.05 relative to the values obtained from the second contact cycle at pH 9.0 for a given formulation.
	To confirm the reversible nature of the catechol-boronate complex, the pH for the third contact cycle was lowered to 3.0 (Figures 31 and 32). D10B10A20 exhibited elevated and reduced adhesion at pH 7.5 (Wadh = 663 ± 65.1 mJ/m2, Sadh = 5.63 ± 0.488 kPa...
	During both series of reversible adhesion testing (Figures 30 and 31), the presence of boronic acid in D0B10A20 contributed to adhesion potentially via hydrogen bonding or electrostatic interaction.80 However, D0B10A20 did not demonstrate pH responsiv...
	Figure 31. Averaged Wadh (a) and Sadh (b) for adhesives tested in three successive contact cycles using quartz as the substrate (n = 3). * p < 0.05 relative to the values obtained from the second contact cycle at pH 9.0 for a given formulation.
	Figure 32. Three successive contact curves for D0B10A20 (a), D10B0A20 (b), D10B10A0 (c) and D10B10A20 (d) tested at pH 7.5, pH 9.0, and then pH 3.0 using a quartz substrate.
	The ideal pH for complexation between catechol (pKa = 9.3)40 and phenylboronic acid (pKa = 8.8)40, 41 has been reported to be the average of their respective pKa values ((9.3+8.8)/2 ≈ 9).39 As such, the complex forms as the pH approached 9 and resulte...
	Scheme 10. Schematic representation of a smart adhesive consisting of acrylic acid in addition to catechol and phenylboronic acid interacting with a wetted quartz substrate.
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	3.5 Conclusions
	DMA and APBA–containing adhesive hydrogels were formulated with up to 30 mol % of AAc to tune the pH responsive characteristics of catechol-boronate complexation. FTIR and rheometry confirmed that formulations with elevated AAc contents required a hig...
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	4 Evaluating the Enhanced Adhesion, Rapid Switching and Reversibility of Adhesive Hydrogel-Coated Polydimethylsiloxane Micropillars
	4.1 Abstract
	Adhesive hydrogels with 10 mol % each of dopamine methacrylamide (DMA) and 3-acrylamido phenylboronic acid (APBA) were coated on chemically modified micropillared polydimethylsiloxane (PDMS) templates of different aspect ratios (ARs) to obtain hybrid ...

	4.2 Introduction
	Smart adhesives can reversibly transition between strong and weak adhesion states in response to externally applied stimuli. This control of adhesion is of particular interest in various applications including painless removal of wound dressings, effo...
	Marine mussels secrete several foot proteins that contain a unique catecholic amino acid, 3,4-dihydoxyphenylalanine, which is responsible for adhesion to wetted surfaces (e.g. rocks, piers, etc.).57, 60 The adhesion offered by catechol depends on its ...
	Recently, we synthesized a smart adhesive containing catechol and boronic acid, which demonstrated strong interfacial binding at pH 3. When the pH was elevated to 9, the formation of the catechol-boronate complex led to a decrease of over an order of ...
	Several research groups have established theories regarding gecko adhesion mechanisms by studying the specific geometry of the gecko’s feet which suggest that the adhesion is dominated by weak secondary forces such as van der Waals interactions.122, 1...
	We hypothesize that by coating our previously synthesized smart adhesives onto micropillared PMDS templates, we can demonstrate strong wet adhesion, along with reversible and rapid switching between high and low adhesion values. We fabricated hybrid s...

	4.3 Materials and Methods
	4.3.1 Materials
	APBA, N-hydroxyethyl acrylamide (HEAA) and 3-(trimethoxysilyl)propyl methacrylate (TMSPMA), and trichloro(1H,1H,2H,2H-perfluorooctyl)silane were purchased from Sigma-Aldrich (St. Louis, MO). Methylene bis-acrylamide (MBAA) and 2,2-dimethoxy-2-phenylac...

	4.3.2 Si master mold and preparation of the PDMS micropillared template
	4.3.3 Chemical modification of the bare template
	Chemical modification was carried out according to a previously published protocol.128 Briefly, the surface of the micropillared PDMS samples was treated with oxygen plasma at 100 W power, 200 mTorr pressure for 1 min (Jupiter II, March Instruments; W...
	Scheme 11. Schematic representation of a bare template (a) O2 plasma and hydrogen peroxide (H2O2) + HCl treatment (b), chemical modification using TMSPMA (c), DMPA priming, precursor (HEAA only shown) coating and UV irradiation of the bare template (d).

	4.3.4 Preparation of adhesive hydrogel and coating the bare template
	Adhesive hydrogels were prepared by curing a precursor solution containing 1 M of HEAA with 10 mol % each of DMA and APBA dissolved in 40% (v/v) dimethyl sulfoxide DMSO in DI water. The bifunctional cross-linker methylene bis-acrylamide MBAA and the p...
	To prepare the adhesive hydrogel-coated bare templates, the chemically modified bare templates were primed with ≈ 6 µL of the 0.1 mol % DMPA solution in ethanol to promote free radical initiated polymerization,130 followed by pipetting ≈ 10 µL of  the...
	Scheme 12. Schematic representation of the separate components involved in coating the bare template (a) and the assembled configuration (b).

	4.3.5 3D Profiling
	The bare templates were sputter-coated with a 20 nm Pt/Pd coating (Cressington 208HR; Watford, England, UK) and analyzed using a Profilm3D white light interferometer (Filmetrics Inc., San Diego, CA).

	4.3.6 FE-SEM
	Samples were incubated in pH 3 for 5 min, air-dried for at least 72 hours under the fume hood. They were then coated with 5 nm Pt/Pd coating (Cressington 208HR; Watford, England, UK), and imaged at 10 kV using the FE-SEM (S-4700, Hitachi; Tarrytown, N...

	4.3.7 ESEM
	Samples were incubated in pH 3 or pH 9 for 5 min and imaged using the ESEM (XL 40, Philips; Andover, MA) at an accelerating voltage of 30 kV and working distances of 7.7 mm or 12.5 mm, respectively, for the pH 3 or pH 9 samples. The water vapor inside...

	4.3.8 CA Measurements
	Samples were incubated in 5 mL pH 3 buffer for 5 min. The excess buffer was then removed and the sample was maintained in a parafilm-sealed petri dish along with a 200 µL drop of pH 3 buffer for 30 minutes before analysis. A drop of approximately 0.66...
	4.3.8.1 Details of the Imaging Setup for CA Measurements
	The contact angle measurement system comprises of an illumination source, a stage for droplet deposition on the sample and a microscope coupled to CCD camera. A carousel projector (Kodak Medalist, Eastman Kodak Company; Rochester, NY) was used as the ...

	4.3.9 FTIR
	The samples were dried in vacuum overnight and analyzed using a PerkinElmer Spectrum One Spectrometer (Waltham, MA) fitted with a GladiATR accessory from Pike Technologies (Madison, WI).

	4.3.10 XPS
	The samples were dried in vacuum overnight and their surface was analyzed using the X-ray photoelectron spectrometer (PHI 5800, Physical Electronics; Chanhassen, MN). A Mg anode operated at 15 kV, 27 mA and 400 W was used to generate X-rays (hυ = 1253...

	4.3.11 Contact Mechanics Test
	Contact mechanics tests were performed using the JKR indentation method to determine the interfacial binding properties of the adhesive hydrogel coated samples. A custom-built indentation device with a 10-g load cell (Transducer Techniques; Temecula, ...
	For the first series of tests, the bare templates, AD-Flat and the hybrid structures with different ARs were first incubated in either pH 3 or 9 for 5 min. A single contact cycle was then carried out in the presence of ≈ 2 µL of either pH 3 or 9. Furt...
	For the second test, the samples were probed for their ability to transition between adhesive and non-adhesive states in response to pH. They were subjected to three successive contact cycles. The first and the third contacts were carried out in the p...
	For the third test, a single sample was tested for its ability to repeatedly switch between adhesive and non-adhesive states in response to changing pH. The sample washed in DI water was incubated at pH 3 for 5 min prior to the first contact cycle. It...
	The force (F) versus displacement (δ) curves were integrated to determine the work of adhesion (Wadh), which was normalized by the apparent maximum area of contact (Amax) by using the following equation:80
	,W-adh. = ,,F dδ.-,A-max..,                  (18)
	where Amax was calculated by fitting the loading portion of the F versus δ  curve with the Hertzian model:84
	,δ-max .= ,,a-2.-R.,                  (19)
	where δmax is the maximum displacement at the applied maximum preloads (10-80 mN), a is the radius of Amax, and R is the curvature of the hemispherical SiO2 indenter. The thickness (t = 3 mm) and base radius (r = 3 mm) of the SiO2 hemisphere was used ...
	R = ,t-2.+,,r-2.-2t.                (20)
	Amax was calculated by using the equation:
	Amax = πa2.                (21)
	The adhesion strength (Sadh) was calculated by normalizing the maximum pull-off force (Fmax) by the apparent maximum area of contact (Amax) using the equation:86
	,S-adh. = ,,F-max . -,A-max..             (22)
	The Young’s modulus (E) was obtained by determining the slope of  the advancing portion of the F versus δ curve at a fixed point near the maximum preload.

	4.3.12 Statistical Analysis
	Statistical analysis was performed using JMP Pro 13 application (SAS Institute, NC). One-way analysis of variance (ANOVA) with Tukey-Kramer HSD analysis was performed for comparing means. p<0.05 was considered significant.


	4.4 Results and Discussion
	To facilitate covalent interaction between the bare template and the adhesive hydrogel network, the surface of the bare templates was activated with hydroxyl (-OH) groups using the O2 plasma treatment and then modified using H2O-H2O2-HCl. Further, TMS...
	4.4.1 3D profiler
	3D profiling of the bare templates was carried out to ensure their integrity after peel-off (Figure 33).
	Figure 33. 3D profiles of the bare templates-Bare AR0.4 (a), Bare AR1 (b) and Bare AR2 (c).

	4.4.2 FE-SEM
	FE-SEM was used to characterize the morphology of the bare templates and the hybrid structures (Figure 34). Images of Bare AR0.4, Bare AR1 and Bare AR2 (Figure 34a, 34b, and 34c respectively) display the bare templates with vacant interstitial spaces ...
	Figure 34. FE-SEM images showing bare templates Bare AR0.4 (a), Bare AR1 (b), Bare AR2 (c), and hybrid structures AD-AR0.4 (d), AD-AR1 (e), AD-AR2 (f). Scale bar = 20 µm.

	4.4.3 ESEM
	ESEM was used to characterize the filling of interstitial spaces by the adhesive hydrogel at pH 3 or pH 9 for the hybrid structures . For AR-AR0.4 incubated at pH 3, the top of the pillared structures was still visible (Figure 35a). On elevating the p...
	Figure 35. ESEM images showing hybrid structures AD-AR0.4 (first row) AD-AR1 (second row) and AD-AR2 (third row) incubated in pH 3 (a-c) or pH 9 (d-f) for 5 min. Scale bar = 10 µm.

	4.4.4 CA Analysis
	The wetting of the bare templates and the hybrid structures was evaluated by performing CA measurements. The representative contact images for the contact angles before and after coating can be seen in Figure 36. Overall, the CA for the bare templates...
	Figure 36. Contact angle images showing representative images for bare templates Bare AR0.4 (a), Bare AR1 (b), Bare AR2 (c) and hybrid structures AD-AR0.4 (d), AD-AR1 (e), AD-AR2 (f).

	4.4.5 FTIR
	FTIR was used for detecting the presence of the adhesive hydrogel coating on the bare template (Figure 37). Bare AR1 showed the typical spectrum of PDMS with Si-CH3 at 2960-2950 cm-1, 1260-1259 cm-1 and 796-789 cm-1, and Si-O-Si at 1074-1020 cm-1131 W...
	Figure 37. FTIR spectra of Bare AR1, AD-AR0.4, AD-AR1 and AD-AR2.

	4.4.6 XPS
	XPS was used to confirm the presence of the adhesive hydrogel coating on the bare template (Figure 38). Bare AR1 showed the presence of oxygen (1s, 530.8 eV), carbon (1s, 284.8 eV) and silicon (2s, 153 eV and 2p, 103 eV) (Figure 38a).132 In addition t...
	Figure 38. XPS spectra of Bare AR1 (a), AD-AR0.4 (b), AD-AR1 (c) and AD-AR2 (d). The inset images in (b-d) show the presence of boron with binding energy ≈ 191.5 eV.

	4.4.7 Contact Mechanics Test
	4.4.7.1 Effect of micropatterning on adhesive properties at a fixed preload
	To assess the effect of micropatterning on the adhesive properties, AD-Flat, bare templates and hybrid structures with different ARs were analyzed at pH 3 or pH 9. Bare templates with different ARs showed negligible Wadh values at pH 3 (Figure 39a). A...
	Figure 39. Wadh (a) and Sadh (b) of AD-Flat, bare templates and hybrid structures of different ARs tested at a preload of 20 mN for samples incubated at pH 3 (n = 3). Refer to Table 19 for statistical analysis.
	Figure 40. FTIR spectra of AD-Flat, AD-AR0.4, AD-AR1 and AD-AR2 tested at pH 3.
	Table 19. Statistical analysis for Wadh (a) and Sadh (b) of AD-Flat, bare templates and hybrid structures of different ARs tested at a preload of 20 mN for samples incubated pH 3 (n = 3). Wadh or Sadh for compositions not connected by the same letter ...
	Figure 41. Fmax (a) and Amax (b) of AD-Flat, bare templates and hybrid structures of different ARs tested at a preload of 20 mN for samples incubated at pH 3 (n = 3). Refer to Table 20 for statistical analysis.
	Table 20. Statistical analysis for Fmax (a) and Amax (b) of AD-Flat, bare templates and hybrid structures of different ARs tested at a preload of 20 mN for samples incubated at pH 3 (n = 3). Fmax or Amax for compositions not connected by the same lett...
	At pH 9, the Wadh demonstrated by the bare templates of different ARs was still low (Figure 42a). The adhesion exhibited by the AD-Flat continued to remain high (Table 21). This was despite FTIR results which showed the formation of the catechol-boron...
	Figure 42. Wadh (a) and Sadh (b) of AD-Flat, bare templates and hybrid structures of different ARs tested at a preload of 20 mN for samples incubated at pH 9 (n = 3). Refer to Table 21 for statistical analysis.
	Table 21. Statistical analysis for Wadh (a) and Sadh (b) of AD-Flat, bare templates and hybrid structures of different ARs tested at a preload of 20 mN for samples incubated at pH 9 (n = 3). Wadh or Sadh for compositions not connected by the same lett...
	Figure 43. FTIR spectra of AD-Flat, AD-AR0.4, AD-AR1 and AD-AR2 tested at pH 9. The arrows indicate the formation of the catechol-boronate complex at 1495 cm-1.
	Figure 44. FTIR spectra (2000-1000 cm-1) of AD-Flat, AD-AR0.4, AD-AR1 and AD-AR2 (in the smaller range of 2000-1000 cm-1) tested at pH 9. The arrows indicate the formation of the catechol-boronate complex at 1495 cm-1.
	Figure 45. Fmax (a) and Amax (b) of AD-Flat, bare templates and hybrid structures different ARs tested at a preload of 20 mN for samples incubated at pH 9 (n = 3). Refer to Table 22 for statistical analysis.
	Table 22. Statistical analysis for Fmax (a) and Amax (b) of AD-Flat, bare templates and hybrid structures of different ARs tested at a preload of 20 mN for samples incubated at pH 9 (n = 3). Fmax or Amax for compositions not connected by the same lett...
	4.4.7.2 Effect of preload on the adhesive properties of hybrid structures
	To determine the effect of preload on the adhesive behavior of the hybrid structures of different ARs at pH 3 or 9, the preload was varied from 10-80 mN, and the Wadh and Sadh were calculated. At any given preload, the Wadh values demonstrated by AD-A...
	This is likely because the presence adhesive coating was present at the bottom of the hybrid structure (Figure 35c and relatively weak transmittance as seen in FTIR-Figure 37), indicating that the hemisphere perhaps could not form adhesive bonds even ...
	Figure 46. Wadh (a) and Sadh (b) of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 3 (n = 3). Refer to Tables 23 and 24 for statistical analysis.
	Table 23. Statistical analysis for Wadh and Sadh of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 3 (n = 3). Wadh and Sadh for compositions at a particular preload not connected by the same letter are significantly d...
	Table 24. Statistical analysis for Wadh (a) and Sadh (b) of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 3 (n = 3). Wadh or Sadh at preload values for a given composition not connected by the same letter are signifi...
	Figure 47. Fmax (a) and Amax (b) of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 3 (n = 3).  Refer to Tables 25 and 26 for statistical analysis.
	Table 25. Statistical analysis for Fmax (a) and Amax (b) of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 3 (n = 3). Fmax or Amax at preload values for a given composition not connected by the same letter are signifi...
	Table 26. Statistical analysis for Fmax and Amax of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 3 (n = 3). Fmax or Amax for compositions at a particular preload not connected by the same letter are significantly di...
	Wadh for all the hybrid structures was low across the range of tested preloads at pH 9 (Figure 48a). Specifically, the largest reduction (6-fold) in the average Wadh values was shown by AD-AR1.  This is because of the dual effect resulting from the fo...
	Figure 48. Wadh (a) and Sadh (b) of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 9 (n = 3). Refer to Tables 27 and 28 for statistical analysis.
	Table 27. Statistical analysis for Wadh (a) and Sadh (b) of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 9 (n = 3). Wadh or Sadh at preload values for a given composition not connected by the same letter are signifi...
	Table 28. Statistical analysis for Wadh and Sadh of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 9 (n = 3). Wadh and Sadh for compositions at a particular preload not connected by the same letter are significantly d...
	Figure 49. FTIR spectra of hybrid structures AD-AR0.4 (a), AD-AR1 (b) and AD-AR2 (c) tested while varying the preload from 10-80 mN at pH 9. The arrows indicate the formation of the catechol-boronate complex at 1495 cm-1. The inset image in (c) shows ...
	Figure 50. Fmax (a) and Amax (b) of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 9 (n = 3). Refer to Tables 29 and 30 for statistical analysis.
	Table 29. Statistical analysis for Fmax (a) and Amax (b) of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 9 (n = 3). Fmax or Amax at preload values for a given composition not connected by the same letter are signifi...
	Table 30. Statistical analysis for Fmax and Amax of hybrid structures of different ARs while varying the preload from 10-80 mN at pH 9 (n = 3). Fmax and Amax for compositions at a particular preload not connected by the same letter are significantly d...
	4.4.7.3 Reversibly Switching Adhesion of Hybrid Structures
	To investigate the reversible transitions of the hybrid structures between strong and weak adhesion, a SiO2 hemisphere was repeatedly brought into contact with the samples while changing the pH value. Wadh for all bare templates (Bare AR0.4-2) was low...
	Figure 51. Averaged Wadh (a) and Sadh (b) of bare templates of different ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3). Refer to Tables 32-35 for further statistical analysis.
	The Wadh exhibited by AD-AR0.4 during the first contact cycle was not significantly different from  AD-Flat (Table 33). Additionally, the adhesion did not decrease significantly (≈ 38 %) during the second contact cycle (Table 32). This is because the...
	Figure 52. Averaged Wadh (a) and Sadh (b) of AD-Flat, and hybrid structures of different ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3). #, *p < 0.05 when compared to 2nd contact cycle for a given composition. Refer to Table...
	AD-AR1 exhibited strong Wadh during the first contact cycle at pH 3, which was significantly higher than both- AD-Flat as well as AD-AR0.4 (Table 33). Further, the adhesion decreased drastically (≈ 73 %) during the second contact cycle (Table 32). Thi...
	Figure 53. Three successive contact curves of the compositions (left column, a-d) and their corresponding FTIR graphs (right column, e-h) for AD-Flat (a-e), AD-AR0.4 (b-f), AD-AR1 (c-g), and AD-AR2 (d-h) tested at pH 3, pH 9 and then pH 3 using a SiO2...
	Figure 54. Young’s modulus (E) of AD-Flat, bare templates and hybrid structures of different ARs tested in 3 successive contact cycles (n = 3). Refer to Table 31 for statistical analysis.
	Table 31. Statistical analysis for the ‘E’ of AD-Flat, bare templates and hybrid structures of different ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3). ‘E’ at contact cycle numbers for a given composition not connected by t...
	Table 32. Statistical analysis for the Wadh of AD-Flat, bare templates and hybrid structures of different ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3). Wadh at contact cycle numbers  for a given composition not connected b...
	Table 33. Statistical analysis for Wadh of AD-Flat, bare templates and hybrid structures of different ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3). Wadh of compositions during a particular contact cycle not connected by th...
	Table 34. Statistical analysis for the Sadh of AD-Flat, bare templates and hybrid structures of different ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3). Sadh at contact cycle numbers for a given composition not connected by...
	Table 35. Statistical analysis for Sadh of AD-Flat, bare templates and hybrid structures of different ARs tested in 3 successive contact cycles using a SiO2 hemisphere (n = 3). Sadh of compositions during a particular contact cycle not connected by th...
	4.4.7.4 Rapidly Switching, Repeatable Adhesion of AD-AR1
	The adhesion tests conducted hitherto indicated that AD-AR1 had the ability to form strong interfacial bonds and reversibly switch between strong and weak adhesion while allowing an incubation time of 5 min between cycles. To further investigate the a...
	Figure 55. Wadh (a) and Sadh (b) of AD-AR1 showing multiple adhesion on/off cycles with alternate incubations at pH 3 and pH 9 (n = 3) using a SiO2 hemisphere. *p < 0.05 when compared to the preceding pH 3 contact.
	Figure 56. Fmax (a) and Amax (b) of AD-AR1 showing multiple adhesion on/off cycles with alternate incubations at pH 3 and pH 9 (n = 3) using a SiO2 hemisphere. *p < 0.05 when compared to the preceding pH 3 contact.
	Figure 57. Representative FE-SEM image of one of the samples at the end of the rapidly switching, repeatable adhesion tests for AD-AR1. Scale bar = 20 µm.
	Figure 58. FTIR spectra of the samples at the end of the rapidly switching, repeatable adhesion tests for AD-AR1 (n = 3). The arrows indicate the formation of the catechol-boronate complex at 1495 cm-1.
	In summary, the bare templates were neither adhesive nor responsive to pH in wet conditions. The flat adhesive adhered strongly at acidic pH but could not quickly switch between adhesive and non-adhesive states in response to changing pH, indicating t...
	For AD-AR1 under acidic conditions, the adhesive coating was deswollen, revealing the coated micropillars which took advantage of the contact-splitting phenomenon. Additionally, catechol and boronic acid were in the uncomplexed state and able to form ...


	4.5 Conclusion
	We prepared hybrid structures composed of an adhesive hydrogel coating on bare PDMS templates. The presence of the coating on the bare template was verified using FE-SEM, ESEM, CA, FTIR and XPS experiments. The enhanced adhesive property and rapidly s...
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	5 Summary
	This dissertation describes the progress made toward controlling the oxidation state of catechol by addition of boronic acid for reversible adhesion, introduction of acrylic acid for adhesion at neutral to mildly basic pH, and the incorporation of acr...
	In Chapter 1, we added phenylboronic acid to catecholic polymers. This strategy allowed us to protect catecholic groups from undergoing irreversible oxidation and crosslinking. The incorporation of boronic acid not only contributed to strong adhesion ...
	Chapter 2 describes the effect of addition of ionic species on the interfacial binding ability of catechol containing polymers. Quantification of the amount of hydrogen peroxide released as a result of catechol oxidation showed that the addition of an...
	Although the ideal pH for formation of the catechol boronate complex is 9, it is known that the complex readily forms at a neutral to slightly basic pH. In Chapter 3, the addition of elevated amounts of acrylic acid to smart adhesives containing catec...
	The ability of the bulk adhesives (reported in Chapters 1-3) to switch between strong and weak adhesion was largely limited by the process of slow diffusion of the ions from the pH medium into the hydrogel network. To address this concern, in Chapter ...
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