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37 ABSTRACT

The feasibility of deactivating and reactivating catechol-containing smart adhesive
44 electrochemically while in direct contact with a nonconductive surface was explored in this work.
47 The adhesive was coated over an aluminum mesh-attached polydimethylsiloxane (AM-PDMS)
substrate. The aluminum mesh served as an electrode to apply electricity through the adhesive. A

54 silver (Ag) counter electrode was coated in the periphery of the adhesive-substrate interface to
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deactivate the adhesive attached to the nonconductive surfaces including glass and poly(methl

methacrylate) (PMMA) substrates. The deactivation of adhesive was performed with the

application of up to 20 V of applied electricity utilizing the Ag electrode as a cathode and

aluminum mesh as an anode. The adhesion strength of adhesive towards nonconductive surfaces

decreased by 98% after in situ application of electricity. The deactivation rate was tunable with

the applied voltage level, exposure time to applied voltage, surface area of the adhesive interface,

and aluminum mesh size. The deactivated adhesive was reactivated electrochemically by reversing

the electrode polarity up to 3 cycles utilizing catechol-boronate complexation chemistry.

INTRODUCTION

A smart adhesive can be deactivated or reactivated in response to externally applied stimuli (e.g.,

pH, temperature, light), which has various applications in multiple fields (e.g., biomedical,

structural joints, automotive industry, robotics)!~. However, most of the existing smart adhesives

exhibit poor adhesion in a wet environment®. Recently, smart adhesives inspired by mussel

adhesive proteins containing catechol have been developed for their ability to bond to wet surfaces

reversibly’- 8. The interfacial binding of catechol to various surfaces is often based on H-bonding,

electrostatic interaction, and coordination bonds®!3. The adhesive property of catechol is
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dependent on its oxidation state, which can be controlled by changing pH!4-!6. Previously, we

demonstrated that it is feasible to directly deactivate surface-bound catechol-based adhesive

through electrochemical oxidation of catechol'”- 8. Our works inspired Huang et al.!? to design a

climbing robot that utilized catechol-containing hydrogels as adhesive pads and electrical current

was utilized to control the adhesive property of the hydrogel. However, these existing designs

relied on a conductive surface to function as a counter electrode!”!, which greatly limit the

application of catechol-based smart adhesives. Therefore, the ability to deactivate catechol-based

adhesive while it is bound to a nonconductive surface needs to be explored.

The reduced form of catechol exhibits strong adhesion under acidic conditions but oxidizes in a

basic pH with poor adhesive property!3. This pH-responsive chemistry can be controlled through

electrochemical oxidation and reduction of catechol initiated by a two-electrode (anode and

cathode) system in the presence of water!”-1°. Water electrolysis begins with the application of

electricity, resulting in a basic pH surrounding the cathode?®. Therefore, when catechol-based

adhesive is exposed to the cathode, it oxidizes irreversibly and demonstrates weak adhesion. The

irreversible oxidation of catechol can be prevented by adding a temporary protecting group, such

as boronic acid'% 6 17, This protecting group forms a complex with catechol at basic pH that
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generates near the cathode and the complex is also poorly adhesive!”. Breaking the catechol-

boronate complex in an acidic media'4 ' 17 or by reversing the polarity of the cathode to an anode!®

re-expose the catechol for strong adhesion. Therefore, using two electrodes across the adhesive

and controlling their polarity is essential to achieve electrochemically reversible adhesion of

catechol. Furthermore, the electrode area also plays a vital role in controlling the extent of water

electrolysis responsible for electrochemical deactivation and reactivation of adhesives?!'. Hence,

positioning electrodes across the adhesive becomes challenging to design for electrochemical

deactivation, followed by reversible adhesion of an adhesive in direct contact with a nonconductive

surface.

Here, we demonstrated the feasibility of controlling the adhesion of a catechol using in situ

electrochemistry when the adhesive is bound to a nonconductive surface. The adhesive was

polymerized over an aluminum mesh (AM) attached in a polydimethylsiloxane (PDMS) substrate,

where the metal mesh served as an electrode. A silver (Ag) electrode was fabricated on the

nonconductive surface as the counter electrode, where the Ag electrode was coated around the

periphery of the adhesive joint. This configuration enabled us to achieve 7n situ deactivation of

adhesive in direct contact with a nonconductive surface by applying electricity directly to the
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adhesive using lap shear test setup. The effect of the level of applied voltage, exposure time of the

applied voltage, the area of the adhesive interface, and mesh size on the extent of adhesive

deactivation was investigated. Finally, the reversible nature of the adhesive was explored by

incorporating phenylboronic acid as the protecting group into the adhesive formulation and the

polarity of the two electrodes were reversed to reactivate the adhesive.

MATERIALS AND METHODS

Materials

Methoxyethyl acrylate (MEA), 3-(trimethoxysilyl)propyl methacrylate (TMSPMA), acrylic acid

(AAc), 3-(acrylamido)phenylboronic acid (APBA), silicon oil, dimethyl sulfoxide (DMSO), and

dimethyl sulfoxide-d6 (DMSO-d6) 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). Dimethylformamide (DMF), diethyl ether,

hydrochloric acid (HCI), quartz glass, and ethanol were purchased from Fisher Scientific (Fair

Lawn, NJ). 2,2"-Azobis(isobutyronitrile) (AIBN) was purchased from Wako Pure Chemical

Industries, Ltd. (Osaka, Japan). High-strength grade 5 titanium (Ti surface (Ti6Al4V)) or sheet,

0.016" thick x 6" wide x6"long), aluminum wire cloth (8 x 8/16 x 16 mesh size, 0.097"/0.045"
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opening size, 60%/51% open area, 0.028"/0.018" wire diameter, respectively), ultra-chemical-

resistant poly(tetrafluoroethylene) (PTFE) sheet (1/6" thick), clear scratch- and UV-resistant cast

poly(methl methacrylate) (PMMA) sheet (1/16" thick), mirrorlike multipurpose 110 copper wire

(0.003" diameter), clear impact-resistant polycarbonate sheets (1/4" thick), high-strength high-

temperature silicone rubber sheet with adhesive-back (Red, 5 mm thick), borosilicate glass sheet

(3" x 3", 1/4" thick), and 200 g test weight were purchased from McMaster-Carr (Elmhurst, IL).

Sylgard 184 silicone elastomer was purchased from Dow corning (Midland, MI). Dopamine

methacrylamide (DMA) and an acidic solution (pH 3) were prepared following previously

published protocols'®. In brief, the pH 3 solution was prepared in the lab by titrating 1 M

hydrochloric acid (HCI) into a mixture of 1 L deionized (DI) water and 0.1 M sodium chloride

(NaCl).

Preparation of Adhesive-coated AM-attached PDMS (AM-PDMS)

Adhesive-coated AM-PDMS was prepared by attaching an aluminum mesh onto the surface of

PDMS followed by in situ polymerization of catechol-containing adhesive over AM-PDMS.

PDMS base and crosslinking agent mixture (10:1) was poured inside a cavity (1 inch x 1 inch)

created by compressing a PTFE mold (thickness of =3.5 mm) on a glass surface (Figure S1). The
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mixture was partially cured for 54 min at 60 “C. The PTFE mold was removed, leaving the partially

crosslinked PDMS on the glass surface. An aluminum mesh (mesh size = 8x8 or 16x16) was then

attached to the top of the PDMS surface and compressed with a hard polycarbonate mold

(thickness 5 mm) using binder clips and kept at 60 °C for 2 hours. Meshes with mesh sizes of 8x8

and 16x16 contains 8 and 16 openings, respectively, within a 1-inch square area. The prepared

sample was stored in a closed container until the next step.

To covalently link the adhesive coating onto the surface of AM-PDMS, AM-PDMS was

functionalized with a polymerizable methacrylate group, 3-(trimethoxysilyl)propyl methacrylate

(TMSPMA) (Scheme 1), following a previously published protocol??. The surface of AM-PDMS

was treated with oxygen plasma (200 W and 200 mTorr) for 5 min (Trion technology Phantom II,

Clearwater, FL). Then, the substrate was transferred immediately into a mixture of deionized (DI)

water and ethanol (1:1) containing 4 vol% of TMSPMA. The TMSPMA-functionalized AM-

PDMS was kept in this mixture for one hour with gentle nutation. After one hour, the substrate

was washed with DI water, dried with nitrogen, and kept inside a closed container until the next

step.
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Scheme 1. Preparation of adhesive-coated AM-PDMS. [ = R; = DMA, Il = R, = MEA, IIl =
MBAA, IV =R4 = APBA, ,and R3= AAc. The complete chemical
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structure of the copolymer is shown in figure S2. The AAc in the copolymer can simultaneously

interact with catechol, MEA, and boronic acid®? present in the adhesive.

To ensure that the adhesive was chemically linked to the TMSPMA -functionalized AM-PDMS,

100 YL of 0.1 mol% DMPA solution in ethanol was first added on top of the substrate, which was

then dried under a stream of nitrogen. TMSPMA-functionalized AM-PDMS was placed inside a

mold consisted of a silicone rubber enclosure (5 mm thick, 1.5x1.2x 0.2 inches) attached to a glass

slide (Figure S2). A precursor solution was prepared by dissolving MEA (3.0 mmol), DMA (1.6

mmol), MBAA (0.16 mmol), and DMPA (0.004 mmol) in 2.5 mL of DMSO. Separately, a solution

containing a linear copolymer of p(DMA-co-MEA-co-AAc) (Figure S3) was prepared by

dissolving 130 mg of the copolymer in 1 ml of DMSO. p(DMA-co-MEA-co-AAc) was

synthesized using AIBN-initiated polymerization of a solution containing MEA (0.514 mL, 4

mmol), DMA (88.4 mg, 0.4 mmol), and AAc (14.5 mg, 0.2 mmol) and AIBN (20 mg, 0.12 mmol)

dissolved in DMF (5 ml) at 60 °C for 24 h followed by precipitation in diethyl ether. A mixture

containing the precursor solution and p(DMA-co-MEA-co-AAc) solution was prepared with a

weight ratio of 75:25 between MEA and the copolymer. The entire mixture was purged with
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nitrogen and stirred for 1 hr. 3.3 ml of precursor-copolymer mixture was added over TMSPMA-

functionalized AM-PDMS and polymerized for 40 min in a UV cross-linking chamber (XL-1000,

Spectronics Corporation; Westbury, NY) located in a nitrogen-filled glovebox (PLAS

LABORATORIES; Lansing, MI). The adhesive-coated AM-PDMS was washed 3 times with pH

3 solution and incubated in pH 3 for 1 hour before testing to obtain the reduced form of catechol.

To prepare an adhesive that could be reactivated, 1.6 mmol phenylboronic acid (APBA) was added

to the precursor solution and the adhesive was prepared as described above.

Preparation of Ag electrode on Nonconductive Surface

Ag electrode was prepared by mixing a two-part epoxy adhesive containing 60% Ag particles

by weight and applied it onto a glass slide or a PMMA sheet (2 inch x 1 inch) (Figure S4). The

area (300 or 150 mm?) where the adhesive will come into contact with the substrate was first

covered by a Ti sheet. Next, the epoxy adhesive mixture was painted at the edge of the sheet. After

removing the sheet and waiting for 10 min, a second layer of the epoxy adhesive mixture was

painted over the coated electrode to seal the pinholes that may have formed during the curing

process. The thickness of the electrode was measured using a Filmetrics 3D Profilometer. The
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dimension of the Ag electrode was adjusted to fit around adhesive-surface interface so that the Ag

electrode is located immediately adjacent to the adhesive joint.

Lap Shear Adhesion Test

Lap shear adhesion test (Figure 1) was performed using a universal testing machine (UTM; MTS

Acumen 3, £3kN, MTS Systems Corporation, Eden Prairie, MN). A typical lap shear bond was

formed in a pH 3 buffer between the adhesive-coated AM-PDMS and plasma treated (15 W, 140

mTorr, 1 min) surface with an overlapped surface area of 300 or 150 mm?. A 200 g weight was

placed over the adhesive joint for 30 min to obtain a stable attachment. Then, the lap shear test

was performed following ASTM D5868. The adhesion strength was evaluated by following the

equation below.

Maximum adhesive force (N)

Adhesion strength = x 1000 kPa [Equation 1]

Area of lap shear bond (mm?)

To evaluate the ability to deactivate and reactivate the surface-bound adhesive in sifu, a power
source (Keithley 2460 Source Meter) was connected to the AM and Ag electrodes. To deactivate
an adhesive in direct contact with a nonconductive surface, adhesive joint was formed by

positioning the Ag electrode around the periphery of the adhesive, so that the interfacial bond was

formed between the adhesive and the surface substrate. The adhesive joint was loaded into the
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UTM using two clamps, where the clamp’s inner surface was covered with nonconductive tape to
avoid an electrical short circuit between the power source and UTM during electrical application.
Then, a voltage ranging from 10 — 20 V was applied for up to 4 min, and the power source recorded
the current flow through the adhesive. The samples were then pulled to failure immediately after
the application of electricity. For comparison purposes, a conductive Ti surface was used, and
electricity was applied without the Ag electrode. To reactivate the adhesive, the deactivated
samples were exposed to electricity with reversed polarity of the electrodes prior to adhesion

testing.

(a) Conductive/
Nonconductive

— / Surface

Adhesive

Power Conductive/
Al Mesh
Source 6’ Nonconductive +—— Al Mesh
— PDMS Surface

: !

Figure 1. (a) Schematic representation and (b) photograph of lap shear test setup used for adhesion
testing during in situ application of electricity.

Characterization of Adhesive Surface
The surface roughness of the deactivated adhesive was measured by scanning 800 x 800 um? area

using a Filmetrics 3D profilometer. The roughness value was reported as average roughness (Sa)
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and root mean square roughness (Sq)** 2°. The stiffness of the adhesive surface was assessed via

determining Young’s modulus of the adhesive at interface (£;,) by following previously published

oNOYTULT D WN =

protocol'®. In brief, Ti sphere was brought into contact with the adhesive at 1 pum/s until a
10 maximum preload of 10 mN was reached. The force (F) vs. displacement (0) curve was fitted with

the Hertzian model®® to determine E;,ras shown in the following equation,

1 3
16 _ 16R /ZEinfa /2

17 F 5 [Equation 2],

19 where R is the radius of curvature of the Ti sphere.

Statistical Analysis

24 SigmaPlot was used to perform statistical analysis. One-way analysis of variance (ANOVA)
with the Tukey method and Student’s t-test was used for comparing multiple and two groups,

31 respectively, using a p value of 0.05.

RESULTS AND DISCUSSION
39 Preparation of the Adhesive-coated AM-PDMS:

42 The catechol-containing adhesive used in this study was polymerized over a TMSPMA-
45 modified AM-PDMS through UV-initiated free-radical polymerization. During the process of
creating AM-PDMS, AM was pressed over partially cured PDMS, which created millimeter-sized
52 circular bumps on the surface PDMS (Figure 2). From the cross-sectional image, although AM

55 was attached within the PDMS substrate, Al wires were still exposed to the adhesive. These
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exposed wires of the mesh were necessary to directly conduct electricity to the adhesive coating

due to the poor conductivity of PDMS. The surface of the adhesive coating was flat and the average

thickness of the adhesive on the AM-PDMS substrate was around 2 mm.

During the adhesive coating process, ATR-FTIR was used to confirm chemical functionalization

during each coating step (Figure S5). The TMSPMA-coated AM-PDMS exhibited characteristic

peaks of C=C at 1642 cm’! and C=0 at 1733 cm™ to indicate the successful modification of

TMSPMA?% 2?7, The methacrylate in TMSPMA undergoes free radical polymerization with the

monomers found in the precursor solution so that the UV-cured adhesive can be covalently linked

to the PDMS surface. ATR-FTIR spectra of the adhesive coating confirmed the presence of MEA

(C=0 1732 cm! and C-H stretch 2689-3026 cm!) and catechol (-OH peak near 3387 cm™!, out-of-

plane C-H bending of the benzene ring at 709 cm')!'3. Adhesive were further formulated with a

p(DMA-co-MEA-co-AAc) which consist of 8.5 and 4.5 mol% of DMA and AAc, respectively,

based on 'H NMR (Figure S6). p(DMA-co-MEA-co-AAc) was added to the adhesive to form an

semi-interpenetrated network (S-IPN)-like structure to enhance intermolecular interaction within

the bulk of the adhesive matrix??. FTIR spectra of copolymer-incorporated adhesive exhibited an

increased peak intensity at 1732 cm! corresponding to the of C=0 of AAc from the copolymer.?
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10 Adhesive =2 mm

PDMS bump
Al mesh

Base PDMS

: L".
HHE

36 Before coatlng

39 Figure 2. (a) Schematic representation (left) and photograph (right) of the cross-sectional view

41 of adhesive-coated AM-PDMS. (b) Photographs of AM-PDMS before (left) and after (right)

44 coating with an adhesive. The inset shows the zoomed view of the millimeter-sized circular

surface, which is not visible after coating the substrate with the adhesive. AM mesh size is

50 16x16.
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Adhesion Property before Exposure to Applied Electricity:

Lap shear adhesion test was performed to evaluate the adhesive property of adhesive-coated

AM-PDMS in the absence of applied electricity. The typical adhesive used in these experiments

was prepared on a 16x16 AM-PDMS that contained 40 wt% of catechol relative to the MEA with

an adhesive overlapping area of 300 mm?. The adhesive demonstrated strong adhesion to

nonconductive glass and PMMA surfaces as well as conductive Ti surfaces (Figure 3). The

adhesion strength towards glass and Ti surfaces was around = 40 kPa. Catechol can interact with

glass through H-bonding” and Ti through monodentate or bidentate coordination bonds!Z.

Moreover, catechol can also interact with PMMA surface through H-bonding?®. However, the

adhesion strength towards the PMMA surface was slightly lower (30 kPa). A similar trend was

found in a previously published study?’. The contributions of other parameters on the measured

adhesion strength were also evaluated. Lap shear adhesion strength increased with increasing

catechol content and the formulation that did not contain catechol did not demonstrate measurable

adhesive property (Figure S7). Incorporation of p(DMA-co-MEA-co-AAc) also contributed to

increased adhesive property (Figure S8). The formation of hydrogen bonds between AAc and the

MEA and catechol of the adhesive network likely increased the toughness of the coated adhesive3!-
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3 This increased toughness of the adhesive contributed to the increased adhesion strength towards

the Ti surface3> 30,

20
a) —
—— Glass
15 PMMA

Force, N

0 2 4 6 8 10

Displacement, mm

b)

N
=)

w
=}
_

[
o

Adhesive strength, kPa

-
o

o

Ti Glass PM'MA

Substrates
Figure 3. (a) Lap shear curve, and (b) adhesion strength of the adhesives tested with various
interacting surfaces. The adhesives were prepared on 16x16 AM-PDMS, and the area of the

adhesive interface was 300 mm? in these experiments. * p < 0.05 when compared to the adhesive

tested with different interacting surfaces. (n = 3)

The effect of mesh geometry on the adhesive strength was also explored using 30x30, 16x16,

and 8x8 mesh sizes (Figure S9). The prepared substrate revealed the different sizes of PDMS
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bumps based on the mesh size. The substrate prepared with 8x8 mesh had bigger PDMS bumps

compared to the substrate with 30x30 mesh. After coating these substrates with the adhesive,

30x30 AM-PDMS-containing adhesive exhibited lower adhesion strength than the others. We

believe that the S-IPN-like adhesive, PDMS bumps, aluminum mesh, and base PDMS layer of the

substrate play a critical role in controlling the adhesive performance by dissipating energy into the

adhesive and PDMS 3 37- 38 Hence, the adhesion strength improved while using 16x16 AM-

PDMS. However, the diameter and rigidity of the mesh increased with increasing mesh size, which

can counteract the energy-dissipating mechanism. Therefore, the adhesion strength did not

improve further using the 8x8 AM-PDMS substrate.

Deactivation of Adhesive from Nonconductive Surface:

To deactivate the adhesive from a nonconductive glass surface, an adhesive interface was formed

between the adhesive and a glass surface containing an Ag electrode (Figure S10). The thickness

of the Ag electrode was around 700 um. Once the adhesive joint was formed, the electrode is

positioned around the periphery of the adhesive to create a close proximity between the adhesive

and the electrode for providing an electrical path during electrochemical oxidation. An electrical

potential of 10 — 20 V was applied using the Ag electrode as the cathode and AM as the anode.
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Adhesion strength decreased with increased applied voltage (Figure 4). As expected, the current

recorded 7n situ also increased with increasing level of applied voltage. Fluctuation of the current

oNOYTULT D WN =

level was observed due to the oxygen and hydrogen bubbles generated by water electrolysis3® 40,

14 Similar results were also observed in our previously published studies!'”- 8. However, the adhesive

17 strength was reduced by 98% when 20 V was applied for 4 min when compared to the virgin

adhesive. Similarly, adhesion strength also decreased with an increased exposure time (Figure 4d

24 and e). The Sa and Sq roughness of the adhesive was around 0.6 - 0.8 um and there was no

27 significant change after deactivation (Figure S11). On the other hand, the stiffness of the adhesive

surface increased after applied electricity (Figure S12). This result may be attributed to catechol

34 oxidation and crosslinking resulting in the formation of a stiffener network!3.

—— Virgin

—— 10V 4 min
15V 4 min

—— 20V 4 min

Force, N

Displacement, mm
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Figure 4. (a) Force vs. displacement curve, (b) adhesion strength, and (c) recorded current for

adhesive adhere to a glass surface with different levels of applied voltage for 4 min. (d) Force vs.

displacement curve and (e) adhesion strength of adhesive when exposed to 20 V for up to 4 min.

The electricity was applied using cathodic AM and anodic Ag electrodes. The adhesive contained

40 wt% of catechol relative to the MEA. The adhesives were prepared on 16x16 AM-PDMS

substrates. The area of the adhesive interface was 300 mm? in these experiments. “p < 0.05 when

compared to the virgin adhesive. (n = 3)

The supplementary Videos S1 and S2 captured the deactivation process of the adhesive from a
glass surface weighted with a mass of 200 g. The adhesive detached from the glass surface at 2
min 10 sec, (Video S1). The adhesive detached due to the reduction of the adhesion strength to the
extent that the adhesive could no longer carry the weight attached to it. When viewing the adhesive
joint through the glass surface, cracks in the interfaced formed near the edges of the adhesive joint

almost immediately when electricity was applied (Video S2). These cracks propagated toward the

center of the adhesive joint and finally led to the complete detachment of the adhesive around 2

min.

The adhesion strength decreased after applying the electrical field due to the oxidation of

catechol at the adhesive interface!8. The oxidized catechol appeared red in color, which is visible

on the surface of the detached adhesive after deactivation (Figure S13). The red color was more
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intense near the Ag cathode along the edges of the adhesive, indicating that the extent of catechol

oxidation was higher in these areas. Correspondingly, the pH near these regions was also more

basic (pH 7-8) when compared to the central region of the adhesive (pH 5-6) (Figure S14). The

application of electricity potentially initiated water electrolysis, which increased the pH near the

cathode and induced catechol oxidation. To verify the change in pH at the interface, phenol red, a

pH indicator, was added to the adhesive during deactivation (Video S3). The water at the interface

turned red, indicating a shift in the pH of interfacial liquid to a basic pH.

When the contacting area at the interface was reduced from 300 mm? to 150 mm?, the adhesive

was deactivated at a faster rate (Figure S15). For adhesive with an interfacial area of 150 mm?, the

adhesive strength decreased linearly at a rate of 19.2 kPa/min (Table S1). On the other hand, the

rate of decrease for adhesive with an interfacial area of 300 mm? was much lower (< 15 kPa/min).

The red coloration associated with the oxidation of catechol appeared throughout the entire surface

of the 150 mm? adhesive (Figure S15c) rather than an intense discoloration near the cathode for

300 mm? adhesive (Figure S14). Additionally, an increased current level was recorded while

deactivating the adhesive (4-5 mA for 150 mm?, Figures S15d) compared to the current level

observed while deactivating the adhesive with a 300 mm? interface (~2 mA; Figure 4c). The pH of
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the interfacial liquid was also found to be more basic for the smaller interfacial area (Figure S16).

These results collectively indicated the rate of deactivation increased with decreasing surface area

at the interface. For a smaller interfacial area, any given portion of the adhesive is located closer

to the counter electrode when compared to that of an adhesive with a larger surface area. As such,

it resulted in a larger change in local pH gradient and more complete and uniform catechol

oxidation. Most importantly, the electrical resistance for the smaller adhesive was also lower,

which facilitated faster deactivation.

Similarly, an adhesive coated onto an 8x8 AM-PDMS demonstrated significant higher reduction

in adhesion strength when compared to adhesive coated on a 16x16 AM-PDMS (Figure S17).

Wire diameter for 8x8 AM (diameter = 0.028") was significantly higher when compared to that of

the 16x16 AM (diameter = 0.018"), which resulted in a significant increase in the level of recorded

electrical current*-42. These results collectively indicated that the level of electrical current passing

through the adhesive interface has a significant impact on the rate of adhesive deactivation.

In addition to glass surface, catechol-containing adhesive also successfully deactivated from a

polymeric and nonconductive PMMA surface (Figure S18). The time it took to completely

deactivate the adhesive was similar to that obtained for the glass surface. However, it took only 90
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sec to deactivate the adhesive bound to a conductive Ti surface (Figure S19). Using a conductive

material as an interacting surface eliminated the need of the Ag electrode. In addition, the entire

area of the conductive (Ti) surface served as a cathode (300 mm?) to apply electricity directly to

the adhesive (Scheme S1). On the contrary, the inner periphery of the Ag cathode was only

available to apply electricity to the adhesive for deactivating it from the nonconductive glass and

PMMA surfaces. As such, deactivating the adhesive from a conductive surface was faster than

deactivating it from a nonconductive surface.

Electrochemical Reversibility of the Adhesive

To preserve catechol for repeated electrochemical reactions, a temporary protecting group in the

form of phenylboronic acid, APBA, was further incorporated into the adhesive at a same

concentration as DMA. ATR-FTIR spectra of the APBA-containing adhesive exhibited a new peak

at 1300-1400 cm!, which corresponded with the B-O stretching found in boronic acid (Figure

S20)!7. The adhesive property of samples that contain both APBP and DMA decreased when

repeatedly exposed to 20 V for 3 min (Figure 5a and Scheme S2). The adhesion strength dropped

by 90% after the application of electricity. When the polarity was reversed, adhesion strength was
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recovered by using the Ag electrode as an anode for up to 3 cycles. The reduced adhesion strength

was due to the formation of the catechol-boronate complex at basic pH formed by the water

oNOYTULT D WN =

electrolysis around the cathode!” 3. At the recovery phase, the reverse polarity of the electrodes
14 created a reversed pH gradient between the electrodes relative to the pH gradient that formed
17 during the deactivation process. Thus, an acidic pH was obtained near the anodic Ag electrode and
dissociated the complex formed in the adhesive. ATR-FTIR spectra confirmed the formation and
24 disappearance of a new peak at 1494 cm™! associated with the catechol-borate complex in each

27 deactivation and reactivation step (Figure 5b) 7.
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Figure 5. (a) Adhesion strength of the adhesives tested with interacting glass surface in successive

contact cycles with the application of 20 V for 3 min (denoted as D) using cathodic Ag electrode

for the reduction of the adhesive property and anodic Ag electrode for recovering adhesion

(denoted as R). Numerical values 1-3 after D or R represent the cycle number. * p < 0.05 when

compared to the preceding contact cycle (n = 3). (b) ATR-FTIR spectra of deactivated and

reactivated samples in each cycle.

Taken together, we demonstrated that it is feasible to deactivate catechol-containing adhesive

from nonconductive glass and polymeric surfaces. The adhesive was coated on AM-attached

PDMS, while the mesh wires were exposed to the adhesive. These exposed wires enabled the

application of electricity through the adhesive without relying on the poorly conductive adhesive.

The counter Ag electrode was fabricated around the adhesive’s periphery to conduct electricity

utilizing the ionic conductivity of water in the adhesive joint. The utilization of Ag-containing
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paste was a flexible approach to fabricating the counter electrode while creating the adhesive-

nonconductive surface interface. This electrode configuration enabled the positioning of two

electrodes across the adhesive joint without interfering with the bonding of the adhesive at the

interface.

We tested various parameters that affected the process of in situ deactivation. Specifically,

configurations that increased the level of electrical current passing through the adhesive joints

(e.g., elevated voltage lever, reduced interfacial area to increase proximity to counter electrode,

and increased mesh wire diameter) contributed to faster deactivation. Moreover, the deactivation

process can be influenced further by modifying catechol with electron donating or withdrawing

group**47. On the contrary, using the AM-PDMS substrate has multiple advantages over a solid

metal plate. The AM increased the sample’s flexibility and could easily be prepared in different

shapes or sizes. Also, it uses less material than an expensive metal plate while providing similar

deactivating functionality. In addition, The PDMS served as a compliant backing layer, which is

easily processable in various shapes or sizes, less expensive than a metal plate, and has excellent

corrosion resistance properties*®. PDMS is also an attractive material that can be modified to

provide different properties such the incorporation of conducting additives or biopolymers*>-32,

However, deactivation from the nonconductive surfaces occurred at a slower rate when compared
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to the test set up where a conductive metal was used both as a substrate and a counter electrode.

Increasing the electronic conductivity of the adhesive by adding conductive particles or polymers

may be required to speed up the deactivation process>>>3. Nevertheless, the ability to deactivate

catechol-based adhesives using applied electricity beyond conductive surfaces greatly increases

the potential utility of this technology.

CONCLUSIONS

Catechol-based smart adhesive polymerized on the AM-PDMS substrate was deactivated

successfully from nonconductive glass and PMMA surfaces with applied electricity utilizing a

two-electrode system. One electrode was imbedded within the adhesive while the counter electrode

was coated around the periphery of the adhesive joint. This configuration enabled the passing of

electrical current across the interface to deactivate the bound adhesive. The lap shear adhesion

strength decreased by more than 98% when compared to the virgin adhesive. Water electrolysis

initiated by the applied electricity formed a basic pH near the cathode and slowly deactivated the

surface-bound adhesive via the electrochemical oxidation of catechol. Adhesive formulations that

were further incorporated with phenylboronic acid demonstrated the ability to be reactivated when

the polarity of the applied electricity was reversed.
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