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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 ’



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.















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 um.

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
ﬂf\ 7
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@
£
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__‘_‘————'—'_\r—'—'_‘—-ﬁ"_q
Y
4000 3000 2000 1000

Wavenumber (cm™)

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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+ 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 B 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-ARO0.4, AD-AR1 and AD-AR2 tested at pH 9.

The arrows indicate the formation of the catechol-boronate complex at 1495 cm™.

AD-Flat

| AD-AR0.4 \

A s N e
NEAIAN
\ \

2000 1800 1600 1400 1200 1000

% Transmission

Wavenumber (cm'1)

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.
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Figure 46. Wagnh (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). Wagh 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 £
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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 (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 significantly

different.
AD-AR0.4 AD-AR1 AD-AR?2
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 25
‘+ AD-AR0.4 —a— AD-AR1 —¢— AD-AR2 b ‘+ AD-AR0.4 —m— AD-AR1 —e— AD-AR2
800 - 20
<\§E_ 600 § 15
I X
= 400 - < 104
< el
B @
= 200 g 5 1
0l 0| ———
10 20 40 80 10 20 40 80
Preload (mN)

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-AR0.4 AD-AR1 AD-AR2
Preload | Wadh | Sash | Wadh | Sadn Woadn Sadh
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

137



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). Wagh 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-
A A A A A A A A
ARO.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-ARO0.4 (a), AD-ARL1 (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.

140



Table 29. Statistical analysis for Fmax () 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-AR2

Pre-

Fmax Anmax Fmax Anmax Fmax 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 D| A D| 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-€), AD-ARO0.4 (b-f),
AD-ARL1 (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.

Bare Bare Bare AD- AD- AD- AD-
Cycle #

ARO0.4 | AR1 AR2 Flat AR0.4 | ARl AR?2

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-
ARO.4 AR1 AR2 ARO.4 AR1 AR2
1%t contact:
A A A A A A A
pH 3
2" contact;
A A A A A B A
pH9
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 Sagn 0f 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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