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Single-molecule interaction force measurements of
catechol analog monomers and synthesis of adhesive

polymer using the results

Shougo Kinugawa!, Sigian Wang?, Shu Taira®, Akihiko Tsuge! and Daisaku Kaneko!?

We measured the single-molecule interaction force between various hydroxybenzoic acids and a SizN4 cantilever by atomic force
microscopy in force curve mode. The hydroxybenzoic acids have different numbers/positions of hydroxyl groups covalently
attached to the aromatic ring. The adhesion properties of these hydroxybenzoic acids were compared to determine the effect of
the hydroxyl groups on single-molecule interactions. As the number of hydroxyl group increased, the number of single-molecule
interactions increased and the interaction force also increased. The catechol system with two hydroxyl groups on the aromatic
ring, similar to that found in mussel adhesive, has been well studied. Here, we demonstrate that gallic acid (GA) with three
hydroxyl groups on the aromatic ring showed good adhesion and a large number of single-molecule interactions. We synthesized
GA adhesives that exhibited sufficiently strong adhesion (10 MPa) to be of practical use.
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INTRODUCTION
The importance of adhesives is often overlooked; however, adhesives
are critical in many areas such as engineering, architecture, the
automotive industry and medicine. There are many different types
of adhesives tailored to different purposes. Most of these adhesives are
based on petroleum products that are not environmentally friendly,
often constitute a health hazard and are also likely to become scarcer
in the near future. Bio-based adhesives have attracted intense interest
because of stricter environmental and health regulations.'~10

Many researchers interested in adhesives have recently become
interested in how mussels achieve strong adhesion to both organic and
inorganic surfaces, even in sea water. Waite et al.b? discovered that
mussels produce an adhesive protein containing the amino acid
3,4-dihydroxyphenyl-L-alanine (DOPA) that contains a catechol
group. Messersmith et al>” applied the adhesive characteristics of
DOPA to protein adhesives and soft adhesive sheets. Ruiz-Molina
et al.®? expanded the availability of catechol-based systems in which
the adhesion mechanism depends on the two adjacent hydroxyl
groups on the catechol aromatic ring. Single-molecule force spectro-
scopy measurements of the interaction between DOPA and a titanium
surface in water revealed that the catechol group is strongly adhesive,
and the adhesive strength easily exceeds the strength of a double
hydrogen bond and the interaction strength of a tyrosine residue!l.
Recently, Li et al.'? revealed that DOPA adopts different binding
modes depending on the surface. They measured the single-molecule
interaction force between DOPA and nine surfaces, including Si,

Au and polytetrafluoroethylene, in 100 mm Tris-HCl and 50 mm NaCl
(pH 7.2) using a ‘multiple fishhook’ force spectroscopy technique.!?

To explain catechol adhesion, we focused on the number of
hydroxyl groups and their position on the aromatic ring. The catechol
group has two hydroxyl groups that are adjacent to each other that
may explain its strong adhesion. The adhesive force increases as the
number of hydroxyl groups on the aromatic ring increases. Gallic acid
(GA) is a natural compound that has three adjacent hydroxyl groups
on the aromatic ring. GA has been used in studies on wood
adhesives,'>!* surface coatings'>!® and self-adhering lipids.!”~!°
To determine the adhesive strength of GA, in this work we performed
single-molecule force spectroscopy measurements of hydroxybenzoic
acids (Figure 1) and investigated the relationship between the number
and position of hydroxyl groups on the aromatic ring and single-
molecule interaction strength. The adhesive strength of GA was the
same as that of the catechol group; therefore, we synthesized a GA
adhesive polymer.

We have previously reported the adhesive properties of
plant-derived cinnamic acid monomers containing catechol groups
and the synthesis of mussel-mimetic polyester adhesives from plant-
derived monomers®*?? used as petroleum substitutes. In contrast to
these previous studies of the catechol group, the main chain of our
adhesive polymer in this work was designed to be a continuous
structure of aromatic rings, thus providing chemical and physical
stability. These bio-based adhesives have appealing properties
such as biocompatibility,>> high heat resistance and suitability for
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Figure 1 Chemical structures of the hydroxybenzoic acid analogs studied in this paper.
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Figure 2 (a) Image of single-molecule interaction force measurement using atomic force microscopy (AFM; red circles: hydroxybenzoic acid, black circles:
methoxyacetic acid, blue line: polyethylene glycol (PEG)). (b) Example of a force curve (p-hydroxybenzoic acid). Black line is the fit to the worm-like chain
(WLC) model. A full color version of this figure is available at Polymer Journal online.

fiber-reinforced  resins  because of their strong adhesive
characteristics.”»?> We recently developed bio-based super adhesives
with adhesive strength exceeding that of epoxy resin®® using the semi-
flexible bio-monomers 3,4-dihydroxyhydrocinnamic acid (DHHCA)
and 3-(3-hydroxyphenyl)propionic acid (3HPPA).

In this paper, we synthesized a copolymer of GA and glycolic acid
(GLA) using the same method used to synthesize the bio-based
super adhesives and obtained a white polymer with a melting point of
~90°C and with an adhesive strength equivalent to commercially
available instant adhesive. GA has antibacterial and anti-inflammatory
effects?”28 in addition to its adhesive qualities, and therefore
we thought about applying this adhesive polymer for medical

applications.

MATERIALS AND METHODS

Preparation of the Si surface

A silicon (100) wafer was cut into ~ 1 cm squares using a diamond pen to
provide the substrates. The substrates were washed with acetone and dried in a
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desiccator, cleaned in a UV-ozone cleaner (UV253E, Filgen, Aichi, Japan) for
15 min and then immersed in piranha solution (H,0,/H,SO, = 1:4) for 60 min
to remove impurities and generate surface hydroxyl groups. Next, the substrates
were immersed in 20% (v/v) 3-aminopropyltrimethoxysilane in toluene for
30 min to introduce surface amine groups. The amidated substrates were
functionalized with polyethylene glycol (PEG) by immersion for 18 h in 5 mm
Boc-PEG-N-hydroxysuccinimide (Mw: 3400 Da; BO-034TS, NOF, Tokyo,
Japan) dissolved in dimethyl sulfoxide/H,O = 1:4. The Boc protecting groups
on PEG were deprotected with trifluoroacetic acid for 5 min and then the PEG
amine groups were coupled with a hydroxybenzoic acid analog (Figure 1) and
methoxyacetic acid (molar ratio=1:3) using a condensing agent solution
(0.25m 1,1,3,3-tetramethyluronium hexafluorophosphate, 0.28 M 1-hydroxy-
1H-benzotriazole monohydrate, 0.47 m diisopropylethylamine, 4.3 M N-methyl-
pyrrolidone and 0.12 M carboxylic acid (p-hydroxybenzoic acid/methoxyacetic
acid=1:3) in N,N-dimethylformamide) for 14 h. The substrates were then
washed with N,N-dimethylformamide and acetone.

Cleaning the atomic force microscope tip surface
SisN, atomic force microscopy (AFM) cantilevers (0.06 Nm~!, NP-S10,
Veeco, Plainview, NY, USA) were cleaned with a UV-ozone cleaner



(UV253E, Filgen) for 15min and then with piranha solution
(HyO»/H;SO4=1:4) for 60 min to remove impurities and generate surface

hydroxyl groups, and finally washed with ultrapure water and acetone.

Single-molecule force spectroscopy measurements

Force spectroscopy measurements were carried out in phosphate buffer saline
(pH 7.97)%° at 25°C using a multimode AFM (Nanoscope Illa, DI, Santa
Barbara, CA, USA) equipped with an AFM cantilever (SizN,; NP-S10, Veeco)
with a spring constant of 60 pN nm~! and using Nanoscope Version 5.30r2
software. Discrepancies in measurements due to differences in the spring
constants of cantilevers were avoided by conducting all measurements with the
same tip. The measurement method is illustrated in Figure 2. First, the
modified Si substrate was placed on the sample stage, and then the cantilever
was brought close to the sample using a speed setting with a ramp size of
500 nm and a scan rate of 0.4895 Hz. The cantilever was pressed onto the
surface with a force of 11-12 nN. The AFM tip was then detached from
the surface with the same speed setting and the deflection of the tip was
measured.

Data analysis of the force curves

The force curves were analyzed with an in-house protocol written in Igor Pro
6.1.2.1 (Wavemetrics, Portland, OR, USA). The cantilever deflection signal (V)
of the force curves was multiplied with the sensitivity (nm V1) to convert it to
force (nN). The sensitivity was calculated from the contact slope of the force
curves and the spring constant (60 pN nm~1!). The height signal for the
bending of the cantilever was converted to tip-sample separation as previously
described® and the force curves were fitted by using the worm-like chain
(WLC) formula (Equation (1)) in the Igor Pro software. The persistence length
(Ip) and contour length (Lc) from the WLC fitting were used to prepare an lp
histogram by collecting peaks from the hydroxybenzoic acid force curve that
appeared to arise from single molecules, allowing the Ip of a single molecule to
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Figure 3 (a) Scatter plot of persistence length (Ip) and contour length (Lc)
for p-hydroxybenzoic acid and SizNs at a loading rate of 489.5 nms~! in
phosphate buffer saline (PBS) (pH 7.97). (b) Histogram of Ip (n=93 in
1000 force curves, bin width of 0.02 nm). Only peaks that appeared to be
single-molecule peaks were chosen for the scatter plot and histogram, and
the peaks were fitted with the worm-like chain (WLC) model. A full color
version of this figure is available at Polymer Journal online.
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be determined. Lp peaks in the center range of values on the histogram
+0.05 nm were treated as single-molecule peaks.

ky T |1 *\ 2 x 1
Ex) = 2= |-(1- = AR
() A {4( LC> L 4}

where x is the distance between tip and sample surface, T is the temperature
and ky, is the Boltzmann constant.

—
—
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Synthesis of poly(GA-co-GLA)

Synthesis scheme is shown in Figure 6a and described as follows. The boiling
temperature of GLA was increased by heating GLA (2.85 g, 37.5 mmol) in an
oil bath at 175°C in a vacuum (below 2.4 kPa) for 30 min, and then the
product was mixed with GA (2.13 g 12.5 mmol), Na,HPO, (0.43 g, 3 mmol)
and acetic anhydride (8 ml, 85 mmol). The mixture was stirred in an oil bath at
120 °C for 2 h, and then excess acetic anhydride was removed by heating at
150 °C for 20 min in vacuum (below 2.4 kPa). The flask was placed in a mantle
heater and heated at 120 °C for 8 h in a vacuum (50-300 Pa). Differential
scanning calorimetry (DSC) measurement was carried out with a DSC7020
(Hitachi High-Technologies, Tokyo, Japan) in the temperature range 25 to
200 °C at a heating rate of 10 °C min~ ..

Sample preparation for adhesive strength test

Carbon substrates (50 X 10 mm, 10 mm thick) were obtained from Masuda
(Osaka, Japan) and used as received. The carbon substrates were put on a hot
press machine heated at 200 °C for 5 min and then poly(GLA-co-GA) was
melted on the heated carbon substrates for 5 min. Next, a carbon substrate was
placed in contact with another substrate to provide a contact area of 1 cm? and
the two substrates were held together with a binder clip for 15 min while
cooling to room temperature. Commercially available cyanoacrylate adhesive
(Aron Alpha, Toagosei, Tokyo, Japan) was used to provide a comparison for
the adhesive strength. Cyanoacrylate adhesive was placed on a carbon substrate
and placed in contact with another substrate to provide a contact area of 1 cm?
and held together with a binder clip for 20 h at room temperature to allow
complete curing.

Shear strength measurement of adhesive bonds by compression
loading

Shear adhesion tests by compression loading were conducted by using a tensile
testing machine (3366, Instron, Canton, MA, USA) at a crosshead speed of
1 mm min~!. The force and displacement of the fixture were simultaneously
monitored, and stress was defined as force divided by the bonding area.

RESULTS AND DISCUSSION

Persistence length of single-molecule interactions

The persistence length (Ip) of single-molecule interactions was
determined by collecting force curve peaks corresponding to single
hydroxybenzoic acid peaks. These peaks were fitted with the WLC
model to obtain the Ip and contour length (Lc) of the peaks. Figure 3a
shows the scatter plot for lIp and Lc. Most Lc values were 20-30 nm.
PEG (Mw: 3400 Da) used to modify the substrates comprises an
average of 70 ethylene glycol units. A previous study! indicated that
the molecular length of each ethylene glycol unit in the planar state
and helical state of PEG is ~ 3.59 and 2.80 A, respectively, allowing the
full-length planar and helical state of PEG to be estimated as 25 and
20 nm, respectively. This estimate is roughly consistent with the scatter
plot. Figure 3b shows a histogram of lp values. Gaussian fitting of
Figure 3b provided an lp value of 0.13nm for a single-molecule
interaction that is inconsistent with the lp value (0.38 nm +0.002 nm)
reported previously.3? This difference may be caused by the effect on

the polymerization of the silane coupling agents.>>34
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Figure 4 (a) Number of peaks fitted by the worm-like chain (WLC) model from 300 force curves for each molecule tested. Methoxy: methoxyacetic acid,
OH1: p-hydroxybenzoic acid, OH2-o: 3,4-dihydroxybenzoic acid, OH2-m: 3,5-dihydroxybenzoic acid, OH2-p: 2,5-dihydroxybenzoic acid, OH3: 3,4,5-
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groups. (c) Histogram (bin width of 20 pN) of single-molecule interaction force of hydroxybenzoic acids with two hydroxyl groups in various positions. A full

color version of this figure is available at Polymer Journal online.

Comparison of single-molecule interaction strength of
hydroxybenzoic acids

The Si surface of the substrates was modified with hydroxybenzoic
acid-terminated PEG and the interaction force between the hydro-
xybenzoic acid and the AFM tip surface (Si3N4) in phosphate buffer
saline (pH 7.97) was measured at 25 °C by AFM. The WLC model was
used to fit 300 force curves of each compound shown in Figure 1. The
number of peaks fitted was 56 for methoxyacetic acid, 41 for
p-hydroxybenzoic acid, 334 for 3,4-dihydroxybenzoic acid, 117 for
3,5-dihydroxybenzoic acid, 229 for 2,5-dihydroxybenzoic acid and 640
for 3,4,5-trihydroxybenzoic acid (Figure 4a). The results show that as
the number of hydroxyl groups in the aromatic ring increases, the
number of interaction events increases, with 3,4-dihydroxybenzoic
acid providing the most interaction events. Unexpectedly, a hydroxyl
group at the para position provides more interaction events than a
hydroxyl group at the meta position. The adhesion surface was SizNy
treated with piranha solution. Silanol groups (3—4.9 sites per nm?) and
silylamine groups (0.05-2 sites per nm?) are present on SizN, surfaces
treated with an oxidizing agent such as a mixture of potassium
dichromate and sulfuric acid.>> Therefore, it is expected that there
were silanol and silylamine groups on the AFM tip surface treated with
piranha solution. The increase in the number of interaction events
with the number of hydroxyl groups on the aromatic ring was
probably caused by the silanol and silylamine groups on the AFM tip
surface hydrogen bonding with the hydroxyl groups of hydroxylben-
zoic acids. The increased number of interaction events with a para
position hydroxyl group compared with a meta position hydroxyl
group may have arisen from the quinone C = O group interacting with

Polymer Journal

the NH, groups on the AFM tip surface to generate a Schiff base.
Mussel-inspired adhesive research has shown that quinone DOPA
reacts with the amine group of the lysine side chain. Quinones can be
either ortho or para, but not meta. Therefore, the number of
interaction events of m-dihydroxybenzoic acid was lower than that
of other dihydroxybenzoic acids (Figure 5a). It has been reported that
quinone-type GA also reacts with amine groups at pH 8.3 We
collected lp peaks in the range of 0.13 +0.05 nm for 300 force curves
for each molecule and constructed single-molecule interaction force
histograms from the data (Figures 4b and c). After Gaussian fitting,
the center values of the interaction forces were 124 pN (methoxyacetic
acid, n=22), 153pN (p-hydoroxybenzoic acid, n=16), 269 pN
(3,4-dihydroxybenzoic acid, n=142), 229 pN (3,5-dihydroxybenzoic
acid, n=57), 240 pN (2,5-dihydroxybenzoic acid, n=102) and
274 pN (3,4,5-trihydroxybenzoic acid, n=157). These results show
that the single-molecule rupture force increased when the number of
hydroxyl groups on the aromatic ring increased from 1 to 2, although
when the number of hydroxyl groups increased from 2 to 3, the
rupture force increased only slightly. It is possible that two hydroxyl
groups touched the AFM tip surface when the PEG molecule was
lifted. It was reported that GA adsorbs onto a TiO, substrate through
two hydroxyl groups, and the third hydroxyl group does not
contribute to the chemical adsorbtion.’” Our results suggest to be
consistent with the previous reports (Figure 5b). If the positions of the
two hydroxyl groups are different, despite the compatibility of the
center values provided by Gaussian fitting with the results of the
interaction events, an increase in the distance between the hydroxyl
groups seems to increase the frequency of weak interaction forces.



D
Z A
AN

Single-molecule interaction force measurements
S Kinugawa et al

o H o NH % 0. NH
(@] NH
(o]
o HO OH o OH
\ NH3+ N = N
Ortho Meta Para
Dihydroxybenzoic acid Gallic acid
b H ,71
NH NH
0 o)
A\
H
H—O 6] B
A A
VK H o h Vo H o
' 1 H
1} / \

3,4-Dihydroxybenzoic acid

Gallic aicd

Figure 5 (a) Illustration of interaction between NH, groups of tip surface and hydroxybenzoic acids. Meta-dihydroxybenzoic acid does not form covalent bond
with NH, groups because it does not become quinone type. (b) The third hydroxyl group of gallic acid does not interact with tip surface because of the

distance.

It has been reported that single-molecule interaction forces between
the phenylalanine side chain and a Si surface in water are 219+ 18
pN.38 The present work shows that two hydroxyl groups interact more
easily as they become closer and the substrate surface interacts with the
aromatic rings.

Synthesis of adhesive polymer using GA

Our results indicate that GA, like the catechol group, can be used as an
adhesion molecule. Therefore, we synthesized an adhesive polymer
using GA. GA was polymerized to increase its melting point. GLA is a
natural product extracted from sources such as sugarcane, and poly
(GLA) is used in medical devices such as sutures. We previously
reported a hyper-branched adhesive polyether (poly(DHHCA-co-
3HPPA)) with a catechol group at the end of the molecular
chain?®26 whose adhesive strength was greater than 25.6 MPa for
glass, 29.6 MPa for carbon, 15.7 MPa for steel and 16.3 MPa for
bovine dentin, exceeding that of epoxy resin adhesive.’® We here
prepared a copolymer of GA and GLA (poly(GA-co-GLA)) by using
the same method as for poly(DHHCA-co-3HPPA). A white polymer
(Figure 6b) was obtained with a melting point at ~ 90 °C, determined
by DSC measurements. The adhesive strength of this polymer to a
carbon substrate (Figure 7b) was similar to that of a commercially
available cyanoacrylate adhesive cured for 20 h at room temperature

(Figures 7a and c). The adhesive strength of poly(GA-co-GLA) was
lower than that of epoxy resin and our poly(DHHCA-co-3HPPA)
adhesive, probably for the following two reasons. (1) GA has three
hydroxyl groups and thus the polymer is highly branched and its
melting temperature easily increases. To obtain a low melting
temperature, we used a relatively low molecular weight
(Mw=13000). As the molecular weight of a polymer decreases, the
entanglement of the polymer decreases, decreasing the adhesive
strength. (2) GA contains hydroxyl groups and a carboxylic group
directly bonded to the aromatic ring. If the polymer consisted of only
GA, it is expected that the bulk material would be fragile because of
the rigidity of the molecular chain. Therefore, we intend to improve
the adhesive strength of the polymer by introducing long, soft chains
to the chemical structure of the polymer.

In this paper, we investigated the relationship between single-
molecule interaction force and the number and position of hydroxyl
groups on the aromatic ring of hydroxybenzoic acids. The number of
interaction events increased with the number of hydroxyl groups. The
increase in the single interaction force was greater when the number of
hydroxyl groups increased from 1 to 2 than when it increased from
2 to 3. As the distance between the hydroxyl groups increased, the
interaction force decreased slightly. The results suggest that GA can be
used as an adhesive molecule, as can the catechol group. An adhesive
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polymer was prepared from GA and GLA that exhibited an adhesive
strength to a carbon substrate similar to that of a commercially
available cyanoacrylate adhesive.
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