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Abstract: In recent years, there has been considerable research into functional materials inspired by
living things. Much attention has been paid to the development of adhesive materials that mimic the
adhesive proteins secreted by a mussel’s foot. These mussel-inspired materials have superior adhe-
siveness to various adherents owing to the non-covalent interactions of their polyphenolic moieties,
e.g., hydrogen bonding, electrostatic interactions, and even hydrophobic interactions. Various factors
significantly affect the adhesiveness of mussel-inspired polymers, such as the molecular weight,
cross-linking density, and composition ratio of the components, as well as the chemical structure of
the polyphenolic adhesive moieties, such as L-3,4-dihydroxyphenylalanine (L-Dopa). However, the
contributions of the position and distribution of the adhesive moiety in mussel-inspired polymers are
often underestimated. In the present study, we prepared a series of mussel-inspired alkyl methacry-
late copolymers by controlling the position and distribution of the adhesive moiety, which are known
as “forced gradient copolymers”. We used a newly designed gallic-acid-bearing methacrylate (GMA)
as the polyphenolic adhesive moiety and copolymerized it with 2-ethylhexyl methacrylate (EHMA).
The resulting forced gradient adhesive copolymer of GMA and EHMA (poly(GMA-co-EHMA), Poly1)
was subjected to adhesion and dispersion tests with an aluminum substrate and a BaTiO3 nanopar-
ticle in organic solvents, respectively. In particular, this study aims to clarify how the monomer
position and distribution of the adhesive moiety in the mussel-inspired polymer affect its adhesion
and dispersion behavior on a flat metal oxide surface and spherical inorganic oxide surfaces of several
tens of nanometers in diameter, respectively. Here, forced gradient copolymer Poly1 consisted of a
homopolymer moiety of EHMA (Poly3) and a random copolymer moiety of EHMA and GMA (Poly4).
The composition ratio of GMA and the molecular weight were kept constant among the Poly1 series.
Simultaneous control of the molecular lengths of Poly3 and Poly4 allowed us to discuss the effects on
the distribution of GMA in Poly1. Poly1 exhibited apparent distribution dependency with regard to
the adhesiveness and the dispersibility of BaTiO3. Poly1 showed the highest adhesion strength when
the composition ratio of GMA was approximately 9 mol% in the portion of the Poly4 segment. In
contrast, the block copolymer consisting of the Poly3 segment and Poly4 segment with only adhesive
moiety 1 showed the lowest viscosity for dispersion of BaTiO3 nanoparticles. These results indicate
that copolymers with mussel-inspired adhesive motifs require the proper design of the monomer
position and distribution in Poly1 according to the shape and characteristics of the adherend to
maximize their functionality. This research will facilitate the rational design of bio-inspired adhesive
materials derived from plants that outperform natural materials, and it will eventually contribute to
a sustainable circular economy.

Keywords: mussel-inspired polymer; adhesive; dispersant; forced gradient polymer; L-3,4-
dihydroxyphenylalanine; dopamine; gallic acid; BaTiO3
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1. Introduction

Non-human living things have a variety of capabilities that surpass those of humans
and enable them to remain active even in the harshest of environments. Such superior capa-
bilities have inspired the creation of biomimetic materials [1,2]. For example, the adhesive
capability of a mussel’s foot has been studied extensively. It is well known that catechol,
which is a polyphenol, is expressed in the proteins secreted by a mussel’s foot. The byssus,
which is a bundle of filaments secreted by many species of bivalve mollusk, plays an
important role in underwater adhesion to target surfaces. It achieves this via non-covalent
interactions, such as hydrogen bonding, electrostatic interactions, chelation, hydrophobic
interactions, and oxidative cross-linking [3–5]. A variety of mussel-inspired adhesives that
mimic a mussel’s adhesion mechanism have been developed by introducing a catechol
moiety into various types of polymers, such as polypeptides [6,7], polyethylene glycol [8],
polyacrylates [9–14], and polystyrene [15–19]. These studies have revealed that the adhe-
sive capabilities of mussel-inspired polymers are significantly affected by their primary
structures. For example, Wilker and co-workers [20] prepared poly((3,4-dihydroxystyrene)-
co-styrene) copolymers with various molecular weights by living anionic polymerization.
They found that the adhesive strength of the copolymer increases linearly as a function of its
molecular weight in the range of 20,000–100,000 kDa. Similarly, Kohri and co-workers [21]
reported that branched poly(N-(2-(2,2-dimethylbenzo-1,3-dioxol-5-yl)ethyl)-acrylamide)
prepared by controlled polymerization has superior adhesion properties to similar poly-
mers with linear structures. Ejima and co-workers [22–25] investigated the effect of the
number of aromatic hydroxyl groups on the benzene rings of the adhesive moieties in
such copolymers. They found that the adhesion capability increases as the number of
OH groups on the polyphenol groups increases. However, it is still unclear how the posi-
tion and distribution of the adhesive moieties in such polymers affect their adhesiveness,
despite the fact that mussel-foot proteins have been shown to contribute profoundly to
the L-3,4-dihydroxyphenylalanine (L-Dopa) sequence, not only in regulating the binding
strength of L-Dopa residues but also in achieving adaptability to various surfaces [26,27].

Within this context, we have attempted to demonstrate the effects of the monomer
position and distribution of the adhesive moieties in mussel-inspired adhesive polymers on
their adhesion and dispersion capabilities. To realize this, we designed a gallic-acid-bearing
methacrylate monomer (1) that has the potential as an adhesive moiety (Scheme 1A) [12,14].
To demonstrate how the monomer position and distribution of 1 affect the adhesion and
dispersion capabilities of a mussel-inspired adhesive polymer, we focused on a forced
gradient copolymer (FGCP) [28,29]. An FGCP is prepared by controlling the timing of
the addition of the second monomer during the polymerization of the first monomer
(Scheme S1). It allows the compatibility of immiscible polymer blends or the stability of
emulsions/dispersions to be systematically investigated.

Scheme 1. (A) One-pot synthesis of methacrylate-bearing gallic acid monomer 1 and preparation of
poly(1-co-(EHMA) (Poly1, EHMA = 2-ethylhexyl methacrylate, 1 = gallic-acid-bearing methacrylate).
(B) Structure and chemical synthesis of Poly2.
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In this study, to clearly characterize the position and distribution of 1 in poly(1-co-
EHMA) (Poly1, EHMA = 2-ethylhexyl methacrylate, 1 = gallic-acid-bearing methacrylate),
a series of Poly1 copolymers with different molecular lengths of the homo- and random
polymer segments was prepared (Scheme S1). The resulting forced gradient Poly1 copoly-
mers were subjected to adhesive tests on aluminum substrates and dispersion tests with
nanoparticles of barium titanate (BaTiO3) perovskite oxides (50 nm in average diameter)
in organic solvents (Scheme 1A). Here, the aluminum substrate and BaTiO3 nanoparticle
were used as a flat metal oxide surface and a spherical inorganic oxide surface, respectively.
The adhesion and dispersion capabilities were significantly affected by the position and
distribution of 1 in Poly1 in different ways.

2. Materials and Methods
2.1. General

All of the reactions involving the oxygen- and moisture-sensitive compounds were
carried out in a dry reaction vessel under nitrogen or argon. The reaction mixtures were
degassed using the freeze–pump–thaw method before the radical polymerization reactions
commenced. Flash column chromatography was performed with a silica gel (60N, spherical
neutral; Kanto Chemical Co., Inc., Tokyo, Japan). Analytical thin-layer chromatography
was performed with a silica gel coated with fluorescent indicator F254 (silica gel 60 F254,
Art 5715, 0.25 mm, Merck, Darmstadt, Germany).

2.2. Materials

Triethyl silyl chloride, N,N-dimethylformamide (super-dehydrated), NaHCO3, tetra-
butylammonium fluoride, tetrahydrofuran solution (~1 mol/L), acetic acid, and BaTiO3
were purchased from FUJIFILM Wako Pure Chemical Co.(Osaka, Japan)., and they were
used as received. Imidazole was purchased from Tokyo Chemical Industry Co., Ltd (Tokyo,
Japan)., and it was used as received. 1,2-Dichloroethane (super-dehydrated) was purchased
from Kanto Chemical Co., Inc., and it was used as received. 2-Ethylhexyl methacrylate
was purchased from FUJIFILM Wako Pure Chemical Co., and it was passed through
an A2O3 column before use to remove the radical inhibitor. 2-Cyano-2-propyl dodecyl
trithiocarbonate was purchased from Sigma-Aldrich Co., and it was used as received.
2,2′-Azobisisobutyronitrile was purchased from FUJIFILM Wako Pure Chemical Co., and it
was recrystallized from methanol before use. 1 was provided by NOF CORPORATION
(Hyogo, Japan).

2.3. Preparation of the Mussel-Inspired Forced Gradient Copolymers

To investigate the forced gradient adhesive moiety in adhesive polymers, we designed
gallic-acid-bearing methacrylate monomer 1 that has the potential as an adhesive moiety
(Scheme 1A). A galloyl group with three phenolic hydroxyl groups is expected to show
greater adhesiveness than a catechol group with two hydroxyl groups (such as in L-Dopa),
owing to the greater number of vicinal hydroxyl groups in the benzene ring [22–25]. From
the viewpoint of practical application, gallic acid is more affordable than L-Dopa and
its derivatives.

In a previous study, we reported the rational design of a mussel-inspired adhesive
comprising a dopamine-functionalized copolymer (Poly2). We varied the alkyl-chain
lengths/structural isomers of the alkyl methacrylate comonomers and their ratio with
dopamine-functionalized methacrylamide 2 (Scheme 1B) [14]. The resulting EHMA-based
adhesive copolymer with 8 mol% dopamine exhibited tough, strong, and ductile adhesive
properties. The relatively long and branched alkyl chain of EHMA is also expected to
prevent oxidation of the catechol unit through hydrophobic interactions [30]. Here, we
designed a gallic-acid-functionalized adhesive polymer (Poly1) based on Poly2 because
gallic acid, which has three hydroxyl groups, confers greater adhesiveness than L-Dopa,
which has two hydroxyl groups [22–25]. Poly1 copolymers were synthesized from EHMA
and 1 by varying the position and distribution of 1 (Figure 1).
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mopolymer domain of EHMA. Poly4 is a random copolymer domain of EHMA and 1 in Poly1a–1e.
(B) Chemical and abbreviated structures of synthesized copolymers Poly1a–1e.

We prepared a series of gallic-acid-bearing Poly1 copolymers by reversible addition–
fragmentation chain-transfer polymerization. The resulting Poly1 copolymers were charac-
terized by proton nuclear magnetic resonance (1H NMR) spectroscopy and gel permeation
chromatography (GPC). The detailed procedures used in the present study are described
in the Supporting Information, and the characteristics of the copolymers are summarized
in Table 1. In the Poly1a–1e copolymers, the ratio of 1 to EHMA and the degree of poly-
merization (Dp) were standardized to 7:93 and 200, respectively. Here, Poly1a and Poly1e
correspond to random and diblock copolymers of EHMA and 1, respectively. The Poly1b–
1d FGCPs comprised two domains: a homopolymer domain of EHMA (Poly3) and a
random copolymer domain of EHMA and 1 (Poly4). Here, Dp of the Poly3 segment in
Poly1b–1d was varied (49, 98, and 147). It is noteworthy that, in this system, the composi-
tion ratio of 1 in the Poly4 domain can be manipulated by tuning Dp of the Poly3 domain.
This allows a systematic evaluation of the adhesive capability of 1 regarding the monomer
position and distribution of adhesive moiety 1 in the Poly1 series.



Materials 2023, 16, 266 5 of 12

Table 1. Physical Properties of the Gallic-Acid-Bearing Polymers.

Polymer EHMA:1 a Mn (×104) b, c Ð b, c

Poly1a 93.5:6.5 5.1 1.1
Poly1b 94.4:5.6 4.3 1.2
Poly1c 93.8:6.2 4.3 1.1
Poly1d 93.7:6.3 5 1.1
Poly1e 95.6:4.4 4.1 1.1
Poly3 100:0 3.1 1.2

a Ratio of EHMA to 1 in the copolymer, as determined by 1H NMR. b Results for triethylsilyl-protected polymers.
c Determined by gel permeation chromatography against poly(methyl methacrylate) standards at 40 ◦C.

2.4. Adhesion Test

We evaluated the adhesive strengths of the Poly1 copolymers by butt tensile tests using
a centrifugal adhesion test analyzer (Supplementary Materials, Figure S2A) (LUMiFrac;
LUM GmbH, Germany). Each Poly1 copolymer was coated on an aluminum butt at a
coverage rate of 9.4 mg·mm−2, and the coated area was pre-cured at 60 ◦C to prevent
unexpected void formation. The resulting Poly1-coated aluminum butt was placed on
an aluminum plate, and the specimen was then cured at 80 or 120 ◦C for 1 h (Figure S1).
From five to eight samples were loaded simultaneously into the measuring chamber
(Figure S2B). A centrifugal force was applied to each test specimen at 5 N·s−1 and ambient
temperature. The adhesive strength (MPa) was determined from the adhesive force (N)
when bonding failure occurred divided by the area (mm2) of Poly1 applied to the aluminum
butt specimen (Table 1).

2.5. Dispersion Test
2.5.1. Dispersion Test Evaluated by the Naked Eye

A mixture comprising BaTiO3 nanoparticles (50 mg, 0.21 mmol), Poly1 (25 mg,
~5.0 × 10−4 mmol), and chloroform (5 mL) was sonicated for 60 min, and the resulting
mixture was stirred at room temperature. The ability of the Poly1 copolymers to act as
dispersants was evaluated by the naked eye.

2.5.2. Dispersion Test Evaluated Using a Rheometer

A mixture comprising BaTiO3 nanoparticles (10 g, 43 mmol), Poly1 (10 mg,
~2.0 × 10−4 mmol), and 1,1,2,2-tetrachloroethane (7.5 mL) was stirred at a shear rate
of 1000 s−1, and the viscosity of the resulting mixture was monitored at a shear rate of
10–100 s−1 at room temperature by a rheometer (MCR302; Anton-Paar, Austria).

3. Results
3.1. Effect of the Monomer Position on the Adhesiveness

First, to confirm the ability of gallic-acid-functionalized methacrylate monomer 1 to act
as an adhesive moiety, we carried out butt tensile tests on Poly1a, Poly2, and Poly3 using a
centrifugal adhesion test analyzer. Poly2 was prepared by free-radical copolymerization of
2 and EHMA according to our previous report so that molar ratio of 2 in the copolymer
was 8 mol% (see the Supporting Information) [15]. Poly3, which did not contain 1, was
used as a model polymer. Consequently, Poly1a exhibited similar adhesive strength to
Poly2 (7.9 and 8.8 MPa, respectively). In contrast, Poly3 showed relatively low adhesive
strength (2.8 MPa), suggesting that 1 acted as an adhesive moiety in a similar manner to
2. Furthermore, Poly1a and Poly2, which both contained polyphenolic adhesive moieties,
exhibited cohesive failure resulting from strong interactions with the oxidized aluminum
surface (Figure S3). However, Poly3 exhibited surface failure, probably owing to the lower
adhesiveness than the adherend. Next, we subjected Poly1 copolymers comprising 1 at
various positions and with different distributions (Poly1b–1e) to butt adhesive tests. Note
that Poly1b–1d consisted of two domains: Poly3 comprising a homopolymer of EHMA and
Poly4 comprising a random copolymer of EHMA and 1. The Dp values and composition
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ratios (mol%) of 1 were almost identical among the Poly1 copolymers, whereas the ratios
of Dp between Poly3 and Poly4 varied. The tensile strength values of the copolymers in
megapascals are listed in Table 2.

Table 2. Adhesive Strength of the Gallic-Acid-Bearing Polymers.

Polymer Dp of Poly3 1 in Poly4
(mol%)

Adhesive Strength
(MPa)

Poly1a 0 7 7.9
Poly1b 49 9 9.8
Poly1c 98 14 8.6
Poly1d 147 26 4.1
Poly1e 186 100 2.9
Poly3 200 0 2.8

To further clarify the effects of the position and distribution of 1 on the adhesiveness
of Poly1, we plotted the adhesive strength versus Dp of the Poly3 domain (Figure 2A) and
the adhesive strength versus the ratio of 1 in the Poly4 domain (mol%, Figure 2B). The
curve shown in Figure 2A is rather gradual and monomodal, whereas that in Figure 2B is
steep, with a maximum of 9 mol%. These results provide important insights into the effects
of the monomer position and distribution on adhesion. The fact that the adhesive strength
changed by only 8–10 MPa, even when the Dp value varied from 0 to 50, indicates that
a non-adhesive Poly3 domain at one end of the Poly1 copolymer did not have a marked
effect on its adhesive performance, even if that domain occupied half of its total length. In
contrast, the adhesive strength clearly indicated the dependency on the composition ratio
of 1 in the Poly4 domain of Poly1. The adhesive strength of Poly1 reached a maximum
when it contained 9 mol% 1, but it decreased sharply when the ratio of 1 exceeded that
level. In a previous study, we found that the adhesive strength of Poly2 depends on the
composition ratio of 2, and it reaches a maximum when the ratio is approximately 8 mol%.
This arises from the balance between the polymer chain mobility and the adhesiveness
conferred by the polyphenolic adhesive moiety dopamine. Considering that the same
comonomer, EHMA, was used in Poly1, we believe that a similar phenomenon occurred in
Poly1. Overall, the results of the adhesion tests on the forced gradient Poly1 copolymers
indicated that in Poly4, the maximum adhesiveness was more dependent on the ratio of 1
than the domain length of non-adhesive Poly3.
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3.2. Effect of the Monomer Position on the Dispersity

With the miniaturization of commercial electronic products and devices, the size of
electronic components has become smaller than ever. BaTiO3 is widely used in electronic
components, such as multilayer ceramic capacitors (MLCCs), owing to its high dielectric
constant [30,31]. MLCCs with even higher capacitance, smaller size, and higher reliability
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are required. Reducing the thickness and grain size of the dielectric layer leads to an
increase in the capacitance-to-volume ratio, but such measures lead to an increase in the
electric-field strength applied to the dielectric layer. Therefore, it is important to improve
the dispersibility of the dielectric ceramic nanoparticles and make a low-viscosity slurry
of the ceramic nanoparticles to fabricate defect-free ceramic dielectric layers. In general,
MLCCs are manufactured as follows. Powdered dielectric ceramics, mainly BaTiO3, are
dispersed in aqueous/organic solvents to obtain a slurry, which is coated on a carrier
film to prepare a green sheet (raw sheet). Here, the choice of the dispersant is crucial to
obtain a low-viscosity slurry of ceramic nanoparticles because a multilayer structure is
formed by screen printing the inner electrode patterns on the green sheet. Eventually,
the stack is sintered at 1000–1400 ◦C. Various types of polymer dispersants are used for
the dispersion of functional inorganic/organic nanoparticles [32]. Polymeric dispersants
consist of a functional group that serves as an anchor and a soluble polymer chain. For
a polymeric dispersant to adsorb on inorganic oxide (nano)particles, the anchor groups
must be able to strongly adsorb to the (nano)particles. Much effort has been made to
find suitable polymers for this purpose. Examples of typical functional groups for this
purpose are amine, ammonium, and quaternary ammonium, carboxylic acid, sulfonic acid,
and phosphoric acid groups [33–36]. L-Dopa has also been introduced at the terminus of
polymer chains as the anchoring moiety, leading to a highly stable iron-oxide-nanoparticle
colloidal suspension [37]. However, the position of the anchoring moiety in such polymer
dispersants to create L-Dopa-functionalized polymers that are suitable as dispersants
remains unclear. In the present study, we demonstrated the effects of the monomer position
and distribution of 1 in Poly1 on the dispersibility of BaTiO3 nanoparticles in organic
solvents. In brief, inorganic BaTiO3 nanoparticles (averaged diameter 50 nm) were added
to chloroform to produce a dispersion with a BaTiO3 concentration of 8.4 × 10−2 mol·L−1.
This dispersion was then sonicated for 60 min. The resulting suspension of BaTiO3 particles
immediately produced a precipitate (Figure 3A). However, when 2.5 mL of a chloroform
solution of Poly1a–1e (~2 × 10−4 mol·L−1) was added to the BaTiO3 suspension (2.5 mL)
and the resulting mixture was successively sonicated for 60 min, the sediment-prone
suspension of BaTiO3 particles turned into a stable dispersion, which could be stored
for more than 24 h. Unlike Poly1a–1e, Poly3 did not exhibit any dispensability with
regard to BaTiO3 nanoparticles using the same procedure. To quantitatively evaluate the
dispersibility of Poly1 with regard to BaTiO3 nanoparticles, the viscosity of the dispersion
of BaTiO3 was evaluated using a rheometer. First, the BaTiO3 nanoparticles were dispersed
in 1,1,2,2-tetrachloroethane (5.7 mol·L−1) at a shear rate of 1000 s−1, and the viscosity
of the resulting dispersion was monitored at shear rates of 10–100 s−1 (Figure 3B). The
viscosity of the dispersion decreased exponentially from 589 to 165 Pa·s−1 as the shear rate
increased from 10 to 100 s−1. However, a stable dispersion of BaTiO3 nanoparticles with a
significantly lower viscosity was produced following the addition of ~2.0 × 10−4 mmol
of Poly1a–1e. Moreover, it was obvious that the degree by which the viscosity decreased
depended on the monomer sequence of the Poly1 copolymer used.

To further clarify the effect of the monomer position of Poly1 on the dispersibility
of BaTiO3 at a shear rate of 100 s−1, we plotted the viscosity versus Dp of the domain
of Poly3 (n) and the viscosity versus the composition ratio (mol%) of 1 in the domain of
Poly4 in Poly1 (Figure 4). To our surprise, the viscosity behavior was completely different
from that of the adhesive: the viscosity decreased linearly with Dp, whereas it decreased
exponentially with the composition ratio of 1 in the Poly4 domain of Poly1. These results
suggest that the adhesive moiety 1 should preferably be concentrated at one end of Poly1,
and a longer Poly3 domain contributes to better dispersion.
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3.3. Discussion

It is worth considering why the monomer position and distribution of Poly1 affected
adhesion and dispersion in different ways. In the foot proteins secreted by mussels, the
sequence of L-Dopa is known to be important for the adhesion ability [38]. However, despite
the numerous reports of adhesive polymers inspired by mussel proteins, the relationship
between the positions of the adhesive moieties, such as L-Dopa, and the adhesive properties
has rarely been explored. We used the Poly2 series to identify an appropriate polymer
design that maximizes the adhesive strength by systematically varying the alkyl-chain
length of the methyl alkylate and the composition ratio of the L-Dopa monomer [14]. The
maximum adhesive strength of Poly2 was achieved when the composition ratio of the
L-Dopa monomer was approximately 8 mol% in EHMA as methyl alkylate. In addition,
we found that the ductility of Poly2 was maximized in this combination, resulting in high
adhesive strength. Given the chemical structure of Poly1, the Poly4 domain can be regarded
as an analog of Poly2. Therefore, it is reasonable that the adhesive strength was maximized
when the composition ratio of 1 in Poly4 was approximately 9 mol%, probably because
of an appropriate combination of adhesive strength and ductility of the Poly4 domain
(Figure 2B). In addition, when 1 is evenly located in Poly1, the adhesive monomer 1 not
only contributes to adhesion to the adherend, but it also acts as a non-covalent cross-linkage
among the gallic acid moieties (1), which may also contribute to the cohesion force. Indeed,
the Poly3 domain without adhesive moiety 1 was found to have a negligible effect on the
adhesive ability up to Dp of approximately 100 (Figure 2A). However, when the length of
the Poly3 domain exceeds Dp = 100, adhesive monomer 1 is unevenly distributed at the
end of poly1, making it difficult to cross-link the polymer chains by non-covalent bonds
between adhesive monomers. Consequently, the cohesive force does not act on the entire
adhesive layer, which is thought to lower the adhesive strength (Figure 5B).
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When Poly1 was used as a dispersant for inorganic oxide nanoparticles, the adhesive
Poly4 segment as an anchor moiety should strongly adsorb to the nanoparticle surface,
while the soluble polymer moiety should be positioned to maximize the entropy. Con-
sidering that the viscosity of the dispersion of BaTiO3 nanoparticles linearly decreased
as a function of Dp of Poly3, in the dispersion mechanism of the Poly1 series, adhesive
moiety 1 in the Poly4 segment adsorbed to BaTiO3, and the remaining Poly3 at one end is
thought to determine the dispersibility (Figure 4A). Figure 5C suggests a more detailed
dispersion mechanism. The conformation of the adsorbed polymer is a major controlling
factor in determining the stability and dispersibility of inorganic (nano)particles. In general,
adsorbed polymers have three possible segments: (a) an interfacial segment (train), (b) a
segment attached to the train at both ends (loop), and (c) a segment attached to the train
at one end (tail) [32]. Effective stabilization requires high coverage, effective anchoring,
elongated tails (and possibly loops), and a favorable solvent environment for the segments
to tail and/or loop. Our polymer design of FGCP Poly1 allows systematic variation of
the lengths of the trains, loops, and tails, and the adsorption conformation and thickness
of the adsorption layer can be controlled. Thus, adhesive moiety 1 acts as the train parts,
and the length of the loop parts can be manipulated by the composition ratio of adhesive
moiety 1 in Poly4. The length of the tail parts can be controlled by Dp of Poly3. That is,
when the composition ratio of adhesive moiety 1 in the Poly4 segment is low, Poly1 has a
dominant loop conformation. Conversely, when the composition ratio of adhesive moiety
1 in the Poly4 segment is high, one end adsorbs to adhesive moiety 1, and the remaining
portion behaves as a tail in a diblock polymer conformation. As a result, the viscosity
decreases exponentially as the composition ratio of adhesive moiety 1 increases, in other
words, as the Poly1 copolymer becomes more diblock in nature, as shown in Figure 4B. This
result suggests that diblock polymers with 1 at one end are most suitable for the molecular
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design of BaTiO3 dispersants. Furthermore, the present method is also an effective way to
efficiently search for the most suitable molecular design of a dispersant consisting of an
anchor moiety and a soluble polymer moiety.

4. Conclusions

In the present study, we investigated how the monomer position and distribution of
the adhesive component of a polymer affect its adhesive strength and dispersion capa-
bility to develop an adhesive material that mimics the behavior of a mussel’s foot. We
synthesized various FGCPs comprising EHMA by carefully controlling the position and
distribution of the gallic-acid-based adhesive component. A copolymer consisting of an
EHMA homopolymer as the first domain and a random copolymer of EHMA/1 as the
second domain showed the highest adhesion strength. A block copolymer consisting of
Poly3 and Poly4 showed the greatest dispersion ability with regard to BaTiO3 nanoparti-
cles. The results of the present research demonstrate the importance of the position and
distribution of the monomers in the development of functional polymer materials. Because
the adhesion and dispersion properties of Poly1 are comparable with those obtained in
previous studies, we are considering potential applications of Poly1 as an adhesive and
a dispersant. Furthermore, because the search for optimal sequences proposed in this
paper is not limited to biomimetic materials, such as L-Dopa, FGCPs could facilitate the
development of various functional polymer materials.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ma16010266/s1, Synthesis procedures of Poly1–3, preparation procedure
of a test specimen for the adhesion test, Scheme S1:General synthesis method of a forced gradient
copolymer; Figure S1: Preparation of a test specimen; Figure S2: (A) Photograph of LUMiFrac®(LUM
GmbH, Germany). (B) Photograph of the measuring chamber; Figure S3: Photograph of the fracture
surfaces of adhesion tests of (a) Poly1a, (b)Poly1b, (c)Poly1c, (d)Poly1d, (e)Poly1e and (f)Poly3; Figure S4:
GPC profiles of (a) poly1b, (b) poly1c, (c) poly1d, and (d) poly1e; Figure S5: 1H NMR spectrum of 1’ in
CDCl3; Figure S6: 13C NMR spectrum of 1’ in CDCl3; Figure S7: 1H NMR spectrum of poly1a in acetone;
Figure S8: 1H NMR spectrum of poly1b in acetone; Figure S9: 1H NMR spectrum of poly1c in acetone;
Figure S10: 1H NMR spectrum of poly1d in acetone; Figure S11: 1H NMR spectrum of poly1e in acetone;
Figure S12: 1H NMR spectrum of poly3 in CDCl3.

Author Contributions: Conceptualization, T.F. and M.N.; data curation; T.F., M.S., M.M., S.M., A.N.,
and A.Y.; investigation, T.F., M.S., M.M., S.M., A.N., and A.Y.; resources, S.M., A.N., and A.Y.; writing—
original draft preparation, T.F.; writing—review and editing T.F. and M.N.; supervision, M.N.; project
administration, M.N.; funding acquisition, M.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Core Research for Evolutional Science and Technology
(CREST) program “Revolution material development by fusion of strong experiments with theory/data
science” of the Japan Science and Technology Agency (JST), Japan (grant number JPMJCR19J3).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Naoko Akimoto, Mariko Saito, and Kayoko Yamaguchi from the
National Institute for Materials Science (NIMS) for synthesizing the monomers and copolymers.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lazarus, B.S.; Velasco-Hogan, A.; Río, T.G.-D.; Meyers, M.A.; Jasiuk, I. A review of impact resistant biological and bioinspired

materials and structures. J. Mater. Res. Technol. 2020, 9, 15705–15738. [CrossRef]
2. Wang, Y.; Naleway, S.E.; Wang, B. Biological and bioinspired materials: Structure leading to functional and mechanical perfor-

mance. Bioact. Mater. 2020, 5, 745–757. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ma16010266/s1
https://www.mdpi.com/article/10.3390/ma16010266/s1
http://doi.org/10.1016/j.jmrt.2020.10.062
http://doi.org/10.1016/j.bioactmat.2020.06.003
http://www.ncbi.nlm.nih.gov/pubmed/32637739


Materials 2023, 16, 266 11 of 12

3. Almeida, M.; Reis, R.L.; Silva, T.H. Marine invertebrates are a source of bioadhesives with biomimetic interest. Mater. Sci. Eng. C
2019, 108, 110467. [CrossRef] [PubMed]

4. Ryu, J.H.; Hong, S.; Lee, H. Bio-inspired adhesive catechol-conjugated chitosan for biomedical applications: A mini review. Acta
Biomater. 2015, 27, 101–115. [CrossRef]

5. Balkenende, D.W.; Winkler, S.; Messersmith, P.B. Marine-inspired polymers in medical adhesion. Eur. Polym. J. 2019, 116, 134–143.
[CrossRef]

6. Yu, M.; Deming, T.J. Synthetic Polypeptide Mimics of Marine Adhesives. Macromolecules 1998, 31, 4739–4745. [CrossRef]
7. Saxer, S.; Portmann, C.P.; Tosatti, S.; Gademann, K.; Züreher, S.; Textor, M. Surface Assembly of Catechol-Functionalized Poly(L-

lysine)-graftpoly(ethylene glycol) Copolymer on Titanium Exploiting Combined Electrostatically Driven Self-Organization and
Biomimetic Strong Adhesion. Macromolecules 2010, 43, 1050–1060. [CrossRef]

8. Murphy, J.L.; Vollenweider, L.; Xu, F.; Lee, B.P. Adhesive Performance of Biomimetic Adhesive-Coated Biologic Scaffolds.
Biomacromolecules 2010, 11, 2976–2984. [CrossRef]

9. Shao, H.; Bachus, K.N.; Stewart, R.J. A Water-Borne Adhesive Modeled after the Sandcastle Glue of P. californica. Macromol. Biosci.
2009, 9, 464–471. [CrossRef]

10. Glass, P.; Chung, H.; Washburn, N.R.; Sittti, M. Enhanced Reversible Adhesion of Dopamine Methacrylamide-Coated Elas-tomer
Microfibrillar Structures under Wet Conditions. Langmuir 2009, 25, 6607–6612. [CrossRef]

11. Stepuk, A.; Halter, J.G.; Schaetz, A.; Grass, R.N.; Stark, W.J. Mussel-inspired load bearing metal–polymer glues. Chem. Commun.
2012, 48, 6238–6240. [CrossRef] [PubMed]

12. Payra, D.; Naito, M.; Fujii, Y.; Yamada, N.L.; Hiromoto, S.; Singh, A. Bioinspired adhesive polymer coatings for efficient and
versatile corrosion resistance. RSC Adv. 2015, 5, 15977–15984. [CrossRef]

13. Lee, S.-B.; González-Cabezas, C.; Kim, K.-M.; Kim, K.-N.; Kuroda, K. Catechol-Functionalized Synthetic Polymer as a Dental
Adhesive to Contaminated Dentin Surface for a Composite Restoration. Biomacromolecules 2015, 16, 2265–2275. [CrossRef]
[PubMed]

14. Payra, D.; Fujii, Y.; Das, S.; Takaishi, J.; Naito, M. Rational design of a biomimetic glue with tunable strength and ductility. Polym.
Chem. 2017, 8, 1654–1663. [CrossRef]

15. Westwood, G.; Horton, T.N.; Wilker, J.J. Simplified Polymer Mimics of Cross-Linking Adhesive Proteins. Macromolecules 2007,
40, 3960–3964. [CrossRef]

16. White, J.D.; Wilker, J.J. Underwater Bonding with Charged Polymer Mimics of Marine Mussel Adhesive Proteins. Macromolecules
2011, 44, 5085–5088. [CrossRef]

17. Matos-Pérez, C.R.; Wilker, J.J. Ambivalent Adhesives: Combining Biomimetic Cross-Linking with Antiadhesive Oligo(ethylene
glycol). Macromolecules 2012, 45, 6634–6639. [CrossRef]

18. Matos-Pérez, C.R.; White, J.D.; Wilker, J.J. Polymer Composition and Substrate Influences on the Adhesive Bonding of a
Biomimetic, Cross-Linking Polymer. J. Am. Chem. Soc. 2012, 134, 9498–9505. [CrossRef]

19. Grewal, M.S.; Yabu, H. Biomimetic catechol-based adhesive polymers for dispersion of polytetrafluoroethylene (PTFE) na-
noparticles in an aqueous medium. RSC Adv. 2020, 10, 4058–4063. [CrossRef]

20. Jenkins, C.L.; Meredith, H.J.; Wilker, J.J. Molecular Weight Effects upon the Adhesive Bonding of a Mussel Mimetic Polymer. ACS
Appl. Mater. Interfaces 2013, 5, 5091–5096. [CrossRef]

21. Kohri, M.; Yamazaki, S.; Irie, S.; Teramoto, N.; Taniguchi, T.; Kishikawa, K. Adhesion Control of Branched Catecholic Polymers by
Acid Stimulation. ACS Omega 2018, 3, 16626–16632. [CrossRef] [PubMed]

22. Zhan, K.; Kim, C.; Sung, K.; Ejima, H.; Yoshie, N. Tunicate-Inspired Gallol Polymers for Underwater Adhesive: A Comparative
Study of Catechol and Gallol. Biomacromolecules 2017, 18, 2959–2966. [CrossRef] [PubMed]

23. Yu, J.; Cheng, B.; Ejima, H. Effect of molecular weight and polymer composition on gallol-functionalized underwater adhesive. J.
Mater. Chem. B 2020, 8, 6798–6801. [CrossRef]

24. Hino, Y.; Ejima, H. Tissue Adhesive Properties of Functionalized Chitosan: A Comparative Study of Phenol, Catechol and Gallol.
J. Photopolym. Sci. Technol. 2020, 33, 123–127. [CrossRef]

25. Cheng, B.; Yu, J.; Arisawa, T.; Hayashi, K.; Richardson, J.J.; Shibuta, Y.; Ejima, H. Ultrastrong underwater adhesion on diverse
substrates using non-canonical phenolic groups. Nat. Commun. 2022, 13, 1–9. [CrossRef] [PubMed]

26. Li, Y.; Liang, C.; Gao, L.; Li, S.; Zhang, Y.; Zhang, J.; Cao, Y. Hidden complexity of synergistic roles of Dopa and lysine for strong
wet adhesion. Mater. Chem. Front. 2017, 1, 2664–2668. [CrossRef]

27. Lu, Q.; Danner, E.; Waite, J.H.; Israelachvili, J.N.; Zeng, H.; Hwang, D.S. Adhesion of mussel foot proteins to different substrate
surfaces. J. R. Soc. Interface 2013, 10, 20120759. [CrossRef]

28. Beginn, U. Gradient copolymers. Colloid Polym. Sci. 2008, 286, 1465–1474. [CrossRef]
29. Jellema, E.; Jongerius, A.L.; van Ekenstein, G.A.; Mookhoek, S.D.; Dingemans, T.J.; Reingruber, E.M.; Chojnacka, A.; Schoenmakers,

P.J.; Sprenkels, R.; van Eck, E.R.H.; et al. Rhodium-Mediated Stereospecific Carbene Polymerization: From Homopolymers to
Random and Block Copolymers. Macromolecules 2010, 43, 8892–8903. [CrossRef]

30. Chu, L.W.; Prakash, K.N.; Tsai, M.-T.; Lin, I.-N. Dispersion of nano-sized BaTiO3 powders in nonaqueous suspension with
phosphate ester and their applications for MLCC. J. Eur. Ceram. Soc. 2008, 28, 1205–1212. [CrossRef]

31. Chen, K.-Y.; Huang, C.-W.; Wu, M.; Wei, W.-C.J.; Hsueh, C.-H. Advanced characterization of mechanical properties of mul-tilayer
ceramic capacitors. J. Mater. Sci.: Mater. Electron. 2014, 25, 627–634.

http://doi.org/10.1016/j.msec.2019.110467
http://www.ncbi.nlm.nih.gov/pubmed/31924038
http://doi.org/10.1016/j.actbio.2015.08.043
http://doi.org/10.1016/j.eurpolymj.2019.03.059
http://doi.org/10.1021/ma980268z
http://doi.org/10.1021/ma9020664
http://doi.org/10.1021/bm1007794
http://doi.org/10.1002/mabi.200800252
http://doi.org/10.1021/la9009114
http://doi.org/10.1039/c2cc31996a
http://www.ncbi.nlm.nih.gov/pubmed/22588089
http://doi.org/10.1039/C4RA17196A
http://doi.org/10.1021/acs.biomac.5b00451
http://www.ncbi.nlm.nih.gov/pubmed/26176305
http://doi.org/10.1039/C6PY02232D
http://doi.org/10.1021/ma0703002
http://doi.org/10.1021/ma201044x
http://doi.org/10.1021/ma300962d
http://doi.org/10.1021/ja303369p
http://doi.org/10.1039/C9RA10606E
http://doi.org/10.1021/am4009538
http://doi.org/10.1021/acsomega.8b02768
http://www.ncbi.nlm.nih.gov/pubmed/31458294
http://doi.org/10.1021/acs.biomac.7b00921
http://www.ncbi.nlm.nih.gov/pubmed/28853566
http://doi.org/10.1039/D0TB00706D
http://doi.org/10.2494/photopolymer.33.123
http://doi.org/10.1038/s41467-022-29427-w
http://www.ncbi.nlm.nih.gov/pubmed/35418119
http://doi.org/10.1039/C7QM00402H
http://doi.org/10.1098/rsif.2012.0759
http://doi.org/10.1007/s00396-008-1922-y
http://doi.org/10.1021/ma101792v
http://doi.org/10.1016/j.jeurceramsoc.2007.10.015


Materials 2023, 16, 266 12 of 12

32. Farrokhpay, S. A review of polymeric dispersant stabilization of titania pigment. Adv. Colloid Interface Sci. 2009, 151, 24–32.
[CrossRef] [PubMed]

33. Farrokhpay, S.; Morris, G.E.; Fornasiero, D.; Self, P. Effects of chemical functional groups on the polymer adsorption behavior
onto titania pigment particles. J. Colloid Interface Sci. 2004, 274, 33–40. [CrossRef] [PubMed]

34. Pattanaik, M.; Rout, T.; Sengupta, D. Electrokinetics of TiO2 in the interpretation of its dispersion characteristics. Surf. Coatings
Int. 2000, 83, 592–596. [CrossRef]

35. Chen, H.T.; Ravishankar, S.A.; Farinato, R.S. Rational polymer design for solid-liquid separations in mineral processing ap-
plication. Int. J. Miner. Process 2003, 72, 75–86. [CrossRef]

36. Creutz, S.; Jerome, R.; Kaptijn, G.M.P.; Werf, A.W.; Akkerman, J.M. Design of polymeric dispersants for waterborne coatings. J.
Coatings Technol. 1998, 70, 41–46. [CrossRef]

37. Amstad, E.; Gillich, T.; Bilecka, I.; Textor, M.; Reimhult, E. Ultastable Iron Oxide Nanoparticle Colloidal Suspensions Using
Dispersants with Catechol-Derived Anchor Groups. Nano Lett. 2009, 9, 4042–4048. [CrossRef]

38. Ou, X.; Xue, B.; Lao, Y.; Wutthinitikornkit, Y.; Tian, R.; Zou, A.; Yang, L.; Wang, W.; Cao, Y.; Li, J. Structure and sequence features
of mussel adhesive protein lead to its salt-tolerant adhesion ability. Sci. Adv. 2020, 6, eabb7620. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.cis.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19691945
http://doi.org/10.1016/j.jcis.2004.02.026
http://www.ncbi.nlm.nih.gov/pubmed/15120275
http://doi.org/10.1007/BF02692706
http://doi.org/10.1016/S0301-7516(03)00088-7
http://doi.org/10.1007/BF02720518
http://doi.org/10.1021/nl902212q
http://doi.org/10.1126/sciadv.abb7620

	Introduction 
	Materials and Methods 
	General 
	Materials 
	Preparation of the Mussel-Inspired Forced Gradient Copolymers 
	Adhesion Test 
	Dispersion Test 
	Dispersion Test Evaluated by the Naked Eye 
	Dispersion Test Evaluated Using a Rheometer 


	Results 
	Effect of the Monomer Position on the Adhesiveness 
	Effect of the Monomer Position on the Dispersity 
	Discussion 

	Conclusions 
	References

