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Nanomechanics of Poly(catecholamine) Coatings in Aqueous Solutions
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Abstract: Mussel-inspired self-polymerized catecholamine
coatings have been widely utilized as a versatile coating
strategy that can be applied to a variety of substrates. For the
first time, nanomechanical measurements and an evaluation of
the contribution of primary amine groups to poly(catechol-
amine) coatings have been conducted using a surface-forces
apparatus. The adhesive strength between the poly(catechol-
amine) layers is 30-times higher than that of a poly(catechol)
coating. The origin of the strong attraction between the
poly(catecholamine) layers is probably due to surface salt
displacement by the primary amine, n—n stacking (the quadru-
pole—quadrupole interaction of indolic crosslinks), and cation—
7 interactions (the monopole—quadrupole interaction between
positively charged amine groups and the indolic crosslinks).
The contribution of the primary amine group to the catechol-
amine coating is vital for the design and development of
mussel-inspired catechol-based coating materials.

M ussels secrete protein-based adhesive materials that
facilitate the attachment of mussels to a variety of substrates
in marine environments, which are characterized by salinity
and turbulence. This strong and water-resistant adhesion is
particularly useful for biotechnological and medical applica-
tions, such as tissue engineering in the human body, where
water is ubiquitous. Mussel adhesive proteins have, in
particular, drawn significant attention. Waite and Tanzer
reported that 3,4-dihydroxy-L-phenylalanine (DOPA), the
catecholic unusual amino acid formed by post-translational
modifications of tyrosine, is primarily responsible for the
adhesive function in aqueous environments.!"! Subsequently,
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various catechol-containing polymers with adhesive proper-
ties, such as poly(ethylene glycol)-catechols,”) chitosan-cat-
echol,”! and alginate-catechol,[! were prepared. However,
none of these exhibited material-chemistry-independent sur-
face attachment, a property unique to marine mussels. The
key factor that helps achieve material-independent adhesion
is the presence of basic amino acids, lysine,[sl and histidine,
adjacent to DOPA with a similar stoichiometric ratio between
lysine and DOPA (i.e., DOPA: ca. 20 %, lysine ca. 20 % in the
amino acid composition of mfp-1). Dopamine, a mussel-
inspired building block that exploits the above-mentioned
adhesive chemistry of DOPA and lysine/histidine, is the first
molecule to exhibit material-independent surface coating via
its oxidative polymerization (i.e., formation of poly-
(dopamine)).”™ The practical utility of poly(dopamine) in
the field of surface chemistry has led to it rapidly becoming an
emerging tool for controlling surface properties in applica-
tions, such as mammalian cell attachment,”) stem cell
growth,® depots for drug delivery,” biosensors, energy-
storage devices such as Li-ion,*™! Li-air, and Li-S
batteries, 'Y and microfluidic devices.*!

The adhesion mechanism of a catechol moiety, which is
the side chain of DOPA, was studied by measurements of its
binding force at a single-molecule level using an atomic force
microscope (AFM).'"Y The study revealed that the catechol
reversibly binds to oxide surfaces by a coordination mecha-
nism with a force magnitude between 0.7 and 0.8 nN, which
increases up to 2 nN when interacting with organic surfaces by
breaking a covalent bond. Furthermore, the adhesion force of
mussel foot proteins to various substrates was investigated
using a surface-forces apparatus (SFA).®! Despite the
importance of amines in material-independent surface
chemistry, investigating the adhesion force of catechol and
amine at an interface remains a challenge. Poly(dopamine) is
a candidate polymer for use in this purpose, but the formation
of rough interfaces after coating renders this an unsuitable
platform for nano-mechanical techniques, such as SFA or
AFM, which generally require surface smoothness at the
nanoscale. When 3,4-dihydroxyindole (DHI), a critical inter-
mediate in poly(dopamine) coating, is polymerized, two
distinct morphologies in the form of nanospheres and nano-
sheets co-exist on the surfaces. In fact, methods for preparing
poly(dopamine) nanoparticles utilize the intrinsic nature of
the oxidative polymerization of DHI to give spherical
particles."! Chemical derivatives of poly(dopamine) with
a sustained capacity for material-independent surface chemis-
try have been reported.'”? Among these, the poly(norepi-
nephrine) (pNE) coating results in atomically smooth surfa-
ces,® which provides a suitable platform for the aforemen-
tioned nanomechanical measurements.
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Herein, we report direct evidence regarding the interfacial
contributions of a primary amine group to material-inde-
pendent surface chemistry by utilizing pNE as a model
system. Norepinephrine (NE) is one of the catecholamine
neurotransmitters with a structure similar to dopamine
(Scheme 1). The smooth coated surface of pNE makes it

NH,

HO
HO'
OH

Norepinephrine (NE)

loxidation

----------- cation-mt interaction
memen gy -0 stacking

Poly(norepinephrine) (pNE)

Scheme 1. Chemical structure and schematic representation of surface forces measurements

of pNE and pPC using an SFA.

suitable for the measurement of the interaction forces of
catechol and amine. Therefore, by utilizing NE, we can
explicate the rationale behind primary amines playing a key
role in the strong adhesion of catechol-based materials. As
a control, the interaction of poly(pyrocatechol) (pPC), a self-
polymerized catechol without any amine moiety, was also
tested using SFA. Recently, polyphenols such as tannic acid!"”!
have been used in the surface functionalization of a wide
variety of materials. However, our data suggest that the
contribution from the primary amine groups or assistance
from metal ions or metal oxides should not be overlooked
when attempting to coat a surface evenly and thickly.

AFM imaging and X-ray photoelectron spectroscopy
(XPS) were used to characterize the coated surfaces of pNE
and pPC on mica. In Figures 1, and Figures S1, S2, and S3 in
the Supporting Information, topographic AFM images show
thin layers of both pNE and pPC films coated on mica
substrates, and that pNE provides a denser coating than pPC
on mica (Figure 1d). The RMS (root-mean-square) roughness
values of the pNE and pPC surfaces were 1.12nm and
0.44 nm, respectively. It is noted that the pPC film might not
fully cover the mica substrate after a relatively short
polymerization time. Figure 1c represents the XPS elemental
survey spectrum of mica, and mica coated with pNE and pPC.
The strong nitrogen peak of pNE implies that pNE success-
fully covered the mica surface; however, pPC exhibited
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a similar survey spectrum to that of mica (no nitrogen peak),
which was mainly because pPC did not fully cover the mica
during the coating process, as was also confirmed by AFM
imaging (Figure 1b). The coated pNE and pPC surfaces
exhibited water contact angles of 30° and 40°, respectively,
suggesting successful deposition of the two coatings (Figures 1
and Figure S1). C1s analysis was also
conducted to verify the deposition of the
pNE and pPC coatings. The C 1s peaks of
pNE and pPC confirm the presence of the
coatings on the mica. The higher C 1s peak
intensity of pNE compared to pPC shown
in Figure 1d indicates the stronger coating
capacity of pNE.

The effect of amine groups on the
molecular interactions of pPC and pNE
were investigated by using an SFA. Force—
distance curves (F/R vs. D) were obtained
by coating either pNE or pPC layer on two
opposing mica surfaces in 10 mm PBS
buffer, at pH 8.4. The “steric wall” dis-
tance, that is, the thickness of confined
coating materials between two opposing
mica surfaces that does not seem to change
& with an increasing normal compressive
load or pressure, was also carefully moni-
tored to probe the time dependence of the
thickness of the polycatechol coating on
mica. Here, D, is defined as the D at F/R
~8mNm™

By injecting NE or PC that contained
a 10 mMm PBS buffer at pH 8.4, into the gap
between two opposing mica surfaces,
in situ polymerization of polycatechols and their coating on
both the mica surfaces in the SFA chamber was initiated. The
interaction forces between the two polycatechol layers on
mica were measured after approximately 30 min. As shown in
the representative force—distance profiles in Figures2 and
Figure S4, no significant adhesion (F,¢/R < ~ 1.0 mNm ') was
detected in the case of pPC immediately after the in situ
polymerization of PC. In contrast, pNE induced strong
adhesion (F,y/R~6.5mNm™') between the two interacting
surfaces immediately after the in situ polymerization of PC.
In addition, the adhesion strength gradually increased
220 min after the polymerization initiation and reached up
to F,¢/R~30 mNm™' 8 h after the in situ polymerization. It is
noted that repetitive adhesion F,i/R~30mNm™' could be
measured during consecutive force measurements between
the two pNE layers 8 h after the in situ polymerization at the
same interaction position, and three of such sequential force—
distance curves are as shown in Figure S6, which indicates the
measured adhesion is reversible. Such reversible adhesion
should not be due to irreversible inter-layer covalent cross-
linking between pNE surfaces, but caused by some reversible
physical interactions (discussed further below).

The adhesive strength between the pNE layers was
approximately 30 times higher than that of pPC 8h after
initiating the polymerization process. In addition, the pNE
film thickness (i.e., half of the measured steric wall distance)
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linking (Scheme 1, left).*152 In
contrast, the oxidation of pyroca-
techol passes through a quinone
intermediate and leads to polyphe-
nolic  crosslinking  (Scheme 1,
right). The difference in the -
electron density of the side aro-
matic groups in pNE (polyindolic
crosslinking) and pPC (polyphe-
nolic crosslinking) could result in
different strengths of m—m stacking
(the quadrupole—quadrupole inter-
action).”?) Generally, indolic com-
pounds exhibit a higher n-electron
density than phenolic
pounds.”®! Therefore, indolic cross-
links in pNE could contribute to

com-

the strong attraction via s—m stack-
ing, because pNE has a higher z-
electron density than pPC.
Cation—mt interaction, which
occurs between cations (e.g. Na*,
K*, NH;") and the mt system (e.g.
indole, benzene, phenol),”” could
also contribute to the strong attrac-
tion between pNE layers. It has

r T T T T T T T 1 T
800 700 600 500 400 300 200 100 0 290
Binding Energy (eV)

Figure 1. Surface characterization of pNE and pPC coated on mica. AFM image of a) pNE and b) pPC.
c) XPS survey of mica, pNE, and pPC (insets: the contact angle of each surface). d) C 1s analysis of

each surface.

increased almost 2-fold from 0.8 nm at a polymerization time
of =20 min to 1.6 nm at r =480 min, whereas the thickness of
pPC only increased by approximately 35% over the same
polymerization time (Figure 2c).

The adhesion results for the two pNE coatings and two
pPC layers are summarized in Figure 2 b, which shows that the
pNE has a much stronger cohesion capacity than pPC. These
results imply that amine functional groups can significantly
contribute to the adhesion between polyphenol films.

How is the molecular attraction of the poly(catechol)
coating enhanced by introducing a primary amine group when
poly(catechol) polymerizes in aqueous solutions? Because
the zeta potential of a poly(catechol) coating is generally
negative,”” electrostatic attraction can be ruled out. Hydro-
gen bonds and van der Waals forces could contribute to
adhesion but these would not be dominant factors resulting in
the strong attraction measured. Instead, the origin of the
strong attraction is probably m—m stacking (the quadrupole—
quadrupole interaction), cation— interaction (the monopole—
quadrupole interaction), surface salt displacement by the
primary amine, and hydrophobic interaction.*'"!

The oxidative reaction of NE goes through several
important intermediate forms, such as 5,6-dihydroxyindole
(DHI), 3,4-dihydroxybenzaldehyde (DHBA), and DHBA-
NE (product of a Schiff-base formation reaction between
DHBA and NE), and finally results in polyindolic cross-
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been shown via computer simula-
tion and nanomechanical measure-
ments that cation—m interactions
(the monopole—quadrupole inter-
actions) are stronger than electro-
static attractions (the monopole—
monopole interactions) under cer-
tain conditions in aqueous solutions, owing to their low
desolvation penalty.” In addition, the contribution of the
cation—r interaction to mussel underwater adhesion has been
measured.” Positively charged protonated primary amine
groups in NE, protonated imine groups in DHBA-NE, imine
groups in DHI could be candidates for the cation donor and
the polyindolic crosslinks in the pNE could act as a m group
donor.**1828 Because pKa, and pKa, of NE are 8.64 and 9.70,
respectively,”” the primary amine group in NE will exist in
the protonated form at pH 8.4, at which the experiment was
conducted. In addition, the deprotonation pKa of indole is
approximately 17, and as most of the resonance structures of
indole bear a positive charge on the nitrogen atom,”*” we may
infer that quaternary amine exists in pNE. The N 1s XPS peak
of pNE at 401.6 eV supports the existence of quaternary
amine (-NH;* in NE and =NH* in pNE),"" as described in
Figure S7. In contrast, pPC does not contain the amine groups
which could mediate the cation—m interaction. It is known that
positively charged primary amine groups and K show similar
interaction strengths with m systems, which is stronger than
that of Na* and Li*. The SFA results in Figure S8 show that
the adhesion between pNE layers decreases from F,i/R
~30mNm™' to F,/R~85mNm™" (Figure S8a) and further
to almost 0 (Figure S8b) with increasing the K* concentration
from 0 to 10 and 100 mM, respectively. These SFA results
indicate that K* ions could compete with and replace the
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Figure 2. Adhesion energies and thickness of pNE and pPC films as

a function of in situ polymerization time at pH 8.4. a) Representative
force—distance curves (F/R vs. D) and corresponding interaction
energy (W=F/1.5nR) between two opposing pNE (blue), or pPC (red)
layers 8 h after in situ polymerization. Open circle =approach, closed
circle=separation. Time dependent b) adhesion and c) film thickness
of pNE and pPC films on mica.

positively charged primary amine groups in the cation—mx
interaction between the two pNE layers, and lead to
weakened adhesion.”*

In addition, it was recently reported that positively
charged primary amine groups in mussel adhesive proteins
can breach the hydrated salt layer in saline water and assist
the catechol in forming a strong bidentate adhesion to
inorganic surfaces in wet conditions.”*?! This synergistic
collaboration of catechol and amine groups supports the
observed stronger adhesion of a pNE coating compared to
that of pPC. Furthermore, DHBA, the intermediate of NE
polymerization, exhibited less and also slower auto-oxidation
than catechol compounds without an electron-withdrawing
group, such as PC.?!!

In summary, this work demonstrates for the first time that
the introduction of an amine functional group to the poly-
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(catechol) coating significantly enhances (almost 30-times
higher) the adhesion and deposition capability of catechol-
based polyphenolic coatings. The origin of the strong
attraction between the poly(catecholamine) layers is most
likely due to various physical interactions, such as surface salt
displacement by the primary amine, m—mt stacking (the
quadrupole—quadrupole interaction of indolic crosslinks),
and cation—t interaction (the monopole—quadrupole inter-
action between positively charged amine groups and the
indolic crosslinks). The results of this study provide insights
into the design and development of mussel-inspired catechol-
based coating materials.

Experimental Section

PNE, pPC coating for surface characterization: The pNE-coated
surface was prepared by immersing mica for 24 h at room temper-
ature in an NE solution, which was prepared by dissolving DL-
norepinephrine hydrochloride in 10 mm PBS buffer (pH 8.4) at
2mgmL~". The pPC-coated surface was prepared using the same
procedure. The coated substrates were washed with deionized water
and dried using nitrogen gas. Successful deposition of the pNE and
pPC coating was confirmed by X-ray photoelectron spectroscopy
(XPS, K-alpha, Thermo VG Scientific, USA) and analysis of the
contact angles (SEO, Republic of Korea). The surface morphology of
the substrates was measured by atomic force microscope (AFM,
Veeco, USA).

Nanomechanical measurement using surface forces apparatus: A
SFA (SurForce LLC, Santa Barbara, CA, USA) system was used to
measure the nanomechanical properties of polymerized NE and PC
in aqueous solutions. Back-silvered muscovite mica surfaces
(Grade #1, S&J Trading, Floral Park, NY, USA) were glued onto
cylindrical glass disks using an epoxy glue (EPON 1004 F*, Exxon
Chemicals, Irving, TX, USA) with the thickness of silver to be ca.
50 nm. After that, the two disks were mounted into the SFA chamber
in a cross-cylinder configuration. A droplet of ca. 70 uL NE or PC
solution was directly injected into the two opposing mica surfaces for
polymerization using a syringe, and the SFA chamber was saturated
with water vapor. The NE or PC solutions were then prepared using
the same method as described in surface characterization part. The
film thickness and absolute separation distance were obtained in situ
by employing an optical technique named Multiple Beam Interfer-
ometry (MBI) using the fringes of equal chromatic order (FECO).
The measured force, F, between two curved surfaces, was correlated
to the interaction energy per unit area (W(D)) of two planar surfaces
using the Derjaguin approximation [Eq. (1)].

F(D) = 2nRW(D) oY)

The interactions between the two pNE layers and two pPC layers
were measured at an interval of approximately 30 min at room
temperature.
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Erschwerte Haftbedingungen: Die Haft-
stirke von Catecholbeschichtungen
wurde mit einem Instrument zur Mes-
sung von Oberflichenkriften bestimmt
und ist 30-mal héher zwischen Polyca-
techolamin- als zwischen Polycatechol-
Lagen. Als Ursachen fiir die starke
Anziehung zwischen den Polyca-
techolamin-Lagen wurden die Verdran-
gung von Oberflichensalzen, wt-mt-Stape-
lung und Kation-mt-Wechselwirkungen mit
der primiren Aminogruppe identifiziert.
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