Langmuir

pubs.acs.org/Langmuir

Single Molecule Evidence for the Adaptive Binding of DOPA to

Different Wet Surfaces

Yiran Li," Meng Qin,Jr Ying Li,* Yi Cao,*" and Wei Wang*"r

National Laboratory of Solid State Microstructure, Department of Physics, Nanjing University, 22 Hankou Road, Nanjing, Jiangsu,

China 210093

T'Jiangsu Key Laboratory of Atmospheric Environment Monitoring & Pollution Control, Chemistry Department, School of
Environmental Science & Engineering, Nanjing University of Information Science & Technology, Nanjing, Jiangsu, China 210044

© Supporting Information

ABSTRACT: 3,4-Dihydroxyphenylalanine (DOPA) is the noncanon-
ical amino acid widely found in mussel holdfast proteins, which is
proposed to be responsible for their strong wet adhesion. This feature
has also inspired the successful development of a range of DOPA-
containing synthetic polymers for wet adhesions and surface coating.
Despite the increasing applications of DOPA in material science, the
underlying mechanism of DOPA—wet surface interactions remains
unclear. In this work, we studied DOPA—surface interactions one bond
at a time using atomic force microscope (AFM) based single molecule
force spectroscopy. With our recently developed “multiple fishhook”
protocol, we were able to perform high-throughput quantification of
the binding strength of DOPA to various types of surfaces for the first
time. We found that the dissociation forces between DOPA and nine

'Adaptive binding of DOPA to different surfaces

different types of organic and inorganic surfaces are all in the range of 60—90 pN at a pulling speed of 1000 nm s~', suggesting
the strong and versatile binding capability of DOPA to different types of surfaces. Moreover, by constructing the free energy
landscape for the rupture events, we revealed several distinct binding modes between DOPA and different surfaces, which are
directly related to the chemistry nature of the surfaces. These results explain the molecular origin of the versatile binding ability of
DOPA. Moreover, we could quantitatively predict the relationship between DOPA contents and the binding strength based on
the measured rupture kinetics. These serve as the bases for the quantitative prediction of the relationship between DOPA
contents and adhesion strength to different wet surfaces, which is important for the design of novel DOPA based materials.

B INTRODUCTION

A unique feature of marine mussels is their remarkable ability to
stick to various wet surfaces.' > Mussel adhesion is associated
with the holdfast proteins secreted in the byssal plaque. Most of
these holdfast proteins contain significant amount of 3,4-
dihydroxyphenylalanine (DOPA), which is proposed to be
responsible for their wet adhesion. This feature has also
inspired the successful development of a range of DOPA-
containing synthetic polymers for wet adhesions and surface
coating techniquesf‘_17 In spite of increasing applications of
DOPA in material science, the underlying mechanism of
DOPA—wet surface interactions remains unclear. The origin of
such strong adhesion has been attributed to DOPA-mediated
bidentate hydrogen bonding, coordinate bonding with metal/
metal oxide, or covalent cross—linkjng.w_21 Since the chemical
properties of organic and inorganic surfaces are quite distinct,
do these proteins utilize different binding mechanism for such
diverse types of surfaces? What is the corresponding binding
strength? Answering these questions is not only fundamentally
important for the understanding of the adhesion mechanism of
mussel holdfast proteins but also practically valuable for the
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design of new generation medical adhesives and coating
materials.

In order to address these questions, the interactions of
mussel holdfast proteins with various wet surfaces have been
extensively studied using surface force apparatus
(SFA).'72%22727 Much information about the adhesion
mechanism has been revealed. It was found that DOPA plays
an important role in the wet adhesion. The adhesion strength is
directly related to the DOPA contents and can be modulated
through the protonation/deprotonation, redox, and metal
chelation of the catechol group of DOPA. Although SFA can
measure the macroscopic dissociation of two surfaces adhered
by various mussel proteins, such measurement cannot clearly
distinguish between cohesive and adhesive interactions. More-
over, these measurements utilize DOPA-containing proteins.
The contribution from other amino acids of the proteins may
complicate the interpretation of the DOPA—surface inter-
actions. In contrast, atomic force spectroscopy (AFM) based
single molecule force spectroscopy could allow the interactions
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Figure 1. Scheme of single molecule AFM experiments on DOPA—surface interactions using the “multi-fishhook” approach. DOPA molecules
(highlighted in red) were conjugated to hyaluronan (HA, colored in cyan) polymer through amide bonds. HA-DOPA molecules were incubated on
various surfaces prior to each single-molecule pulling experiment. Then, the cantilever tip was brought into contact with the surface and pushing it
with 2—3 nN to pick up HA-DOPA polymers by physically adsorbing HA-DOPA to the cantilever tip. Pulling a HA-DOPA polymer from the
substrate surface results in the sequential rupture of DOPA—surface interactions. This gives rise to sawtooth-like traces (colored in blue) with each
peak corresponding to a rupture event between DOPA and surface. These peaks can be adequately fitted using worm-like chain (WLC) models (red
lines) with the same persistent length of ~0.4 nm, indicating single molecule pulling events. The height of these peaks directly corresponds to the
rupture force. Depending on whether the nonspecific interactions between HA-DOPA and the substrate surface is established, the last peak of the
trace (colored in black) could either correspond to the specific DOPA—surface interaction or correspond to the detachment of nonspecifically
adsorbed HA-DOPA from either the cantilever tip or the substrate surface, which typically occurs at much elevated forces.

between individual binding pairs being directly measured, from
which the binding mechanisms can be inferred."**~*' Directly
measuring the interactions between DOPA and various surfaces
at the single molecule level will allow the contributions of
DOPA in mussel holdfast proteins to be understood
quantitatively. Moreover, such measurements are also helpful
for tailoring the DOPA contents of synthetic DOPA-containing
polymer for optimum surface adhesions. A few pioneering
single molecule AFM studies on DOPA—surface interactions
have been conducted.'®'? In these studies, DOPA was attached
to the cantilever tip through a polymer linker or incorporated in
a copolymer. Other amino acids were not included. However,
due to the difficulties in performing single molecule force
spectroscopy measurements, only titanium (or titanium
dioxide) surface has been studies so far, and the results are
not consistent probably due to different experimental
conditions."®"® A more systematic study is required to fully
address the interaction mechanism between DOPA and various
wet surfaces.

Herein, we applied our recently developed “multiple-
fishhook” approach® to measure the interactions between
DOPA and surfaces (Figure 1). In this approach, multiple
DOPA molecules are attached on a single polymer chain,
hyaluronan (HA). Therefore, stretching each HA-DOPA
molecule could result in many rupture events of single
DOPA—surface interaction bonds, similar to the widely used
polyprotein approach.”>~*° This method greatly increases the
efficiency for obtaining sufficient high quality single-molecule
data. Moreover, the nonspecific interactions and multiple
unbinding events can be easily excluded in the data analysis.
With this approach, we were able to quantitatively measure the
interactions between DOPA and nine different surfaces
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systematically. We also performed pulling-speed-dependent
experiments to unveil the free energy landscape underlying the
dissociation of different types of DOPA—surface interactions.
On the basis of these results, we revealed that DOPA can form
several different types of interactions with various types of
surfaces, which explains its versatile binding ability in wet
conditions. Moreover, we could quantitatively predict the
relationship between DOPA contents and the binding strength
to different surfaces based on the measured rupture kinetics.
We found that the binding strength increases rapidly at low
DOPA contents and reaches half of the maximum binding
strength generally in the range of 7—16% of DOPA. The
increase of the binding strength becomes shallower at higher
DOPA contents. Varying the amount of DOPA in mussel foot
proteins allows tailoring their binding strength with various
surfaces and under different environmental conditions. These
results represent important concepts for the design of DOPA
containing synthetic adhesives.

B EXPERIMENTAL SECTION

Synthesis of HA-DOPA. To prepare the HA-DOPA conjugate,
dopamine was coupled to the carboxyl group of HA by the EDC
coupling reaction. First, 60.0 mg of HA (MW: 150 kDa;
polydispersity: 1.4, Freda Biopharm, Shangdong, China) was dissolved
in deionized water. Then 46.5 mg of EDC (Sigma-Aldrich) was add to
the HA solution and stirred for 0.5 h. Next, 27.3 mg of dopamine was
transferred into the EDC/HA solution to conjugate dopamine to HA.
The reaction was conducted overnight at room temperature under
magnetic stirring. The conjugate was purified by dialysis against excess
Milli-Q water using dialysis tubing with the molecular weight cutoff of
50 kDa. The final product was lyophilized and stored at —20 °C for
single molecule AFM experiments. The content of catechol in the
molecule was determined by 'H NMR.
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Figure 2. Single molecule force spectroscopy studies of DOPA—surface interactions. The left panel shows representative force—distance curves for
the rupture of HA-DOPA with different substrates at a pulling speed of 1000 nm s™". Each peak corresponds to an individual rupture event between
DOPA and the substrate. Red lines correspond to worm-like chain (WLC) fitting to the rupture events using the persistence length of 0.4 + 0.1 nm.
The scale bar on the right side of each curve represents S0 pN. The histograms for rupture forces for the same substrates are shown in parallel in the
right panel. Red lines correspond to a Gaussian fit. HDPE = high-density polyethylene, PTFE = polytetrafluoroethene, and PS = polystyrene.

Substrate Preparation. All substrates were first cleaned ultra-
sonically in water and ethanol for 10 min. Then the inorganic
substrates were further cleaned through the treatment with UV-ozone
cleaner and chromic acid to remove the impurities and generate
hydroxyl on the substrate surface. Next, several drops (~50—200 uL)
of HA-DOPA solution (0.2 mg mL™") were spread on each substrate
using pipet tip or a spin-coater. The substrates were stored in Tris
buffer at 4 °C until use.

AFM Force Spectroscopy Experiments. AFM force spectros-
copy experiments were carried out on a commercial AFM (JPK
Nanowizard II). The force—distance curves were recorded by
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commercial software from JPK and analyzed by custom-written
procedures in Igor pro 6.0 (Wavemetrics, Inc.). Before each force
spectroscopy experiment, the substrate was extensively rinsed by Milli-
Q water to remove floating HA-DOPA polymers. Next the fluid
chamber was filled in with 1.5 mL of buffer containing 100 mM Tris-
HCI and 50 mM NaCl at pH 7.2. AFM experiments were conducted
after allowing the system to equilibrate for 30 min. AFM silicon nitride
cantilevers with silicon nitride tips (type MLCT, from Bruker) were
used in all experiments. The spring constants of the tips, calibrated by
the thermal fluctuation method, were in the range of 0.037—0.057 N
m~. We also used gold-coated AFM cantilevers (type Biolever BL-
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RC1S0VB, from Olympus) and silicon nitride cantilevers with silicon
tips (type SNL, from Bruker) for control experiments. All AFM force
measurements were carried out at 25 + 1 °C.

B RESULTS AND DISCUSSION

“Multiple Fishhook” Single Molecule Pulling Experi-
ments. We first synthesized a HA polymer grafted with 11%
DOPA (DOPA: carboxyl groups of HA = 11%) for single
molecule force spectroscopy measurement (Figure S1 and
Experimental Section). The carboxyl groups of HA were first
converted to amine-reactive O-acylisourea intermediates with
EDC. Then, these intermediates were reacted with dopamine to
produce the final HA-DOPA polymer. The successful
conjugation of DOPA was confirmed by 'HNMR (Figure
S2). As DOPA is prone to be oxidized in air, before each AFM
experiment, the HA-DOPA polymer was reduced using
ascorbic acid and the reduced DOPA was confirmed by UV
spectra (Figure $3).%

Then we measured the rupture of DOPA—surface inter-
actions using single molecule AFM. We immobilized HA-
DOPA polymers on various surfaces prewetted by Tris buffer
(100 mM, pH 7.2, containing S0 mM NaCl and 1 mM of
ascorbic acid) for 15—30 min. In a typical experiment, the
cantilever was brought to the surface with a constant speed of
1000 nm s™* and held on the surface at constant forces of 2—3
nN for 1 s to allow the HA-DOPA molecules physically
absorbed on the cantilever tip. We kept the pickup rate as low
as ~0.5% by adjusting the amount of HA-DOPA on the surface.
Then the cantilever was moved back at the same speed to break
DOPA—surface interactions. The typical experimental scenarios
are depicted in Figure S4. The representative force—extension
curves from various substrates are shown in Figure 2, left panel.
These traces are in sawtooth-like shape with each peak
corresponding to a rupture event of individual DOPA—surface
interactions. Red lines are worm-like chain (WLC) fits to each
individual peak. All peaks in the same trace can be fitted using a
fixed persistence length of ~0.4 nm, which is consistent with
the persistence length of HA reported in the literature.”> This
confirmed that only single HA molecules were picked up. If
multiple HA-DOPA molecules were picked up in the
experiments, the resulting persistence length should be much
smaller, and these data can be easily rejected. The spaces
between individual peaks varied in a wide range because DOPA
was grafted to HA randomly. Moreover, HA-DOPA adopted
random-coil conformation in solution before being deposited to
the surfaces. Because of the geometric hindrance, not all DOPA
groups were accessible to the substrate surfaces. On the basis of
the typical peak-to-peak distance of 30—50 nm of the single-
molecule traces and the graft density of DOPA, we can infer
that ~1/S of DOPA on the HA-DOPA molecules were adhered
to the surface in our experiments. To further confirm that the
sawtooth peaks were resulted from the rupture of DOPA—
surface interactions, we performed control experiments using
unmodified HA, HA-tyramine, and periodate-treated HA-
DOPA. Tyramine contains only one phenol group; hence, its
interaction with titanium surfaces is weaker than that of DOPA.
Similarly, after the oxidation of the catechol group of DOPA to
o-quinone, the binding of DOPA to titanium surfaces is
prohibited. If the measured force peaks correspond to the
rupture of nonspecific DOPA—surface interaction, we should
not observe similar sawtooth-like patterns using HA-tyramine
and periodate-treated HA-DOPA. Indeed, in these experiments,
no such sawtooth-like curves were observed (Figures S5—S7).
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In our experimental design, we rely on nonspecific adhesions of
HA-DOPA to cantilever tip to pick up HA-DOPA and rupture
DOPA—surface interactions. It is important to make sure such
nonspecific adsorption is stronger than a single DOPA-surface
bond. Indeed, such nonspecific adhesion forces between HA
and the cantilever tip can be as high as ~300 pN, higher than
the dissociation forces of the single DOPA-surface bond
(Figure S8). We have tested three different types of cantilever
tip materials (Si;N,, silicon, and gold). The nonspecific
adhesion forces between HA and the cantilever tips were
consistently higher than the rupture forces of DOPA—surface
bonds (Figure S8). In our experimental design, DOPA in
principle can also form specific bonds with cantilever tip.
However, because the cantilever tip is typically very sharp with
a tip radius less than 10 nm, such DOPA—tip bonds are
minimized. To estimate whether trace amount of DOPA—tip
interactions will affect the final results, we measured the rupture
of HA-DOPA with gold surface using gold coated cantilever tip
and the rupture of HA-DOPA with silicon surface using a
silicon cantilever tip. Such “symmetric” experimental design
ensures that the rupture events solely correspond to the
DOPA—gold or DOPA—silicon interactions. Our experimental
results indicated that no significant difference between the data
measured using Si;N, cantilever tips and those from such
“symmetric” experiments (Figure S9). Furthermore, we have
also used different types of cantilever tips (Si;N,, gold coated,
and silicon) to measure the ruptures of HA-DOPA with the
titanium surface. The rupture forces are independent of the
types of cantilever tips (Figure S10). To further validate our
approach, we studied the DOPA—titanium surface interactions
using the traditional single molecule force spectroscopy
approach, in which a single DOPA molecule was flanked to
cantilever tip by a poly(ethylene glycol) (PEG) linker.'®'**!
The representative traces and the rupture force histograms are
shown in Figure S11. It is obvious that the two force histograms
are superimposable. Therefore, the new approach could provide
accurate rupture force measurement with much improved
efficiency.

Subsequently, we analyzed the rupture forces on different
surfaces. This could provide a direct comparison of the
interaction strength of DOPA with different types of surfaces.
The rupture force histograms at a pulling speed of 1000 nm s~
are shown in Figure 2, right panel. Depending on different
surfaces, the rupture forces are in the range of 30—200 pN with
a broad distribution. The surface of the highest rupture force is
silicon and that of the lowest is polytetrafluoroethene (PTFE).
It seems that the rupture forces for both metal/metal oxide
surfaces and other inorganic surfaces are very similar, indicating
that DOPA is adaptive for the adsorption to diverse types of
surfaces. However, the mechanism underlying such strong and
adaptive binding is intriguing.

Free Energy Landscape for the Rupture of Different
DOPA—Surface Bonds. To decipher the binding mechanism,
we further investigated the free energy landscape underlying the
rupture of different DOPA—surface interactions. Because the
rupture of DOPA—surface bonding is a nonequilibrium process,
the rupture force depends on the loading rate, r.** The higher
the force loading rate, the larger the rupture force is. Simply
comparing the rupture force at a given pulling speed cannot
yield the information on the strength of each interaction. To
this extent, we measured the rupture forces on different surfaces
at various loading rates by simply adjusting the pulling sgeeds
(Figure 3). Using the widely used Bell—Evans model,*** we
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Figure 3. Loading-rate dependence for the rupture forces between the HA-DOPA and different substrates. Red lines correspond to the fits by the

Bell—Evans model.

quantified the free energy barrier (AG) for the unbinding and
the distance of the transition state or rupture distance (Ax).

ke T
P=B—ln[
Ax

A kT
Al P In(r)
kokgT Ax (1)
where F is the most probable rupture force, ky is the Boltzmann
constant, T is the absolute temperature, and k, is the
spontaneous dissociation rate of the bond. The free energy

barrier can be calculated as follows:

AG = RT In(k,/A) @)

where R is the gas constant and A is the Arrhenius prefactor or
the frequency factor. We chose A of 10° s™! in our calculation.
The kinetic parameters for the rupture of interactions between
DOPA and various surfaces are summarized in Table SI.
Interestingly, although the rupture forces of DOPA with plastic
surfaces are significantly lower than those with inorganic ones
at the pulling speed of 1000 nm s/, the free energy barrier is
almost the same. The lower rupture forces are mainly due to
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the longer distance to the transition state. It is worth
mentioning that the rupture distance measured here is not
related to the bond length, and AG is also not the bond
strength. Bond length is the average distance between the
centers of the nuclei of two bonded atoms in a molecule.
However, the rupture distance is the length difference between
bonded state and the rupture transition state. Similarly, the AG
is also not bond energy but the barrier height for the rupture of
a bond by force in aqueous solution. Bond energy is the
thermodynamic energy, which depends on the relative energy
between the bonded state and the dissociated state. However,
the AG for the rupture of a bond by force is the kinetic energy,
which depends on the free energy difference of the bond state
and the transition state. Such a barrier depends on the reaction
pathway. Moreover, the absolute value of AG is largely
determined by the value of the Arrhenius prefactor, A, which
was chosen as in the range of 10°—10°.**¢ However, the
relative scale of AG calculated using eq 2 is independent of A.

dx.doi.org/10.1021/1a501189n | Langmuir 2014, 30, 4358—4366
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Binding Mechanisms of DOPA with Various Surfaces.
On the basis of the free energy landscape for the DOPA
dissociation and the chemical properties of different types of
surfaces, we are able to infer the possible binding mechanism.
The ruptures of many different kinds of interactions have been
studied extensively using force spectroscopy techniques (Figure
4)>*75% Generally, the rupture of covalent bonds is of the
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Figure 4. Free energy barrier (AG) versus rupture distance (Ax) plot
for various types of interactions. AG and Ax of DOPA—surface
interactions were calculated using the Bell-Evans model. The ellipses
in the figure are calculated based on the data from previously
published papers, which studied different types of chemical
interactions. The covalent bond data were taken from refs 55, 57,
coordination from refs 49—S51, 59, hydrophobic interactions from refs
31, 47, 48, and hydrogen bonding from refs 52, 53. The size of the
ellipses corresponds to the standard deviation of the literature data. In
these literatures, different kinetic models or different Arrhenius
prefactors may be used. To make the data consistent, the data were
reanalyzed using the Bell-Evans model with an Arrhenius prefactor of
10°% Clearly, DOPA may adopt several different kinds of binding
modes with different substrates.

shortest rupture distance of about 0.0007 nm but the highest
free energy barrier of ~50 k] mol™". The rupture of electrostatic
interactions shows a bit longer rupture distances of ~0.04 nm,
indicating potential well for charge—charge interactions is also
quite steep. It is worth mentioning that the literature data for
the rupture distances for charge—charge interactions may be a
bit underestimated. Typical charge—charge interactions are not
stable in water and prone to dissociation spontaneously. The
two literature data were either measured inside biomolecule or
from strong charge transfer complexes.’**> The rupture of
coordinate bonds shows even longer rupture distance of ~0.12
nm and similar free energy barrier. The hydrophobic
interactions show much longer rupture distance while the
free energy barrier is comparable with that of coordinate bond.
Both the free energy and the rupture distance for the break of
hydrogen bonds span a wide range, depending on the chemical
environments of the hydrogen bonds. There are big overlaps
between hydrophobic interactions and hydrogen bonds.
However, as the criteria for the formation of hydrogen bonds
are very stringent, the hydrogen bonds are only limited to
hydrogen atoms bound to a highly electronegative atom, such
as nitrogen, oxygen, or fluorine. With the knowledge of the
chemical properties of the surfaces, we should be able to
discriminate them unambiguously. Therefore, this plot provides
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a caliber for us to understand the nature of DOPA—surface
interactions.

We also plot the free energy and rupture distance of DOPA
from different surfaces in Figure 4. Clearly, none of these
interactions are in the range of covalent bond or electrostatic
interactions. Therefore, we believe that the coordinate bonds,
hydrogen bonds, and hydrophobic interactions are the three
possible mechanisms that DOPA utilized for surface binding.
As expected, DOPA uses its catechol group to bind with
titanium and silicon surfaces by forming coordinate bonds, and
for silica surface, DOPA may prefer to form hydrogen bonds
with oxygen atoms of the substrate or a hydrogen bond and
another coordinate bond with silica. Therefore, the binding
between DOPA and silica appears in the cross of hydrogen and
coordination interactions. For hydrophobic surfaces, such as
gold, PTFE, and high-density polyethylene (HDPE), with no
surprise, they are in the range of hydrophobic area.
Interestingly, the polystyrene (PS) and mica substrates show
abnormal behavior. The rupture distance of PS substrate is
much smaller than other plastic surfaces. We propose that this
is due to the m—x stacking between the catechol groups of
DOPA and the phenyl groups of polystyrene. Mica is a
compound containing both alumina and silica. The position of
mica in Figure 3 is closer to alumina; so we propose that the
chemical interaction between DOPA and mica is more likely by
the hydrogen bond between the hydroxyl groups of DOPA and
the oxygen atoms on alumina instead of coordinate bonding.
Although different binding mechanisms between DOPA and
various surfaces have been speculated from the SFA data, it fails
to provide clear distinctions between different binding modes.
Interestingly, a recent SFA study showed that DOPA-deficient
foot protein of green mussels also possesses strong adhesion
capability.* Single molecule force spectroscopy is comple-
mentary to the widely used SFA technique and allows
deciphering the molecular binding mechanisms between
DOPA and various surfaces. Our results indicate that the
versatile binding capability of DOPA containing mussel holdfast
proteins is mainly due to the adaptive binding mechanism
between DOPA and different surfaces instead of the
contributions from other amino acids.

Estimation of the Binding Strength of DOPA
Containing Polymers with Various Surfaces. The kinetic
parameters obtained in this study also allow us to estimate the
work that is required to pull off DOPA-containing polymers
from various surfaces. We used a Monte Carlo simulation
procedure to generate the force—extension traces of rupturing
single DOPA-containing polymers (i.e, HA-DOPA) with
various DOPA contents (Figure S12). With the increase of
DOPA contents, the force—extension traces turn from
sawtooth-like shape to force plateaus, which is consistent with
that reported previous by Wang et al.'” Integrating the force—
extension curves yields the work that is required to dissociate
DOPA-containing polymers from various surfaces. Because we
assumed all DOPA molecules bound to surfaces in our
simulation, the calculated work should be considered as the
upper limit of the binding energy. The amount of work
increases with respect to the DOPA contents. However, the
maximum work (at 100% DOPA) is different for various
surfaces (Table S2). The inorganic surfaces, such as silicon,
titanium, silica, and mica, show the strongest DOPA—surface
interactions. The plastic surfaces, such as HDPE and PTFE, are
of weaker binding strengths. Because DOPA cannot form
hydrogen bonds or coordinate bonds with gold surface,
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DOPA~—gold interactions are also hydrophobic in nature and
similar to DOPA—plastic surface interactions. However, due to
the presence of 7—7 interactions, DOPA—PS interactions are
notably stronger than other organic surfaces. More interest-
ingly, the dissociation work shows a nonlinear relationship with
the amount of DOPA in the polymers. At low DOPA contents,
the dissociation work increases abruptly, while at high DOPA
contents, the dissociation work gradually reaches a plateau
(Figure S12). The content of DOPA that is required to reach
the half of the maximum dissociation work (at 100% of DOPA)
for each surface was summarized in Table S2. For all surfaces,
7—16% of DOPA is sufficient to provide half of the dissociation
work with 100% of DOPA. Although increasing the amount of
DOPA could increase the overall binding strength, the
contribution from each DOPA group actually becomes less.
There is much room for tailoring the binding strength of
DOPA-containing polymers to various surfaces and under
different environmental conditions by adjusting the DOPA
contents. The rupture kinetics measured in this study may serve
as an important reference for the design of DOPA containing
synthetic adhesives.

H CONCLUSION

In summary, we studied the interactions between DOPA and
various surfaces at the single molecule level using the “multiple
fishhook” force spectroscopy technique. We found that DOPA
shows similar rupture forces of 60—90 pN to nine different
surfaces, demonstrating the versatile binding ability of DOPA.
Moreover, by quantifying the free energy landscape for the
dissociation of DOPA to these surfaces, we were able to directly
decipher their different binding modes. For example, our results
suggested that DOPA might bind to mica by the hydrogen
bond between the hydroxyl groups of DOPA and the oxygen
atoms on alumina instead of coordination interactions with
silica. Such mechanisms cannot be predicted from the
chemistry nature of the surfaces a priori. Therefore, this
study represents an important step toward the understanding of
mussel adhesion mechanism. Based on this technique, many
complex features of DOPA binding can be revealed. Studying
the effect of chemical and biological environments of mussel
holdfast proteins on the DOPA surface interactions will be our
next endeavor.
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