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anism of mussel-derived adhesive
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Mussel adhesion to a variety of surfaces has received considerable attention due to its ability to bind strongly

to many surfaces under water. Understanding the interactions between mussel-derived adhesive proteins

and surfaces with different chemical and physical properties is of great theoretical and practical interest.

Here, we explored the adsorption behavior of mussel foot protein-1 (Mfp-1) onto self-assembled

monolayers (SAMs) with varying wettability and chemistry, through quartz crystal microbalance with

dissipation measurements, ellipsometry, X-ray photoelectron spectroscopy, and atomic force

microscopy. The results showed significant differences in the structural conformations of protein

adsorbed layers for the series of surfaces. Two mechanisms were found in all the systems; in the case of

hydrophobic surfaces, the first regime corresponded to the initial adsorption of protein molecules onto

the surfaces, and the second kinetic process was related to conformational changes, resulting in

a relatively rigid and dense protein layer; while for hydrophilic surfaces, a loose and soft adsorbed

protein film was generated. It was found that the adsorbed mass of Mfp-1 at the hydroxyl terminated

SAM surface was the smallest among all the modified surfaces, because of the formation of hydration

layers reducing protein adhesion effectively. Furthermore, the interaction mechanisms of protein

molecules with solid surfaces were suggested, providing a new way of designing and developing

underwater adhesive or anti-fouling materials.
Introduction

Marine mussels are specialists at wet adhesion, attaching to
diverse surfaces underwater by the use of a series of proteins
rich in 3,4-dihydroxyphenylalanine (DOPA). Of the well-known
mussel foot proteins (Mfps), Mfp-1 is an outer mussel
anchoring protein in the byssal cuticle of mussels. With a large
molecular weight of�110 kDa, Mfp-1 is composed of 60 tandem
repeats of a decapeptide [Ala-Lys-Pro-Ser-DOPA-Hyp-Hyp-Thr-
DOPA-Lys].1–4 As a result, Mfp-1 exhibits good adhesive and
crosslinking abilities in water.5 Owing to a high amount of
lysine, Mfp-1 is positively charged under acidic or neutral
conditions. The proline residues contribute to reducing the
formation of large secondary structures, resulting in a rather
exible formation of Mfp-1 in aqueous solution.6–8 Therefore,
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the adhesive strategies of the adhesive protein have aroused
broad interest both in theoretical and technological elds.9–15

Current studies have investigated the wet adhesion of Mfp-1
to different surfaces, such as mica or metal oxide, while in
natural world, surfaces are covered by various organic lms
within minutes.16,17 So, it is necessary to understand mussel
binding mechanisms to such fouled lms due to the great
importance in marine biofouling and the biocompatibility of
biomaterials. Besides, there is currently a lack of knowledge
about how material factors, such as surface chemistry, can
control protein adhesion/morphology.18 There are only a few
pioneering works reported on how material properties can
affect protein adsorption,19–21 e.g., methyl and hydroxyl termi-
nated self-assembled monolayer (SAM) surfaces were prepared
to create hydrophobic and hydrophilic surfaces, respectively,
and reduce the protein adsorption to some extent; however,
little is understood about how changing intricate surface
chemistry can inuence Mfp-1 adsorption and adhesion.

In order to address these questions, we have prepared
a series of model surfaces modied by SAMs varying systemat-
ically in water wettability, from hydrophilic to hydrophobic,
including hydroxyl (–OH), amino (–NH2), methyl (–CH3), and
peruorodecane (–CF3) terminated groups in the present work.
The rst three functional groups can be found naturally within
biological systems and the last one contributes low surface
This journal is © The Royal Society of Chemistry 2017
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View Article Online
energy, using thiol modication techniques on gold surface.
The interactions between wet surfaces in the presence of Mfps
adsorbed layers were normally studied using surface forces
apparatus (SFA),22–24 but such measurement can hardly provide
the information about adsorption of proteins on the solid/water
interface and the displacement of water molecules from the
interface in situ which is the rst step to understanding adhe-
sive mechanisms. In this work, detailed information about the
adsorption and lm-forming processes of Mfp-1 on such
surfaces has been determined by quartz crystal microbalance
with dissipation monitoring (QCM-D), ellipsometry, X-ray
photoelectron spectroscopy (XPS), and atomic force micros-
copy (AFM) measurements. The effects of chemistry composi-
tion and water wettability of SAMs on the adsorption process of
Mfp-1 have been studied, leading to a better understanding to
the interactions between protein molecules or aggregates or
between protein and surface.
Materials and methods
Materials

The Mfp-1 (purity 90%, Sigma-Aldrich) was diluted to
0.01 mg mL�1 in 0.1 M citric acid buffer (pH 5.5). The pH of this
buffer is below the upper limit at which Mfp-1 undergoes
spontaneous oxidation and subsequent cross-linking/
aggregation in solution.25,26 Citric acid buffer was prepared by
rst dissolving the required quantity of citric acid (AR, purity
99.5%, Sigma-Aldrich) in Millipore MilliQ water, and then
adding small amounts of sodium hydroxide (AR, purity 98%,
Sigma-Aldrich). 1-Octadecanethiol (AR, purity 96%, J&K Scien-
tic), 11-mercapto-1-undecane (AR, purity 96%, J&K Scientic),
1H,1H,2H,2H-peruorodecane-1-thiol (AR, purity 97%, J&K
Scientic), and 11-amino-1-undecanethiol hydrochloride (AR,
purity 99%, Sigma-Aldrich) were used for the synthesis of self-
assembled monolayers (SAMs), respectively.
Preparation and characterization of self-assembled
monolayers (SAMs)

Before preparing SAMs, QCM gold sensor chips were immersed
in piranha solution (3 : 1 vol. ratio of concentrated sulfuric acid
and 30% H2O2) at 75 �C for 15 min, and then rinsed with
deionized water and dried with pure nitrogen. To create SAM-
functionalized substrates, the freshly clean chips were
immersed in ethanolic solutions of 1-octadecanethiol, 11-
mercapto-1-undecane, 1H,1H,2H,2H-peruorodecane-1-thiol,
and 11-amino-1-undecanethiol hydrochloride at the concen-
tration of 1 mM for 24 h, respectively.27 The substrates were
thoroughly rinsed by ethanol to remove physisorbed thiol from
the surfaces and dried with pure nitrogen stream.

The wetting of aqueous drops on the SAM-modied surfaces
were determined through a contact angle goniometer with an
OCA20 system (DataPhysics, Germany) at room temperature.
The elemental surface component of SAMs was determined by
X-ray photoelectron spectroscopy (XPS) using ESCALab 250Xi
with 200 Wmonochromated Al Ka radiation. The base pressure
in the analysis chamber was about 3� 10�10 mbar. Typically the
This journal is © The Royal Society of Chemistry 2017
hydrocarbon C1s line at 284.8 eV from adventitious carbon is
used for energy referencing.

Quartz crystal microbalance with dissipation monitoring
(QCM-D)

The protein adsorption mass and characteristics of the adsor-
bed layer were assessed using a quartz crystal microbalance
with dissipation (QCM-D) from Biolin Scientic AB (Q-sense E1,
Sweden). A sensor of gold-coated quartz crystal with AT-cut (QSX
301, Biolin Scientic AB, Sweden) was used, with a fundamental
resonant frequency of 5 MHz and amass sensitivity constant (C)
of 17.7 ng cm�2 Hz�1. The SAM-modied surface was exposed to
the protein solution. When a quartz crystal is excited to oscillate
in the thickness shear mode at its fundamental resonance
frequency (f0) by applying a RF voltage across the electrodes
near the resonance frequency, an adsorption layer added to the
electrodes induces a decrease in resonance frequency (Df). The
QCM-D technique monitors the frequency and energy dissipa-
tion of the oscillating shear motion of a quartz crystal at all
the harmonics (n ¼ 1, 3, 5, ., 13), which provides the infor-
mation about the mass of adsorbate on the surface and the
elastic property of the adsorbed lm. The uncertainty is below
0.5 ng cm�2.

For a rigid and thin layer, adsorption curves at different
overtones are similar, so the adsorbed mass on the sensor is
generally obtained through the Sauerbrey equation:28

Dm ¼ � rqlq

f0

Df

n
¼ �C

Df

n
(1)

where f0 is the fundamental frequency; rq and lq are the specic
density and thickness of the quartz crystal, respectively. The
dissipation factor is dened by eqn (2):29

DD ¼ Ed

2pEs

(2)

where Ed and Es are the dissipated and stored energy during one
oscillation, respectively. The third overtone (n¼ 3) is used when
QCM data are processed through the Sauerbrey equation.

For a viscoelastic layer, the layer is not fully coupled to the
oscillation of the crystal and undergoes a deformation under
shear oscillatory motion, in which the crystal's oscillation is
dampened and the change in resonant frequency is inuenced.
So the Sauerbrey equation is not valid and it is necessary to use
the Voigt model. In such calculations, the parameters of density
and viscosity of protein solutions were used as the values of
1002 kg m�3 and 0.00103 Pa s at room temperature, respec-
tively.30 The best tting values of the shear viscosity (h), shear
modulus (m), and thickness (h) of the adsorbed layer were ob-
tained by modeling the experimental data of f and D for three
overtones using the Q-tools soware package (Biolin Scientic
AB, Sweden).

All QCM-D experiments were conducted in a ow-through
mode at a rate of 100 mL min�1 at �25 �C. A baseline was
established by citric acid buffer for at least 5 min. Aer the Mfp-
1 solution (0.1 mg mL�1) being freshly prepared, it owed
90min until an adsorption plateau reached. And then, the chips
were washed by the buffer to remove loosely attached protein
RSC Adv., 2017, 7, 39530–39538 | 39531
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molecules and reestablished the baseline. QCM-D experiments
were repeated at least three times and average values were re-
ported. The 3rd, 5th, 7th, and 9th overtones were used for all
modeling calculations.

Ellipsometry measurements

The thickness of protein layers was also measured by a spec-
troscopic ellipsometer (M-2000V, J. A. Woollam) carrying out
with a wavelength range from 370.1 to 999.1 nm at an incidence
angle of 70�. The complex reection coefficient is measured as
a function of wavelength expressed by eqn (3):31

tanðJÞeiD ¼ Rp

Rs

(3)
Fig. 1 Characterization of SAMs on gold: AFM images (a–d), water conta
–CF3 terminated surfaces (e–h).

39532 | RSC Adv., 2017, 7, 39530–39538
where tan(J) is the amplitude ratio of the reection coefficient
of p-polarized light (Rp) and that of s-polarized light (Rs);D is the
phase difference. The quantities of J and D can be obtained
through an appropriate model. In this study, a well-established
Cauchy dispersion model has been used to t ellipsometry
data,32,33 as described in detail in Fig. S1.† Aer the thickness
being obtained (as shown in Table S1†), the adsorbed mass
was calculated, where the density of the protein was chosen as
1.00 g cm�3.34

The comparison between the adsorbed mass obtained from
QCM-D, mw, and ellipsometry, md, allows us to obtain the mass
of water associated with layers using the method introduced
previously.35,36 Relative water content (RWC), in the adsorbed
lm, can be calculated by eqn (4):
ct angle (inset figures), and XPS S2p spectra of –OH, –NH2, –CH3, and

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Changes in frequency (Df) and dissipation (DD) as a function of
time for the adsorption of Mfp-1 on the modified surfaces using
QCM-D.

Fig. 3 DD–Df plots for the adsorption of Mfp-1 onto different
substrates.
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RWCz
mw �md

mw

(4)

Atomic force microscope (AFM)

To investigate surface morphology of lms obtained from QCM-
D measurements aer equilibrium adsorption and rinsing,
AFM images were recorded under air by a Fastscan mode
(Nanoscope IIIa, Digital Instruments), with a pyramidal SiO2 tip
(4.0 N m�1) and in a peakforce tapping mode. The root-mean-
square (RMS) roughness was evaluated from the recorded
AFM images and determined by using the Nanoscope Analysis
soware.

Results and discussion
Surface characterization of SAMs

By varying the end-group functionalities of thiols, we obtained
a series of SAM-modied surfaces. From X-ray photoelectron
spectroscopy (XPS) results (Fig. 1e–h), a peak at around 162 eV is
observed and attributed to the Au–S binding bond, indicating
the successful modication of SAM end-groups (including SAM-
OH, SAM-NH2, SAM-CH3, and SAM-CF3). The contact angle of
water droplet on such surfaces increases from �19� to �106�,
implying that the model surfaces varying in water wettability are
obtained. Nearly all these surfaces present a at and homoge-
nous conformation with similar average roughness (RMS)
values of �1 nm, as shown in Fig. 1a–d. Ellipsometric
measurements also demonstrate that the lm thickness of –OH,
–NH2, –CH3, and –CF3 terminated surfaces is of about 1 nm (see
Table S1†).

Mfp-1 adsorption

Upon addition of Mfp-1 onto different kinds of surfaces, a rapid
decrease in frequency (Df) and a slow increase in dissipation
(DD) are observed as shown in Fig. 2. Aer the equilibrium
adsorption, a rinse of pure buffer solution is introduced and
some loosely attached proteins are removed. Df reaches at
��47, ��56, ��64, and ��79 Hz in the case of Mfp-1
adsorbing onto the surfaces with OH, CH3, CF3, and NH2 end
groups, respectively. The frequency is accompanied by a similar
dissipation value of about 1 � 10�6. It indicates that the mass
uptake of Mfp-1 on the hydrophilic modied surface (such as
–OH terminated surface) may be lower than that on the bare
surface as well as hydrophobic modied surface (such as –CH3

terminated and –CF3 terminated surfaces), except for the –NH2

terminated surface. At the testing pH (�5.5), both Mfp-1 and
–NH2 terminated surface are positively charged due to the
protonation of the amine moiety, and thereby there is electro-
static repulsion between Mfp-1 and the –NH2 terminated
surface. The strongest adsorption on the –NH2 terminated
surface suggests that there should be a strong attraction which
can overcome the electrostatic repulsion. Recent SFA studies
with Mfp-1 shows that long-range electrostatic repulsion in
Mfp-1 could be overcome by the short-range cation–p attraction
between amino groups on the surface and the aromatic groups
This journal is © The Royal Society of Chemistry 2017
(tyrosine, DOPA, tryptophan, indole) of Mfp-1.37,38 The cation–p
interaction between positively charged amine group on the
–NH2 terminated surface and DOPA/tyrosines in Mfp-1 is likely
one of the reasons of the strongest adsorption on the –NH2

terminated surface. It is speculated that there is a relationship
between adsorbed mass and surface wettability, surface chem-
istry, as well as water load of the adsorbed protein layer, as
described in the following. Information about mass and thick-
ness of the adsorbed layer can be obtained through tting
values of Df and DD at different overtones by the use of Voigt
model, as show in Fig. S2.†
Kinetic processes

To investigate the adsorption kinetics of Mfp-1 on different
surfaces, the proles of DD vs. Df are exhibited in Fig. 3. The
values of slopes obtained by linear t of the curves (see Fig. 3)
for the rst (k1) and second (k2) kinetic processes are shown in
Table 1. During the adsorption process of protein, changes in
the slope typically indicate that the proteins binding to the
surface undergo structural rearrangements.39,40 At hydrophilic
surfaces, dissipation per unit of f-shi is bigger in the second
kinetic process, resulting in the bigger value of k2 compared
RSC Adv., 2017, 7, 39530–39538 | 39533
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Table 1 Values of k1 and k2 for the first and second kinetic processes,
respectively

Different surfaces

–OH –NH2 Au –CH3 –CF3

k1 (-10
�8/Hz) 6.17 3.05 5.11 5.68 5.39

k2 (-10
�8/Hz) 14.2 6.81 5.98 3.80 4.17
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with k1 (see Table 1), and therefore the structural rearrange-
ments may lead to a loose and so adsorbed protein lm during
the continuous adsorption of protein. Especially in the case of
–OH surface, the dissipation is the highest of all the surfaces
and the value of |f| is the smallest, so the value of k2 is much
higher than that of k1, leading to accommodate a swelling
conformation of the protein molecules and the weakest
adsorption compared with other cases. In the case of hydro-
phobic surfaces, the rst kinetic process with a similar value of
k1 corresponds to the initially fast adsorption of protein mole-
cules onto the surfaces, and the second kinetic process with
a lower value of k2 relates to the structural rearrangements or
conformational changes, resulting in a relatively rigid and
dense protein layer.

Fig. 4 shows adsorbed mass of Mfp-1 on modied surfaces
calculated from QCM-D measurements using the Voigt model.
In initial time, adsorption rate on SAM-NH2 surface is the
highest among all the surfaces, probably because of the strong
cation–p interaction. Aer rinsing the adsorbed mass is in the
increasing order: SAM-OH < SAM-CH3 < SAM-CF3 < SAM-NH2.
The results reveal that the adsorption rate and adsorbedmass of
Fig. 4 Adsorbed mass of Mfp-1 on modified surfaces measured from
QCM-D data using the Voigt model.

Fig. 5 (a) Adsorbedmass of Mfp-1 on different surfaces obtained fromQC
in the protein films estimated from QCM-D and ellipsometry mass.

39534 | RSC Adv., 2017, 7, 39530–39538
Mfp-1 on SAM-OH is the lowest among all the SAM substrates,
mainly due to the hydration interactions between protein and
the modied surface, which avoids the rapid adsorption of
protein on the surface, resulting in low adsorbed quantity.
QCM-D versus ellipsometry

There is a substantial difference between the adsorbed masses
calculated from QCM-D and ellipsometry measurements,
because QCM-D mass includes both the mass of adsorbed
protein and associated water, whereas ellipsometry mass gives
a dry mass. QCM-D mass calculated through Voigt model is
approximately double as compared to that of ellipsometry mass,
showing a good ability in associating with water (Fig. 5). The
water content decreases with the increase of hydrophobicity of
the surface. On the relatively hydrophilic surfaces (e.g., –OH
terminated surface), the adsorbed quantities are low and the
water contents are high, resulting in the loose bond of protein
molecules onto the surfaces. It suggests that the hydroxyl
terminated thiol creates a hydration layer via hydrogen bonds
between –OH groups and water molecules, forming a strong
physical barrier to prevent direct contact betweenMfp-1 and the
surface,41 which provides a further explanation on the low
adsorption mass. On the contrary, hydrophobic surfaces exhibit
low water contents (e.g., –CH3 or –CF3 terminated surface),
owing to the weak barrier from Mfp-1 adsorption at surface and
the formation of hydrophobic interactions between end groups
and protein molecules.
Surface characterization of protein lms

On the hydroxyl terminated surface, it is found that the protein
preferentially forms a homogeneous layer with a low roughness
of �1 nm (Fig. 6a). A high coverage of Mfp-1 on the –NH2

terminated surface is obtained in according with the high
adsorbed mass from QCM-D results, probably owing to the
strong cation–p interaction of protein and terminal amino of
surface which is strong enough to overcome the electrostatic
repulsion between them.40–42 Mfp-1 molecules tend to aggregate
and form islands in larger size on the hydrophobic surface
(including –CH3 terminated and –CF3 terminated surfaces),
probably due to the hydrophobic interaction between the
residue of DOPA and the hydrophobic groups on the SAMs. XPS
C1s spectra results show that new peaks appear at 286.3 eV and
M-D and ellipsometrymeasurements; (b) relative water content (RWC)

This journal is © The Royal Society of Chemistry 2017
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288.1 eV, based on the C–O or C–N bond and amide bond (N–
C]O) from the protein comparing with the surface before
protein absorption. On the –OH surface, the relative
Fig. 6 AFM images and XPS C1s spectra of Mfp-1 on modified surfaces

This journal is © The Royal Society of Chemistry 2017
composition for the N–C]O peak at 288.1 eV was 5.3%, lower
than that of the samples on other surfaces in accordance with
the results from QCM-D and ellipsometry.
of SAM-OH (a, e), SAM-NH2 (b, f), SAM-CH3 (c, g), and SAM-CF3 (d, h).

RSC Adv., 2017, 7, 39530–39538 | 39535
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Fig. 7 A schematic of adhesion mechanisms of Mfp-1 on surfaces.
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Proposed adsorption mechanisms

On the –OH terminated surface, hydrogen bonds can form
between hydroxyl groups (hydrogen donors) of DOPA residues
and the oxygen atoms (hydrogen acceptors) on the surface (see
Fig. 7). And it has been conrmed that each DOPA presumably
forms only one hydrogen bond with the OH-SAM headgroup.19

Aer protein molecules covering such surface, there is a struc-
tural rearrangement with the arrival of subsequent proteins.
Due to the formation of loose and so protein lms with high
water content, it can be concluded that water molecules tend to
form hydrogen bonds with proteins and –OH terminated
surface (so-called hydration layers), which plays an important
role in preventing the adsorption of Mfp-1. Both amine termi-
nated SAM andMfp-1 are positively charged in the experimental
condition, but Mfp-1 shows the highest adsorption on the –NH2

terminated surface among all the SAM surfaces, probably due to
the cation–p interaction of protein-surface which is strong
enough to overcome the electrostatic repulsion in wet condi-
tions.42–45 On hydrophobic surface, taking –CH3 terminated
surface as an example, DOPA is capable of interacting hydro-
phobically with the alkyl surface through its aromatic ring
(Fig. 7). Other amino acid residues, containing a (CH2)4 block,
may improve the hydrophobic adhesion as well,46 and therefore,
it shows that the surface is coated rigidly and densely. In
addition, the shear viscosity and modulus values of Mfp-1
adsorbed at the hydrophilic OH-SAM surface are smaller than
that of the hydrophobic CH3-SAM surface (Table S2†), consis-
tent with a higher level of hydration at the OH-SAM surface.
From all the results above, it suggests that subtle adjustments to
surface chemistry can inhibit or enhance adhesion between
Mfp-1 and tuning surfaces. This nding has important impli-
cations for shielding or improving the performance of envi-
ronmental and medical coatings or adhesives on surfaces.
Conclusion

We have systematically studied the adsorption of Mfp-1 on the
self-assembled monolayers (SAMs) varying from surface
39536 | RSC Adv., 2017, 7, 39530–39538
wettability and chemistry. The adsorption kinetics of the
protein appeared to be distinct between such surfaces, which
indicated the effect of surface wettability and chemistry on the
restructure of Mfp-1 during adsorbing. Compared the mass of
adsorbed protein on the surfaces measured by ellipsometry and
quartz crystal microbalance with dissipation, it was found that
the associated water played an essential role in preventing
protein adsorption. At SAM-OH surface, the absorbed mass and
adsorption rate of the protein were quite low probably due to
the form of hydration layers on hydroxyl moieties. In the case of
hydrophobic surface, such as SAM-CH3 surface, it showed
a high level of protein adsorption, because the adsorption
process was dominated by the hydrophobic interactions of
protein-surface and subsequently by the protein structural
rearrangements. Besides, the adsorption behavior between the
positively charged amine surface and positively charged Mfp-1
showed the strongest in QCM-D quantication among all the
SAM surfaces because of the key interaction of cation–p inter-
action between NH2-SAM and Mfp-1. Our results suggested that
the adjustments to lm chemistry was able to obtain either
stronger or weaker adsorption of Mfp-1 onto model surfaces. It
led a better understanding of the adsorption kinetics and
structural conformation of protein on such surfaces, of great
importance in developing medical materials or preventing
marine fouling.
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