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Interfacial pH during mussel adhesive plaque formation

Nadine R. Martinez Rodrigueza,b, Saurabh Dasb,c , Yair Kaufmanb,c, Jacob N. Israelachvilib,c* and J. Herbert Waitea,b*
aDepartment of Molecular, Cellular, and Developmental Biology, University of California, Santa Barbara, CA, USA; bMaterials
Research Laboratory, University of California, Santa Barbara, CA, USA; cDepartment of Chemical Engineering, University of
California, Santa Barbara, CA, USA

(Received 6 January 2015; accepted 1 March 2015)

Mussel (Mytilus californianus) adhesion to marine surfaces involves an intricate and adaptive synergy of molecules and
spatio-temporal processes. Although the molecules, such as mussel foot proteins (mfps), are well characterized, deposi-
tion details remain vague and speculative. Developing methods for the precise surveillance of conditions that apply dur-
ing mfp deposition would aid both in understanding mussel adhesion and translating this adhesion into useful
technologies. To probe the interfacial pH at which mussels buffer the local environment during mfp deposition, a lipid
bilayer with tethered pH-sensitive fluorochromes was assembled on mica. The interfacial pH during foot contact with
modified mica ranged from 2.2 to 3.3, which is well below the seawater pH of ~ 8. The acidic pH serves multiple func-
tions: it limits mfp-Dopa oxidation, thereby enabling the catecholic functionalities to adsorb to surface oxides by
H-bonding and metal ion coordination, and provides a solubility switch for mfps, most of which aggregate at pH ≥ 7–8.

Keywords: Dopa; mussel interfacial pH; pH sensitive surface; Oregon Green® 488 DHPE

Introduction

All bivalve molluscs (Class Bivalvia: Phylum Mollusca)
produce a tethering thread or bundle of threads known
as a byssus for attachment to solid surfaces during the
settlement of post-larval forms (Yonge 1962). In clams,
cockles, oysters and scallops, the byssus is largely lost
as juveniles adopt the buried, cemented, or free-
swimming adult modes of life (Yonge & Thompson
1976). In others such as mussels, the byssus is neote-
nously retained in adult forms and continuously renewed
to maintain holdfast tenacity in the high-energy intertidal
zone (Waite 1983). As such, byssus formation is an
essential step for development in all bivalves and, more
particularly, in species that impact fouling, mariculture
and intertidal ecosystems (Yonge & Thompson 1976;
Carrington et al. 2015). Despite the importance of the
byssus, substantive progress in understanding byssal bio-
chemistry did not occur until the relatively recent focus
on biomimetic adhesion (Waite et al. 2005; Lee et al.
2011). Constituent proteins of byssus, also known as
mussel foot proteins (mfps) have inspired the design of a
variety of underwater adhesives, hydrogels, and coatings
(Lee et al. 2007, 2011; Fullenkamp et al. 2012; Ahn
et al. 2014). The interfacial chemistry between native
mfps, mussel-inspired polymers and well-characterized
solid surfaces has received much scrutiny. However,
investigations into the specific conditions imposed by
mussels during plaque formation have not kept pace.
Without reliable knowledge about the pH, ionic strength,

redox and cleaning conditions that prevail during plaque
formation, insights drawn solely from the chemistry and
in vitro behavior of mfps have limited meaning. The pH-
sensitivity of 3,4-dihydroxyphenylalanine (Dopa) oxida-
tion is an excellent case in point. Mfps such as mfp-3
and mfp-5 contain 20–30 mol% Dopa and are highly
adhesive (eg Eadh = –14 mJ m−2 on mica) within nar-
rowly defined solution conditions (Danner et al. 2012;
Nicklisch et al. 2013; Martinez Rodriguez et al. 2015).
Increasing the pH of mfp deposition in vitro from ~ 3 to
7.5, for example, typically causes significant Dopa
oxidation and abolishes mfp-3 and -5 adhesion to mica,
which is counterintuitive given that the ambient seawater
around natural mussel clusters has a pH of ~ 8.

The first hint of important processing during byssus
formation was obtained by inserting a microelectrode into
the distal depression of an adult mussel foot in order to
measure the pH and ionic strength of foot fluid collected
after the KCl-induced secretion of adhesive proteins, ie
pH 5.5 and 0.15 M (Yu et al. 2011). As many inverte-
brates, especially molluscs, secrete acids in response to
irritation (Thompson 1969), a completely convincing
demonstration that mussel adhesion is pH-dependent
would contrive to measure the pH under a mussel foot
during natural plaque formation. This is a challenging
undertaking as mussels are far from being compliant par-
ticipants. What is known about byssus formation is that
the mussel uses its foot to reconnoiter its surroundings
and, having done so, makes snug contact with a target
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surface prior to depositing adhesive mfps in a fashion
resembling injection molding (Waite 1987). The dimpled
distal depression of the foot is positioned over a surface
like an inverted rubber cup and compressed, thereby
pushing out bulk water (see Supplemental material, Sup-
porting video). Mfps are then secreted into the remaining
gap from 8 to 10 pores in the depression ceiling (Tamarin
et al. 1976). Strong and durable adhesion is achieved
despite the surrounding seawater at pH 8.2, high salt and
saturating levels of dissolved O2, which will tend to
undermine the strength of protein adhesion to mica and
titania surfaces in vitro (Nicklisch et al. 2013).

By affixing live mussels to predetermined positions
on an inert backing, then presenting them to surfaces
coated with pH-sensitive dyes, it has been possible to
monitor the pH conditions accompanying byssal plaque
formation.

Materials and methods

Oregon Green® 488 DHPE/DMPC mica surface is
reversible to pH change

A mixture of Oregon Green® 488 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine (Oregon Green® 488
DHPE, 1 mol% of DMPC) and 1,2-dimyristoyl-sn-glyc-
ero-3-phosphocholine (DMPC) was added to 150 mM
NaCl buffer and injected onto a freshly cleaved mica
surface at 40°C for 10 min (Figure S1). The lipid bi-
layer coated mica surface was then rinsed with 150 mM
NaCl and kept under wet conditions.

A pH-sensitive lipid-bilayer membrane was prepared
on mica using 488 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (Oregon Green® 488 DHPE) /
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
with a responsive pH range of pH 4–6 (Figure S1) and
selected for its proximity to the previously observed
pH of 5.5 for induced plaques (Yu et al. 2011). The
pH-coupled fluorescence (λem = 526 nm) arises upon
ionizing the carboxyl group (pKa ~ 4.7) in the tethered
fluorochrome. At pH below the pKa, the carboxyl
spontaneously esterifies to a non-fluorescent lactone
(Figure S1).

To measure the effect of pH change of Oregon
Green® 488 DHPE/DMPC on the mica surface (pKa ~
4.7), the lipid bi-layer surface was exposed to citrate buf-
fers ranging from pH 2.6 to 7.6. An inverted confocal
microscope was used to image the underside of the sur-
face for the mean integrated intensity or the mean fluo-
rescence intensity of a randomly selected area at 10× (A
= 1.6 × 10 −6 μm2). Each buffer change was allowed to
equilibrate for ~ 5 min before imaging.

The substratum was first rinsed with 150 mM NaCl
and then allowed to equilibrate to pH 7.6. The black line
shows a decrease in the normalized fluorescence from

pH 7.6 to 2.6. The pH was then increased from 2.6 to
7.6 (Figure S2) and shows an increase in intensity. The
pKa of the Oregon Green® 488 DHPE/DMPC bi-layer is
between pH 5 and 6 which is above the published pKa

of 4.7. The shift in pKa can be attributed to the bulk of
the solution being 1.5 pH units lower than the pH at the
interface (Longo et al. 2012). The reversal from pH 2.6
to 3 does not recover to the original intensity of the first
titration and shows hysteresis attributed to the charging
properties of the lipid bilayer (O’Reilly et al. 2005). The
reversibility of the lipid bilayer remained consistent
after three additional cycles of buffer changes. The
results show that the Oregon Green® 488 DHPE/DMPC
lipid bi-layer is responsive to pH changes between pH
7.6 and 2.6.

The fluorescent intensity of the contact area between
the distal depression and the surface (red circle in
Figure 1c and d, diameter ~ 209 μm) was then recorded
over the next 15 min (initial I ~ 0.84, SD ± 0.03, n = 3,
during foot lift-off from the surface in Figure 2). Images
were captured for 200 s starting from 30 s after the ini-
tial foot contact (ie 30 s after the initial foot contact
t = 0). Note that 200 s is a fraction of the 5 min required
for plaque formation in adult mussels (Maheo 1970).

Figure 1. The fluorochrome, Oregon Green 488, tethered to a
bilayer adsorbed to mica shows a reversible response to pH
change. The correlation of fluorescence intensity with pH was
initiated by decreasing the ambient pH incrementally from 7.7
to 2.7 (cycle #1 not shown; see Figure S2). The pH was then
titrated back and forth between 2.7 and 7.7 for five cycles.
Fluorescent yield underwent significant hysteresis between
cycles 1 and 2, but followed a similar sigmoidal trajectory for
cycles 2 to 5 (red solid circles). The error bars on the red solid
circles indicate the SD in the intensities of the fluorescent dye
(n = 4). The black solid line in the plot of Normalized intensity
vs pH represents a ‘4 parameter logistic nonlinear regression’
model fit to the experimental data points (red solid circles).
The equation used for modeling is given in the inset.
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Atomic force microscopy (AFM)

The adsorption of Oregon Green® 488 DHPE and
DMPC to mica was visualized by AFM. An MFP-3D-
Bio Atomic Force Microscope (AFM, Asylum Research,
Santa Barbara, CA, USA) was used to obtain images
with an SNL probe (Bruker Nano, Santa Barbara, CA,
USA) under tapping mode at room temperature (22°C).
Oregon Green® 488 DHPE and DMPC was deposited on
a mica surface (area ~ 1 cm2) by adsorbing 50 μl of the
solution from a 1 mg ml−1 (Oregon Green® 488 DHPE,
1 mol% of the total lipid composition) concentration in
150 mM NaCl.

Adhesive plaque formation on Oregon Green® DHPE/
DMPC mica surfaces

Juvenile marine mussels (M. californianus), < 5 mm in
length, were dorsally glued to a dry glass slide using a
two-part epoxy. After the epoxy cured, the slide with
mounted mussels was rinsed with 150 mM NaCl, fol-
lowed by immersion in seawater at 4°C, and exposed to
a wet mica surface coated with Oregon Green® DHPE
and DMPC lipids (Figures S1 and S3). In this configura-
tion, the ventral side of each mussel was facing the mica
surface. Seawater was maintained at 15°C for the dura-
tion of the experiment. Imaging was done from the
underside of the glass slide using an inverted confocal
microscope, Olympus Fluoview 1000 Spectral FLV0005
(Melville, NY, USA). Marine mussels were allowed to
attach to an Oregon Green® 488-tagged DHPE/DMPC
bilayer coated mica surface. Once the mussel foot was
attached and motionless on the substratum, imaging
commenced using an inverted confocal microscope. Foot
contact was monitored by confocal and transmitted light
microscopy, and images were taken every 30 s. The area
of the distal depression (part of the foot where the byssal
plaque is formed) that was quantified is marked with a
red circle (A = 2.7 × 104 μm2).

4-parameter logistic nonlinear regression model

I ¼ aþ d � a

1þ pH
c

� �bh i (1)

Equation 1 was used to correlate fluorescence intensity
(I) with pH, where a, b, c, and d are parameters of the
model. a and d are parameters that respectively represent
the lower and upper asymptotes, and b is the slope
parameter (Draper et al. 1966; Neter et al. 1996). c is the
abscissa of the mid-height point with ordinate at (a + b)/
2. The values for a, b, c, d obtained from fitting (R2 =
0.983) the experimental data points (Figure 1) are 0.924,
12.220, 5.072 and 0.832 respectively with p < 0.0001.

Figure 2. Fluorescent images and intensities of the plaque sub-
stratum interface during plaque formation by juvenile mussels
(length < 10 mm). Transmitted light images taken at t = 0 (30 s
after initial contact) and t = 11.5 min, respectively, of an Oregon
Green DHPE/DMPC-labeled mica surface during foot contact (a)
and following foot disengagement (b) from the new plaques. Cor-
responding fluorescence images are in (c) and (d). Distal depres-
sion of the foot is highlighted by a red circle (A = 2.7 × 104 μm2,
diameter ~ 209 μm). (e) Normalized fluorescence intensity (I) after
disengagement of foot from plaque and direct equilibration with
seawater. (f) Normalized fluorescent intensity (right axis) and pH
(left axis) during actual mussel foot-surface contacts (shaded gray
area) which typically lasted ≤ 180 s in juvenile mussels. Equation
1 was used to convert the fluorescent intensity to pH.
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To predict the interfacial pH during mussel adhesive
plaque formation from normalized fluorescence readings,
a 4-parameter logistic nonlinear regression analysis
(Draper et al. 1966; Neter et al. 1996) was used to model
the experimentally measured normalized fluorescent
intensities, I, of the modified surface with changing pH
(Figure 1).

Results

The in situ pH conditions under the foot of juvenile M.
californianus during the deposition of adhesive mfps were
investigated (1) by tethering a pH-sensitive fluorochrome
to a lipid-bilayer membrane on mica (Figure S1) followed
by (2) fluorescence intensity measurements of the lipid-bi-
layer during foot contact and plaque formation by real-
time confocal laser scanning microscopy (CLSM).

As observed in other tethered fluorochromes, an irre-
versible hysteresis in fluorescence yield occurred between
the first and second cycle, probably indicating a dye redis-
tribution often associated with clustering (O’Reilly et al.
2005). This hysteresis necessitated preconditioning Ore-
gon Green® 488-tethered surfaces with incremental pH
equilibrations ranging from pH 7.6 to 2.6. After the
cycling of buffers from low to high pH, the fluorescence
intensity of the lipid bilayer vs pH became reproducibly
sigmoidal (mid-point pH 4.7), and the surfaces were con-
sidered ready for mussel attachment (Figure 1). The low
fluorescence under a foot upon initial contact with a sur-
face indicated a local interfacial pH below the dye pKa ~
4.7. That is to say, the foot appears to significantly acidify
the interface during initial protein deposition. As the pla-
que ages over time, the intrinsic fluorescence of the plaque
is apparent (Figure S4) and is disregarded for the calcula-
tion of the interfacial pH since the initial pH after foot con-
tact (< 200 s) was the focus of this work. The role of
acidification was earlier proposed to retard the oxidation
of Dopa residues in the mfps for the formation of hydro-
gen bonds or metal-catechol coordination to secure the
proteins/plaque to the substratum (Waite 1987).

The plaque intensity eventually increased to I = 0.96
(corresponding to fluorochrome-labeled bilayers on mica
at seawater pH ~ 8.2), ~ 2,000 s after the foot disen-
gaged from the surface (Figure 2e). The most plausible
explanation for the increase in fluorescent intensity is
diffusion of hydroxide ions from seawater (~ pH 8.2)
into the plaque–fluorochrome interface as would be
expected for a non-living biomaterial equilibrating with
the surrounding seawater. The fluorescence intensity of
the plaque interface decreased when placed in seawater
of reduced pH (Figures S1 and S3). This trend, however,
is only consistent to pH 6, below which plaque fluores-
cence intensity increases. The latter trend is opposite to
the predicted behavior of the fluorochrome, and likely
due to the pH titration of a fluorescent intermediate

formed during the chemical crosslinking of the plaques
(Rzepecki & Waite 1993; Smith & Haskell 2000). It
should be noted that the intrinsic fluorescence of plaques
took between 900 and 1,200 s, on average, to develop,
was independent of the interfacial fluorescence of Ore-
gon Green® 488 DHPE/DMPC (Figure S5) and contin-
ued to increase (no plateau at t = 2,500 s) with the
chemical maturation of the plaque in seawater (blue
shaded region in Figure 1e).

The interfacial pH just prior to foot lift-off (t = 175 s)
was estimated to be 3.5 (SD ± 1.4) based on the normal-
ized intensities (eg I = 0.84, SD ± 0.03, n = 6). Indeed,
the pH during initial foot contact and protein secretion
(Figure 2f) could be as low as pH 2.1 although the model
has lower predictive confidence in this range. These
results indicate that mussels substantially acidify the local
environment at the substratum–plaque interface during
plaque formation (Figure 3).

Although the interfacial fluorescence (ie the fluo-
rochrome in the lipid-bilayer) cannot be readily distin-
guished from plaque intrinsic fluorescence at t > 4 min,
total fluorescence continues to increase without saturat-
ing. As the interfacial fluorescence should saturate at ~
pH 7, the steady increase in intrinsic fluorescence must
be coming from the oxidation of Dopa residues
(Rzepecki & Waite 1993; Smith & Haskell 2000) not
adsorbed to the surface (Figure 3d) but that instead are
implicated in protein crosslinking (McDowell et al.
1999; Zhao et al. 2006). The crosslinking of plaque mfps
strengthens plaque cohesion against drag and lift forces
in the wave-swept intertidal zone.

Discussion

This study provides in situ evidence that marine mussels
impose an acidic pH (pH ~ 2) under the foot during pla-
que formation. Acid secretion by molluscan epithelia has
been known for some time (Thompson 1969), but this is
the first report linking the local pH and adhesion.
Deposition of adhesive proteins at acidic pH has impor-
tant implications for both mussel biology and mussel-
inspired technology. For the mussel, the acidic pH: (1)
allows delivery of mfps to surfaces as metastable com-
plex fluids (Wei et al. 2014); (2) combined with antioxi-
dants (Yu et al. 2011; Nicklisch, et al. 2013), stabilizes
the catecholic moiety of Dopa enabling formation of
bidentate H-bonds and coordination complexes with sur-
face oxides (Lee et al. 2011); (3) favors the formation of
cationic functionalities eg Lys, Arg, His for long-range
attraction to electronegative surfaces (Danner et al.
2012); and (4) in combination with seawater (pH 8.2),
serves as a switch for initiating protein insolubility, qui-
none based crosslinking and catechol-mediated metal
chelation (Lee et al. 2011). An additional though more
speculative adaptive asset of low pH is that it may be
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Figure 3. pH and mussel adhesive plaque formation on a pH-sensitive mica surface depicting chemistry under reducing (acidic pH)
and oxidizing (neutral to slightly alkaline pH) conditions. (a) M. californianus with extended foot and a single completed plaque and
thread. (b) Foot contact with a mica surface evicts seawater from the distal depression and lowers the pH to ~ 2.2. (c) The foot disen-
gages from the surface and a plaque is deposited. The uncrosslinked proteins at low pH interact with the mineral surface through
bidentate catechol-mediated interactions. (d) The foot has disengaged from the plaque allowing its equilibration with the ambient
seawater. The pH increase to pH 8 is linked directly and indirectly (via catecholoxidase) to formation of crosslinks within the plaque.
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used to kill surface microbes (Martinez Rodriguez 2014;
Robert T Baier, personal communication). All these
advantages are equally favorable features in mussel-
inspired synthetic polymers. This work provides an
increased understanding of the ways marine mussels tai-
lor the local environment of the distal depression during
plaque formation to prevent the auto-oxidation of Dopa
residues. The insights gained here should aid in the
development of strategies for deploying Dopa-based or
mussel-inspired wet adhesives while retaining the adhe-
sive functionality of redox sensitive chemical groups.

Is acid-mediated secretion of adhesive molecules lim-
ited to mussels or widely practiced by other sessile
organisms? If low pH is a precaution limited to Dopa-
based protein adhesives, then it may be imposed during
adhesion by sandcastle worms (Waite et al. 1992),
cnidarian hydroids (Hwang et al. 2013), turbellarians
(Swann et al. 1996) and tunicates (Dorsett et al. 1987),
all of which are known to use Dopa-proteins. If more
widely practiced, it may offer a significant potential con-
trol point against biofouling that has not previously been
considered. In this regard, Dopa-deficient cement pro-
teins of barnacles rely on pH and ionic strength to
undergo a triggered self-assembly reminiscent of amyloid
formation (Nakano & Kamino 2014).
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