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’ INTRODUCTION

Recent advances in our understanding of natural biological
adhesives have, by necessity, been heavily influenced by the
attachment mechanisms of organisms large enough to permit
convenient investigation. These have so far included insects,1

geckos,2 and the adults of some largemarine invertebrates such as
barnacles,3 tubeworms,4 and mussels5. Most analytical methods
typically applied to understanding adhesion phenomena, how-
ever, are impractical for use with organisms below the millimeter
scale, such as the larvae of marine invertebrates. This is because
measurement of individual attachment tenacity, direct observa-
tion of adhesion in situ and biochemical analysis are challenging
for the adhesives of very small or soft-bodied organisms. As well
as the difficulties associated with scale and obtaining material for
analysis, adhesive processes in natural systems often occur with
great speed. Very few contemporary analytical techniques are
therefore applicable to the investigation of microadhesion events.

Bioadhesives from fouling organisms are usually transparent
when secreted and need to be stained for light microscopy.6,7

High-resolution observation is limited to a small number of other
well-established microscopy techniques. Scanning electron mi-
croscopy (SEM) has been the primary tool employed by
researchers, but has significant limitations in the present context.
Most importantly, samples prepared for observation under
conventional SEM must be fixed and dehydrated. Water can be
an important component of natural bioadhesives8 and dehydration

certainly alters their appearance substantially.9 SEM preparation
precludes the natural behavior of bioadhesives and observations
of real-time adhesive interactions under SEM are impossible.
Environmental SEM (ESEM) offers some benefits over conven-
tional SEM, insofar as dehydration and gold coating prior to
observation are not strictly required.10 Unfortunately though, the
fine structures present in many biological samples are often not
preserved during ESEM.

Although scanning probemicroscopy (SPM) has been applied
routinely to the study of adhesion at the nanoscale, and has
provided valuable fundamental information for the adhesives of
fouling invertebrates11�15 and algae,9,16�20 the practicalities of
this approach with heterogeneous biological materials, and the
necessity for replication in all biological studies, compromise
the real-world significance of SPM-derived data. Other tech-
niques, such as imaging confocal Raman spectroscopy, may be
useful for characterizing the chemical nature of bioadhesives,
as was recently shown by Schmidt et al.21 for barnacle cyprid
permanent cement. However, the disadvantage shared by all of
these methods when applied to the study of bioadhesion, is their
inability to observe large-scale dynamic processes, such as the
attachment of an organism or a limb to a surface, in real time.
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These limitations also apply to common optical methods such as
laser confocal microscopy and total internal reflection fluores-
cence microscopy, which usually require fluorescent labeling.
Developing methods to facilitate observation of adhesion pro-
cesses at the micro/nanoscale is nevertheless important, with
potential to inspire novel adhesives for specialist purposes and
directly benefit the development of fouling-resistant materials for
biomedical and marine applications.

With these applications in mind, we developed a protocol for
imaging and quantifying adhesion events between microscale
organisms and a range of model surfaces using both conventional
and imaging surface plasmon resonance (iSPR). To the best of
the authors’ knowledge, this method is currently unique in its
ability to provide quantitative data on the interactions of micro-
fouling organisms with surfaces in situ and in real time.

In themarine environment, colonization of surfaces is initiated
by the settlement and adhesion of microscopic spores or larvae.
Most benthic invertebrate larvae attach to surfaces using protei-
naceous adhesives, however investigations of these adhesives
using modern analytical methods have been limited.12,14,15,21�23

As well as organisms that stick permanently to surfaces, there are
also temporary adhesion mechanisms that are of considerable
interest. One of these is the temporary adhesion of barnacle
cypris larvae.24 Cyprids, the settling-stage larvae of barnacles,
are able to explore immersed surfaces using a rapidly reversible
adhesion mechanism mediated by a combination of “hairy foot-
pads” and a viscous proteinaceous material, secreted onto the
surface of their attachment discs. Cyprids of the barnacle
Semibalanus balanoides are approximately 1 mm in length and
use their temporary attachment capability to explore immersed
surfaces before committing to permanent settlement and meta-
morphosis into the adult form.6,25 The ∼30�50 μm diameter
(depending on species) attachment discs are located on the third
segments of paired antennules26 at the anterior end of the cyprid,
and although cyprid temporary adhesion is not fully understood,
it is believed that voluntary attachment and detachment require a
combination of both the secreted proteinaceous material and a
complex surface structure on the attachment discs. The cyprid
temporary adhesion mechanism is highly effective, allowing
exploring cyprids to walk across immersed surfaces rapidly
(∼2 body-lengths per second) in a bipedal fashion and with
tenacity of <0.3 MPa.27

During exploration of surfaces, cyprids may deposit trails of
“footprints” of the proteinaceous material28,29 used in adhesion.
These footprints appear to be deposited more often on some
materials than others,13,14 but until recently,30 evidence for this
was anecdotal. The exact composition of the footprint material
remains unconfirmed for the reasons outlined above; however,
there is evidence that the footprints contain, as a major consti-
tuent, the barnacle settlement-inducing protein complex
(SIPC),29 a large cuticular glycoprotein found in barnacles and
their larvae.31�33

Through a combination of conventional and imaging SPR, as
developed and described in detail by Andersson et al.,30 we
observed and quantified the deposition of cyprid temporary
adhesive material to various model surfaces commonly used in
antibiofouling research. By expressing footprint deposition as a
frequency of total attempts, and by correlating these data to passive
adsorption of a putative adhesive protein from barnacles (SIPC) to
the same surfaces, we were able to demonstrate both the efficacy of
a powerful method for use in bioadhesion/antifouling research and
also the importance of conducting studies of bioadhesion processes
within the natural system of interest, rather than by proxy. The
results of such studies may serve as inspiration not only for the
commercial development of novel glues34�36 but also for the
development of biofouling-resistant coatings37 for ships and other
man-made marine structures.

’METHODS

Cyprid Collection. Cyprids of the acorn barnacle, Semibalanus
balanoides, were collected by plankton tow at Cullercoats, UK (55.18 N,
1. 268W) during April 2009. They were stored (1 cyprid mL�1) in a 1 L
glass bottle (Schott, Duran) containing 33 PSU artificial seawater (ASW;
Tropic Marin) at 6 �C prior to use. Cyprids were raised to room
temperature (∼23 �C) gradually before use in experiments.
Extraction and Purification of SIPC. SIPC purification followed

the protocol of Matsumura et al.28 Briefly, adult S. balanoides were
collected from the shore at Cullercoats, North-East England. They were
then quickly homogenized and the crude protein extract, buffered
throughout at pH 7.5, was subjected to salt precipitation and dialysis.
Following dialysis, the crude extract was purified further using ion
exchange and size exclusion chromatography. After each step, relevant
fractions were identified by Western blotting of a representative sample
using an antibody specific to a 76 kDa subunit of the SIPC.
Surface Preparation. Four types of self-assembled monolayers

(SAMs) and an ultrathin hydrogel coating were selected as test surfaces
for the SPR experiments. The surfaces were prepared as follows: 12 �
12 mm2 glass slides, coated with a 45 nm thick layer of gold (acquired
from GE Healthcare, Biacore division, Uppsala, Sweden), were washed
in a 5:1:1 mixture of Milli-Q water, 30% hydrogen peroxide and 25%
ammonia (TL-1) at 85 �C for 5 min. The slides were rinsed with water
and ethanol and placed in thiol solutions overnight prior to testing. The
following thiols were used: HS(CH2)15CH3 (Fluka, Germany), HS-
(CH2)15COOH (Sigma-Aldrich, Germany), HS(CH2)11NH2 3HCl
(Prochimia, Poland) and HS(CH2)11CONH(C2H4O)11CH3 (mPEG,
Polypure AS, Norway). These surfaces are hereafter described as CH3,
COOH, NH2 and mPEG respectively, as presented in Table 1. The
solvent for the incubation solutions was 99.5% pure ethanol in all cases
except NH2, for which Milli-Q water was used. The thiol concentration
was 100 μM in all cases.

The hydrogel coating (Table 1) was included in the study because
it had previously been shown to limit barnacle settlement significantly,38

and is known to exhibit very low protein adsorption. The prepara-
tion of this surface has been described in detail elsewhere.38,39 Briefly,

Table 1. Chemistries of the Test Surfaces Used in SPR/iSPR Experiments

abbreviation chemistry surface functional group(s)

CH3 HS(CH2)15CH3 methyl

COOH HS(CH2)15COOH carboxyl

NH2 HS(CH2)11NH2 3HCl amine

mPEG HS(CH2)11CONH(C2H4O)11CH3 methoxy-terminated PEG

hydrogel PEG10MA/HEMA hydrogel with PEG and hydroxyl
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gold-coated glass slides were first coated with mPEG SAMs, as described
above. The SAM served as an adhesion layer for the subsequent
modification, which was carried out by UV-initiated photografting from
an aqueous solution containing 120 mM 2-hydroxyethyl methacrylate
(HEMA; Fluka, Germany) and 120 mM polyethylene glycol methacry-
late (PEG10MA; 10 EG units; Sigma-Aldrich, Germany). The surfaces
were exposed to UV light for 4 min. All coated surfaces, including those
with only SAMs, were ultrasonicated in ethanol and rinsed thoroughly
with Milli-Q water prior to use.
SPR and iSPR.Nonimaging SPRmeasurements of SIPC adsorption

onto the different surfaces were conducted using a Biacore 3000 unit
(GE Healthcare, Uppsala, Sweden). SIPC in Tris-HCl buffer (50 mM
TRIS-HCl, 0.1 mg mL�1 SIPC, pH 8.2) was introduced over the
surfaces at a flow rate of 10 mL min�1. pH 8.2 was selected to
approximate the conditions of footprint deposition in seawater. Each
injection lasted 5min. Binding curves from 4 flow cells were recorded for
2 replicate surfaces for all except COOH, for which 3 replicates were
used. The SIPC binding, in ng mm�2, was defined as the difference
between the signal directly before and after the SIPC injection.

The iSPR measurements were carried out using a custom-designed
instrument, presented schematically in Figure 1 and described recently
elsewhere.30 The control and image capturing software was custom-
written and based on LabView (version 8, National Instruments), and
the subsequent data analysis was performed within the Matlab environ-
ment (MathWorks, Inc.). Three replicate surfaces were tested for each
surface chemistry, with 10 cyprids added to each surface in a∼0.5mLdrop
of ASW. Once cyprids were introduced to the surface, they were induced
to explore by water currents in the droplet, developed using a Pasteur
pipet. At this point, image capture began and the cyprids engaged in
exploratory behavior. Contact between cyprids and the surface, and
deposition of footprints, were clearly visible as they occurred and a
time-series of images (1 frame per second) was recorded over the course
of 15 min for each surface. The cyprids were then removed. Postanalysis
data treatment enabled quantification of the total number of contacts
between cyprid antennules and the surface (see below for details). In
addition, wavelength scans were performed to determine the SPR condi-
tions in each pixel before and after 15 min of cyprid exploration, enabling
quantitative analysis of the deposited footprints. On completion of an
experiment, the average thickness of deposited footprints was estimated by
measuring the difference in SPR wavelength before and after cyprid
exploration.30 In this case, a 5 � 5 pixel area from the center of three
randomly chosen footprints from each surface was evaluated.

Data Analysis. Three replicate data sets for each surface were
compared using one-way analysis of variance (ANOVA), or a Kruskal�
Wallis test when data did not meet the requirements for parametric
analysis. Pairwise comparison of data sets was carried out using Tukey’s
test after ANOVA (in Minitab 13) or Dunn’s test after Kruskal�Wallis
analysis (in Graphpad Prism).

The total numbers of cyprid-surface contacts (‘touchdowns’) and
deposited footprints (Figure 2) were enumerated within a common
region of interest (ROI), measuring 1.5 � 1.5 mm2 and placed in the
focused area of the iSPR image. Manual enumeration of the deposited
footprints was performed by comparing the data from the iSPR
wavelength scans before and after cyprid exploration and counting the
number of light spots in the difference images (indicating a local increase
in the SPR wavelength, caused by deposited material (Figure 2)). The
origins of some uncertain spots with weak intensities had to be verified
by reviewing the relevant sections of the touchdown image sequence. A
few spots were found to be the result of adsorption of particulatematerial
to the surface, but such events could be distinguished easily from cyprid
exploration activities since the latter tended to occur suddenly and with
several events in quick succession. The number of touchdowns was
determined from the image sequences over a 15 min experimental
period while cyprids were free to explore the surface. For each ROI, a
single representative image, containing all accumulated touchdown
events, was used for the manual enumeration of touchdowns. The
representative images were extracted from the data sets by performing a
number of operations in the image processing program ImageJ (version
1.40G), into which the complete image sequences were imported. The
image processing operations served to visualize all changes in light
intensity over the course of cyprid exploration (the majority of these
light intensity changes were the result of cyprid activity). First, the
darkest and brightest intensity values from the image sequence were
determined for each pixel, and two new images showing the “darkest”
and “brightest” events were constructed. The first frame of the image
sequence was then subtracted from the “brightest” image to remove
the background signal, which did not change during the experiment. The
“darkest” image was likewise background-compensated after grayscale
inversion. The new “brightest” and “darkest” images were then summed
to form the final representative image, which showed the accumulated
changes, both dark and bright, as bright areas against a dark background.
The reason for combining a dark and a bright image was that some
touchdowns appeared as dark spots, whereas others were brighter
than the background, with a majority containing both bright and dark

Figure 1. Cartoon of the iSPR experimental setup with the principal components indicated. The cyprid’s antennules are visible in the SPR image when
they are within the extension of the evanescent field (a few hundred nanometers), as shown schematically in the rightmost magnified view. Deposited
footprints are also directly visible in the image and the amount of material in each footprint can be quantified by scanning the wavelength and
determining the SPR conditions for each region of the image.



2088 dx.doi.org/10.1021/am2003075 |ACS Appl. Mater. Interfaces 2011, 3, 2085–2091

ACS Applied Materials & Interfaces RESEARCH ARTICLE

elements. The method described above was employed because it dealt
with both cases with equal fidelity.

’RESULTS

Footprint Deposition Observations. Cyprids attempted
exploration on all surfaces during iSPR experiments. Footprints,

when deposited, were easily visible, showing up as bright spots in
the iSPR field (Figure 2). In most cases, there was no doubt as to
the origin of the objects identified as footprints since they were
clearly the result of contact between the cyprid adhesive disk and
the surface. On some occasions, however, contact between the
cyprid adhesive disk and the surface did not result in the visible
deposition of a footprint or, indeed, any material at all. From
observation of the recorded time series and the before/after
wavelengths scans it was possible to enumerate surface contacts
by cyprids (termed “touchdowns”) and the resulting footprint
deposition on the surface (Figure 3A).
Statistical analysis using ANOVA suggested that differences in

touchdowns between surface types were not significant at 95%
confidence (Figure 3A; F = 0.55, P = 0.706) and, therefore, that
any significant differences found between surfaces in terms of
footprint deposition would likely be a result of the surface
characteristics alone. In fact, significant differences in footprint
deposition were observed between surfaces (Figure 3A; Kruskal�
Wallis H = 12.18, P = 0.016).
To account forminor variability in the frequency of touchdowns

between surfaces, footprint deposition was expressed as a propor-
tion of touchdown events by dividing the number of persistent
footprints observed on a surface by the total number of touch-
downs on that surface (Figure 3B). When the data were expressed
in this way, the trend remained similar to that for the raw footprint
deposition data (Figure 3A). However, the only significantly
different surface was COOH, which retained a larger number of
footprints than any of the other surfaces (ANOVA F = 23.91 P =
<0.001) as a proportion of touchdowns. The proportional data in
Figure 3B provide a true reflection of the likelihood of footprint
deposition as a function of total number of touchdowns on each
surface. Cyprids exposed to COOH, for example, demonstrated a
67( 3% (SE) likelihood of depositing a footprint when contacting
the surface, whereas the likelihood of deposition on other surfaces
ranged from 8 to 24% (Figure 3B).

Figure 2. Example images from iSPR experiments. Accumulated touch-
downs (left column) and remaining footprints (right column) are
presented for one sample of each of the five investigated surface
chemistries: (1) methyl, (2) carboxyl, (3) amine, (4) PEG, and (5)
PEG10MA/HEMA (hydrogel). For clarity the deposited footprints have
been marked with yellow dots. Accumulated touchdowns were, on
average, approximately equal for all surfaces, whereas footprint deposi-
tion varied greatly depending on surface type.

Figure 3. (A) Mean number of touchdowns made by cyprids on each
surface type tested in iSPR experiments and the resulting number of
footprints deposited onto each surface. (B) ratio of the data in A, giving
the proportion of touchdowns that resulted in a deposited footprint for
each surface type. All values are means( the standard error of the mean.
Bars that do not share a letter differ significantly at 95% alpha.
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Adsorption of Purified SIPC. A separate experiment investi-
gated the adsorption of purified barnacle settlement-inducing
protein complex (SIPC) to the same range of test surfaces.
Significant differences were observed in terms of protein adsorp-
tion to the surfaces (Figure 4; H = 38.53, P = <0.001). In
particular, the PEG-containing hydrogel did not appear to bind
any protein, while COOH and NH2 showed high SIPC adsorp-
tion. Superficially, the binding of SIPC to the surfaces correlated
well with footprint deposition on the same surfaces (Figure 3A, B).
Correlation of Footprint Data to SIPC Data.When the SIPC

adsorption data were compared to the proportional footprint
deposition data, all surfaces correlated following a linear trend
with the exception of NH2, which fell a considerable distance
from the prevailing trend (Figure 5). A straight line plotted
through the data for all other surfaces predicted, using a high
correlation coefficient of R2 = 0.98, that the likelihood of
footprint deposition on NH2 should be ∼87% on the basis of
the SIPC binding data. In fact, footprint deposition occurred at
20% ( 4.5. These data were compared to the wavelength shift
changes associated with footprint deposition, which gave an

indication of the relative thickness of footprints on the different
surfaces. On investigation of this parameter (Figure 6), it was
noted that the footprints deposited on mPEG and the hydrogel
were considerably thinner than those on the other surfaces, with
COOH yielding the thickest footprints. The estimates of thick-
ness made using this method30 conformed to those previously
published by Phang et al.13 from more laborious AFM studies of
footprints on methyl SAMs.

’DISCUSSION

Cyprid behavior over the course of the experiments, as
quantified by number of touchdowns, was similar for all surfaces
(Figure 3A). Regardless of surface chemistry, the cyprid response
was to probe the surface and attempt exploration immediately
when introduced into the experimental chamber. However, some
surfaces, notably COOH, retained more footprints than others
when subjected to the same degree of probing (Figure 3B). The
frequency of footprint deposition was therefore indicative of
the affinity of the adhesive material for the different surfaces
tested. This conclusion was supported by similarity between the
footprint deposition data (Figure 3B) and the frequency shift
data in Figure 6. The similarity implies that footprint deposition
was not an “all or nothing” event. In fact, the chemistry of the
surface determined both the frequency of footprint deposition
and “quantity” (thickness) of adsorbed material equally. Both
footprint deposition data and film thickness data correlated
well to SIPC binding data (Figure 5) with the exception of the
amine-terminated surface. The footprints deposited onto the
amine-terminated surface were also slightly thicker than would
have been expected from footprint deposition data bearing this
correlation in mind, whereas mPEG and the hydrogel accumu-
lated few footprints (Figure 3B). The footprints deposited onto
mPEG and the hydrogel were also very thin (nomore than a trace
of adsorbed material; Figure 6).

The importance of this observation is highlighted by the
results of the SIPC binding experiments (Figure 4) where the
NH2 SAM stood out as being inconsistent when compared to the
other surfaces using footprint deposition data in Figure 3B.
Figure 5 presents SIPC binding to the range of surfaces relative
to footprint deposition. Far more SIPC adsorbed to the NH2

SAM than would have been predicted using the footprint
deposition data. In other words, had SIPC binding been used
as a proxy to predict attachment success for cyprids to these
surfaces, it would have failed for the NH2 SAM. Not only does
this highlight the importance of investigating a specific adhesion
process of interest in situ, thereby vindicating the development of
a method to accomplish this, it may also provide the means for
tentatively predicting the physicochemical properties ofmicroad-
hesive deposits, not by conventional biochemical analysis, but by
direct observation of the interaction of the adhesives with
surfaces. Although the preferred approach for such characteriza-
tion would usually be accumulation of sufficient adhesive ma-
terial for biochemical analysis, in reality this approach has so far
proven unsuccessful for cyprid adhesives, for reasons outlined in
the introduction.

To summarize, the NH2 SAM appeared to be unusual among
the surfaces tested in that it bound SIPC, an adhesive compo-
nent, well, but accumulated little adhesive when explored by
cyprids. Further, the footprints that were deposited on the NH2

SAM resembled those on the high-deposition COOH surface
more than those on the low-deposition PEG-based surfaces in

Figure 4. Binding of SIPC to five surface types (mean ( one standard
error), determined using Biacore 3000 nonimaging SPR. Bars that do
not share a letter differ significantly at 95% alpha.

Figure 5. Relation between SIPC binding and the proportion of
footprints deposited by cyprids on five experimental surfaces (( one
standard error in both dimensions).Methyl = inverted triangle, carboxyl =
diamond, amine = triangle, PEG = square, and PEG10MA/HEMA
(hydrogel) = circle. Dashed circle highlights the outlying amine
data point.

Figure 6. iSPR wavelength shift initiated by the presence of footprints
on the test surfaces. This shift may be used as a relative indicator of
footprint thickness on the five surfaces, with footprints on the carboxyl
surface being thickest.
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terms of thickness (with CH3 consistently intermediate). A
complementary technique such as quartz-crystal microbalance
(QCM) would be required to compare surfaces on the basis of
total accumulated mass and this would be a useful and potentially
informative adjunct. Extrapolating from the present data, there
seems to be a characteristic of the footprint material that differs
from the SIPC sufficiently to reduce the affinity of the footprint
material to an NH2-functionalized surface. This implies a sig-
nificant difference, either in composition or in usage, between the
footprint material in active use by a cyprid and pure SIPC
passively applied to a surface for experimental purposes.

Assuming that composition is key, these data raise the
possibility that purified SIPC has a net neutral surface charge,
or at least that the protein surface comprises segregated positively
and negatively charged domains, enabling it to bind strongly to
both COOH- and NH2-presenting surfaces (Figure 4). The
natural footprint material, on the other hand, was retained
predominantly on the negatively charged COOH surface, im-
plying a dominant positive charge. A prevailing positive charge
would seem to be an adaptive characteristic for a putatively
adhesive material in the marine environment, where there is a
preponderance of negatively charged surfaces. This natural bias
toward negative surface charge is due to the formation of
negatively charged electrical double layers on surfaces in alkaline
media (e.g., seawater40). Indeed, other sessile marine organisms
such as bluemussels (Mytilus edulis) use adhesive complexes with
abundant arginine and/or lysine residues, resulting in high
(basic) protein pI values and a contribution to adhesion by the
positive surface charge on the adhesive.41 This hypothesis would
suggest that the difference in footprint deposition between
COOH and all other surfaces (Figure 3B) might be due to
electrostatic attraction of the footprint material to the negatively
charged surface chemistry. The polarity of the footprint material
and its adaptive significance has been speculated on
previously23,14 and hopefully it will one day be possible to
validate these predictions in isoelectric focusing experiments.

There is, of course, a more pragmatic possible explanation for
the trends observed here. For SIPC binding we observed the
adsorption of amolecule to different surfaces; a process governed
entirely by physical principles. In the experiments using live
cyprids, however, we cannot exclude the possibility that there is
an element of “choice” in the deposition of adhesive to surfaces
during exploration. Again, this only reinforces the importance of
exercising caution before extrapolating from molecular-scale
proof-of-concept experiments to organism-scale real-world ap-
plications. The ultimate implication of these data, however, is
that the process of cyprid temporary attachment to well-char-
acterized surfaces could potentially reduce to a thermodynamic
balance of forces in the surface/footprint/adhesive disk system
(See ref 42 for an early application of this hypothesis). For
surfaces where forces between the surface chemistry and the
footprint protein are weak, the likelihood is that the footprint
material will remain on the adhesive disk rather than the surface
on detachment, implying also that forces between the surface and
the footprint are not sufficiently strong to allow surface explora-
tion and settlement. On the other hand, on a surface where the
footprint material binds strongly, one would expect failure to
occur at the footprint/antennular disk interface or within the
footprint material, leaving somematerial on the surface and some
on the disk (i.e., cohesive failure).

Regarding the method itself, the iSPR technique is presently
only able to quantify organism-surface contact and footprint

deposition in combination with a manual enumeration method.
The image-processing protocols used here led to a loss of
temporal information in the case of touchdown quantification
which was compensated for by surveying the captured video
sequences when necessary. Clearly, however, further develop-
ment and automation of the quantification method would be
necessary to realize the full potential of the iSPR technique in this
application. For instance, there is currently no distinction made
between touchdowns caused by cyprids moving rapidly and
those that were stationary or moving more slowly. Since it is
possible, and perhaps likely, that footprint deposition would also
be a function of cyprid activity, it will be necessary in the future to
quantify cyprid activity using a remote tracking method43,44

during experiments. Additionally, an algorithm enabling auto-
matic enumeration of touchdowns and footprint deposition
would make data processing quicker, less labor-intensive, and
more reproducible.

In terms of its potential use, the imaging SPR method may be
used throughout antibiofouling research to observe directly the
interactions of microfoulers with surfaces and to quantify the
success rate of adhesion events with confidence. In combination
with other methods, as briefly demonstrated here, the technique
may allow broad-scale assumptions to be made regarding the
characteristics and behavior of adhesives in contact with surfaces
when more refined biochemical analyses of those materials are
impossible or impractical. For those working in antibiofouling
research, these data will provide encouragement that the philo-
sophy of nonfouling coatings design, drawing on PEG
chemistry,38,45 zwitterions,46�48 and fluoropolymers49,50 may
be a highly productive avenue of research. The hydrogel used
here retained only 8 ( 6% of footprints (Figure 3B), implying
that in∼90% of cases, cyprids would not attach strongly enough
to engage in permanent settlement, even if they were stimulated
to do so. If the successful proportion can be reduced still further
and the surfaces remain stable on exposure to seawater, non-
fouling surface technology may be a viable replacement for the
current generation of biocidal marine paints.51
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