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ABSTRACT: Various environmentally friendly approaches
have been studied in recent years for effectively control-
ling biofouling on marine structures. Among these, two
distinct and successful approaches are (1) the use of
hydrophilic surfaces that control biofouling by resisting
the adhesion of fouling organisms and (2) the use of
hydrophobic elastomeric surfaces that function by facili-
tating their easy removal. In this study, we attempted to
investigate amphiphilic surfaces for their effectiveness in
controlling marine biofouling. Polyurethane surfaces
containing tethered hydrophilic, hydrophobic, and
amphiphilic moieties were designed and synthesized. The
wetting behaviors of these surfaces, as a function of the

external environment, were studied by dynamic contact
angle (DCA) measurements and their morphologies by
atomic force microscopy (AFM). The results from DCA
measurements and AFM postulate interesting characteris-
tics of the amphiphilic surfaces. Bioassays with the green
fouling alga Ulva showed that the amphiphilic surfaces
had fouling-resistance and fouling-release potential and
provide an insight into the scope of the development of
smart marine coatings. VC 2009 Wiley Periodicals, Inc. J Appl
Polym Sci 114: 3693–3703, 2009
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INTRODUCTION

Marine biofouling, the colonization of microorgan-
isms, plants, and animals on submerged aquatic
surfaces of underwater structures, particularly ships’
hulls, is commonly known to increase operational
and maintenance costs.1–4 Marine biofouling has
been successfully controlled with self-polishing
marine coatings that release active compounds, such
as organotin and cuprous oxide, that are toxic to the
settling stages of fouling organisms,5 but many
compositions have also been found to have negative
effects on nontarget aquatic organisms.2–4,6 Thus, the
use of organotin compounds in marine coatings is
now prohibited worldwide, and coatings incor-
porating cuprous oxide and other biocides are
under scrutiny because of these environmental
concerns.2–4,7–9 An acute need has, therefore, been
generated for major advances in coatings efficacy

and robustness. To decrease the toxic effects on the
marine environment is also a significant challenge
because of the diverse range of biofouling organ-
isms, associated fouling mechanisms, and en-
vironmental conditions worldwide. A requirement
also exists to develop effective marine coatings that
have either greatly reduced or no toxicity. This need
is being driven by extended service requirements
and environmental regulations.3 A great number of
innovations in surface chemistry, biocide develop-
ment, and coating designs are being studied for
the development of alternatives to biocidal antifoul-
ing coating formulations.3 A distillation of formula-
tion and design disclosures to date suggests that
among the various approaches used to develop
ecofriendly marine coatings, those based on con-
trolled surface morphology to enhance self-cleaning
or fouling resistance have attracted more attention
by researchers.3,8,10–31

For the successful development of such marine
coatings, it is critical to understand the basic adhe-
sion mechanisms of marine organisms. An extensive
literature search3,32,33 of the current state of the art
indicates that because of the diverse adhesion
mechanisms of marine organisms34 and other
numerous factors, such as environmental, material
surface, and bulk characteristics (chemical and
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physical configurations), the range of characteristics of
secreted adhesives and their complex interactions with
the contacting surface make it difficult to deduce spe-
cific adhesion mechanism(s). The literature3,4,7,17,32–37

reveals that many of the fouling organisms primarily
use protein-based adhesives to attach themselves to
the contacting surfaces. Previous studies and experi-
mental data revealed in the earlier literature have
claimed that hydrophilic surfaces, such as poly(ethyl-
ene oxide) and poly(ethylene glycol) (PEG; commonly
used in drug delivery, biomedical, and pharmaceutical
applications), because of their low protein adsorption,
good stability, and low toxicity, are more resistant
to the adhesion (attachment) of marine organ-
isms.3,8,17,21,26,27,35–39 Hydrophobic surfaces, for
example, silicone- and fluorine-based elastomers, are
commonly used as marine fouling-release coatings
because of their low surface energy and interesting
mechanical properties.3,13,15–17,26,31,35–37,39–41 Commer-
cial fouling-release coatings based on silicone elasto-
mers ‘‘release’’ accumulated biofouling either through
the action of hydrodynamic forces generated as a ves-
sel moves through water or through direct cleaning by
hand or with robots and have been researched
widely.3,8,22,40,41 However, this generation of fouling-
release coatings based on siloxane elastomers have a
number of shortcomings and are unsuitable for use on
the majority of vessels.3,8,22,40,41 From the previous dis-
cussion, one can infer that an amphiphilic surface that
combines both hydrophobic and hydrophilic mecha-
nisms would provide an effective and environmen-
tally benign solution to fouling control by discourag-
ing the hydrophobic or hydrophilic interactions of
fouling organisms and thus result into their weak
adhesion and/or easy removal.

In this study, we designed and developed polyur-
ethane (PU) materials using flexible dendritic polyol
with tethered amphiphilic moieties. The surfaces of
such polymeric assemblies are expected to show
interesting characteristics in different contact envi-
ronments, such as in air and in water. The choice of
a PU backbone provided superior mechanical
properties, including a high modulus and toughness,
compared to the currently used siloxane elastomers,
which have a low modulus and are susceptible to
damage.3,8,16,22,35–37,39–41

The surfaces were evaluated with the green alga
Ulva, which is the most common macroalga that
fouls ships and other marine structures. The disper-
sal of Ulva is mainly through motile, quadriflagellate
zoospores (ca. 7–8 lm in length), which swim in the
water until they locate a surface on which to settle.42

The number of spores that settle (attach) provides an
indication of the potential antifouling properties of
surfaces. The settled spores rapidly germinate into
sporelings (young plants), which adhere weakly to
fouling-release coatings.43,44

Ulva spore settlement and sporeling strength of
attachment assays were conducted on PU surfaces
prepared with (1) tethered hydrophilic [poly(ethyl-
ene oxide) chain] moieties, (2) tethered hydrophobic
(perfluoroalkyl chain) moieties, and (3) tethered
amphiphilic chains containing both hydrophobic
and hydrophilic moieties. These studies postulate
potential characteristics of the amphiphilic surfaces
and provide an insight into their scope for the
development of smart marine coatings with dual
(fouling-resistance and fouling-release) properties.

EXPERIMENTAL

Materials and methods

The materials used in this study with their sources
were as follows:

Boltorn H2004 (dendritic polyol polymer, certified)
from Perstorp Specialty Chemicals (Perstorp,
Sweden).

Isophorone diisocyanate (IPDI; 98%, Aldrich
Chemicals, St. Louis, MO).

Dibutyl tin dilaurate (95%, Aldrich).
Methoxy-terminated poly(ethylene glycol) (MPEG;

weight-average molecular weight ¼ 750 g/mol,
Clariant Specialty Chemicals, North America
Region, Charlotte, NC).

1H,1H,2H,2H-Perfluorooctanol (PFO; 97%, Alfa
Aesar, Ward Hill, MA).

The ethoxylated fluoroalkyl surfactant Zonyl FSO-
100 (Sigma–Aldrich).

Tetrahydrofuran (anhydrous 99% inhibitor free,
Aldrich).

Acrylic polyol (Joncryl 920, Johnson Polymers,
part of BASF polymers, Florham Park, NJ).

Petroleum ether (anhydrous, Aldrich).
Plain glass microscope slides (75 � 25 mm2, Fisher

Scientific, Pittsburg, PA).
ACT phosphated cold-roll steel panels (6 � 4 in.2,

ACT Test Panels, Inc., Hillsdale, MI).

All of the reagents and materials were certified
and were used without further purification unless
otherwise mentioned.
The final products were characterized for Fourier

transform infrared (FTIR) spectroscopy and NCO
content (%) as per ASTM D 5155-91 test method A.
The methods used for surface analysis [contact angle
(CA) measurement and micro/nanoroughness] and
biological tests are described in the Characterization
section of this article.

Synthesis of the IPDI-based prepolymers

NCO-functional prepolymers with predetermined
NCO content (%) were synthesized by the reaction
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of a molar excess of IPDI with dendritic polyol (Bol-
torn H2004) with tetrahydrofuran as the solvent [Fig.
1(a)]. The generic structure of Boltorn H2004 dendri-
tic polyol45 is shown in Figure 1(b). For conditions
of this synthesis, the guidelines reported in the liter-
ature24,36,37,46 were followed, and the details are
reported elsewhere in the literature.24,36,37,46 The pre-
vious literature also showed that good control of
chain extension could be achieved through the use
of a large excess of isocyanate or by the addition of
dibutyl tin dilaurate as a catalyst.24,36,37,46 Also, in
addition to the monofunctional compound (predomi-
nant product), other compounds (difunctional and
trifunctional) were also present in the product.

Functionalization of the prepolymer with
amphiphilic side chains, PFO, and PEG

In the second step, the prepolymer was reacted sep-
arately with calculated amounts of A: perfluo octa-
nol (PFO), B: methoxy terminated PEG with a molec-
ular weight of 750 g/mol (MPEG), and C: fluoro
surfactant FSO-100, with an NCO/OH ratio of 2 : 1
as represented in Figure 2. These reactions were car-
ried out for 6–12 h at 50�C in the presence of a dibu-
tyltin dilaurate catalyst.

Figure 1 (a) Schematic representation of the preparation of the isocyanate prepolymer and (b) generic structure of the
Boltorn H2004 dendritic polyol.45

Figure 2 Tethering of the isocyanate-terminated prepoly-
mer with functional moieties A, B, and C.
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Preparation of the films

Joncryl-920 (acrylic polyol) was mixed with tethered
ANCO prepolymers in definite proportions. The
mixture was applied to the cleaned glass plates and
steel panels to yield a dry film thickness of about 25
lm. After 30 min of ambient curing, the samples
were cured at 100–120�C for 2 h in an air oven. Con-
trol film samples, without any hydrophobic or
hydrophilic modifications, were also prepared in an
identical manner for comparative study. The result-
ant coatings are coded as shown in Table I.

A Nicolet 510P FTIR spectrophotometer (Irvine,
CA) was used to monitor the urethane formation
reaction. The absorption peaks at 1532, 1763, and
3352 cm�1 confirmed urethane formation. Also, the
lack of appreciable absorption around 2270 cm�1

(ANCO) and 3400 cm�1 (AOH) was indicative of the
quantitative consumption of isocyanate and
hydroxyl groups.

Characterization

CA measurements

This procedure was essentially published previously
but is included here for completeness.35–37 A First
Ten Angstrom FTA-200 dynamic contact angle
(DCA) analyzer (Portsmouth, VA) was used for CA
determination. We used two test liquids, water (a
hydrophilic liquid capable of forming hydrogen
bonds with the substrate) and hexadecane (a nonpo-
lar, oleophilic liquid). Two spots were marked on
the film surface roughly 0.5 cm in diameter. One
slide was used for CA determination with each test
liquid. A 10-lL test liquid (water or hexadecane)
droplet was allowed to fall onto the surface at a rate
of 1 lL/s within the marked spot. A movie was cap-
tured at the rate of 1 frame/s, and the CA reading
was noted after 15 s (after we allowed the liquid
droplet to equilibrate with the surface). The readings

obtained at two different spots for the same test liq-
uid were averaged and reported. Once the CA was
determined in air, the samples were immersed in
deionized (DI) water for 12 h. The samples were
then taken of the water, and the excess water was
wiped off. The CAs on these surfaces were then
instantaneously determined with the same test
liquids in the same spot to minimize the error due
to heterogeneity of the surface. After the CA of the
wet surfaces was determined, these surfaces were
dried at ambient temperature for at least 12 h, and
the CA was measured again to study the change in
wetting behavior of the surfaces (postdrying stage).

Atomic force microscopy (AFM) roughness
measurements

Sample preparation. Liquid coatings were applied on
1 � 1 cm2 phosphated mild steel panels to achieve a
dry film thickness of 25 lm. The samples were cured
as described in the Experimental section. For AFM
imaging, the edges of the samples were sealed with
marine epoxy to avoid permeation of water during
the immersion in water. The samples were first fixed
firmly to the AFM mounting disk with ethyl cyanoa-
crylate adhesive.
Procedure. This procedure was essentially published
previously but is included here for completeness.35–37

The samples were imaged with a Digital Instruments
(Plainview, NY) multimode atomic force microscope
with a NanoScope 3a controller and an E-scanner (X–
Y scanning limit ¼ 15 lm, Z limit ¼ 2 lm) in the tap-
ping mode. Both height and phase were captured at
an image size of 5 � 5 lm2. Each sample was thus
imaged under three different conditions:

1. Prescan: The samples were imaged dry without
any treatment other than mounting.

2. Wet: The samples were imaged in DI water after
soaking in DI water for at least 12 h and not more
than 24 h.

TABLE I
List of Films

Composition

Sample code
for the DCA
and AFM

measurements

Sample code for
the bioassays with
the green fouling

alga (Ulva)

Dendritic polyol, diisocyanate,
and acrylic polyol

Control PU MRC

Dendritic polyol, diisocyanate,
hydrophilic (MPEG derivative)
compound, and acrylic polyol

MPEG–PU MRPE

Dendritic polyol, diisocyanate,
hydrophobic (PFO derivative)
compound, and acrylic polyol

PFO–PU MRF

Dendritic polyol, diisocyanate,
amphiphilic compound, and
acrylic polyol

Zonyl FSO-100–PU MRZ100
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3. Postscan: The samples were again imaged after
they were allowed to dry for at least 12 h.

Two sets of images were captured for each sample
under each of the conditions. Each captured image
was flattened with a binomial flattening algorithm
(a best-fit second degree polynomial was subtracted
from each scan line). This allows for correction of to
correct error in the image introduced by hysteresis
in the piezoelectric scanner. Roughness data was
then calculated from each of the flattened images,
and an average of the roughness data was also cal-
culated. In the present study, we used root mean
square (rms) roughness – average of height devia-
tions taken from the mean data plot.

Ulva assays

Zoospore settlement. The coated slides (three per treat-
ment) were incubated with a suspension of zoospores
(1 � 106/mL) for 1 h in darkness at 20� as described
in Callow et al.42 The slides were washed in seawater
to remove unsettled (swimming) spores and fixed
with 2.5% glutaraldehyde in seawater. The density of
zoospores attached to the surface was counted on
each of three replicate slides with an image analysis
system attached to a fluorescent microscope. Spores
were visualized by the autofluorescence of chloro-
phyll. Counts were made for 30 fields of view (each
0.17 mm2) on each of the three replicate slides.43

Growth and strength of the attachment of the
sporelings. The coated slides (five replicates per treat-
ment) were incubated with 10 mL of a spore suspen-
sion as described previously. After they were
washed in artificial seawater to remove unsettled
(swimming) spores, the slides were returned to the
dishes, and 10 mL of growth medium was added.43

After they were cultured for 7 days, a green lawn of
sporelings (young plants) covered the surface of the
slides. Growth was estimated by direct measurement
of fluorescence from chlorophyll contained within
the chloroplasts of the sporelings (young plants)
with a Tecan plate reader (GENios Plus, Manne-
dorf/Zurich, Switzerland). Fluorescence was
recorded as relative fluorescence units (RFU) from
direct reading.47 The strength of attachment of the
sporelings was determined by jet washing at a range
of impact pressures (one slide per pressure) with the
water jet described by Finlay et al.48 RFU readings
(70 per slide) were taken from the central part of the
slide that was exposed to the water jet. The percent-
age removal was calculated from the difference in
fluorescence readings before and after exposure to
the water jet. A single slide was exposed to each
water pressure, and the percentage removal values
were plotted to produce a curve of removal as a

function of water pressure. From the curve, the
water pressure required to remove 50% of the Ulva
sporeling biomass from each type of surface was
determined. Comparison of these values allowed the
surfaces to be ranked according to fouling-release
performance.
In addition to the urethane samples, glass and the

polydimethylsiloxane (PDMS) Silastic-T2 (Dow
Corning, Midland, MI) were incorporated into the
study to act as nonrelease and foul-release surfaces,
respectively.

RESULTS AND DISCUSSION

Design and synthesis of smart PU surfaces

The synthesis of the IPDI-based prepolymer and its
functionalization with different active compounds
were carried out with guidelines for the optimal
conditions for similar reactions reported in the litera-
ture.36,37,46 The formation of the intermediate and
final products were confirmed by the percentage
NCO contents of the products and by the fact that
this reaction was monitored by FTIR spectroscopy
with the disappearance of the absorption peak corre-
sponding to the AOH group (�3400 cm�1).
One of the critical requirements in the designing

such smart surfaces is to have a very flexible poly-
mer backbone that facilitates ‘‘switching’’ of tethered
moieties, in response to external stimuli.49 The PU
networks were built with dendritic polyol, IPDI,
hydroxyl functional acrylic polyol, and different
functional moieties [Figs. 1(a) and 2]. For the func-
tionalization of prepolymer (as described in Fig. 2),
dendritic polymers substituted by hydroxyl groups
are particularly suitable. These dendritic polymers
are of a polyester type consisting of a multifunc-
tional core, from which branches extend to give a
highly branched inherent structure with a large
number of terminal hydroxyl groups. The core con-
sists of a specific polyalcohol. The hyperbranched
structure is generally built from 2,2-dimethylol
propionic acid.45 We used Boltorn H2004, a commer-
cially available certified dendritic polyol from
Perstorp Specialty Chemicals,45 which was reported
to have six terminal hydroxyl groups, a hydroxyl
value of 105–125 mg of KOH/g, an acid value of 7
mg (maximum) of KOH/g, a weight-average molec-
ular weight of 3200 g/mol, a glass-transition temper-
ature of �35�C, and a viscosity of 15 Pa s at 23�C.45

The generic structure of Boltorn dendritic polyol45 is
shown in Figure 1(b). The dendritic polyol serves as
a soft segment and also provides sites for tethering
amphiphilic moieties. We believe that such a struc-
ture would provide the necessary backbone flexibil-
ity and, hence, facilitate orientation (switching) of
the tethered structures. Also, it has been reported
that small amounts (5 wt %) of an amphiphilic
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moiety is sufficient to give amphiphilic character to
the surfaces with unaltered bulk properties.39,50

Corroboration of the DCA and
AFM analysis results

The DCA results, in conjunction with the AFM anal-
ysis, of the smart PU coatings with different surface
modifications gave meaningful information about
their wetting behavior and surface topography in
different contact environments. The analysis gave
promising results and built a strong foundation
for our current and future efforts to develop a
potential amphiphilic marine coating that can com-
bat the diverse adhesion mechanisms of marine
organisms. Here, we explained the water and hexa-
decane wetting behavior of smart PU coatings by
taking rms surface roughness into account. The
standard deviation in all of the CA experiments was
�2–3�.

Control PU surfaces

Figure 3(a) shows a graphical representation of the
roughness data and CA results with water and hexa-
decane in three different conditions: before water
immersion, immediately after water immersion, and
postdrying. The control PU samples were smooth
and did not undergo any noticeable change in sur-
face topography after immersion in water. The CA
with water and hexadecane and the surface rough-
ness remained nearly constant, which indicated no
surface reorganization. The postdrying samples
showed increased roughness, which indicated some
ordered orientation in air.

Hydrophilic surfaces containing MPEG

Figure 4(a) shows the results for the hydrophilic
surfaces under different conditions. The hydrophilic
surfaces containing MPEG showed no difference in

Figure 3 (a) Control PU surfaces (CA and rms roughness), (b) AFM image before water immersion, (c) AFM image after
water immersion, and (d) AFM image for postdrying. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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water CA after immersion in water and were com-
parable to the control. However, a higher CA with
hexadecane compared to that of the control PU
was indicative of the fact that the surface chemical
composition of the hydrophilic surfaces was differ-
ent than that of the control because hexadecane is
nonpolar. The increase in the surface roughness
with immersion in water from 0.5 to 3.93 nm is
believed to be the result of the perpendicular orien-
tation of the MPEG chains [see Fig. 4(c)]. We attrib-
uted the higher CA for these surfaces, despite the
increase in surface free energy (due to the migra-
tion of polar groups at the surface), to the surface
roughness, which is known to reduce the effective
contact area and, hence, provide a higher CA. For
the postdrying samples, the surface roughness
decreased; this was probably because of the

collapse of straightened MPEG chains in the hydro-
phobic air environment.

Hydrophobic surfaces containing PFO

Figure 5(a) shows results of hydrophobic surfaces in
different environments. The surface topography [Fig.
5(b)] and roughness results [Fig. 5(a)] indicate the
orientation of the hydrophobic PFO chains in air.
When these surfaces were immersed in water [Fig.
5(c)], the hydrophobic PFO chains bent toward the
hydrophobic PU surface or clustered together, which
thereby decreased the rms roughness. Thus, a drop
in water CA after immersion in water was attributed
entirely to the decrease in surface roughness. After
postdrying [Fig. 5(c)], the hydrophobic PFO chains
again reoriented perpendicularly to the surface in a

Figure 4 (a) MPEG–PU surfaces (CA and rms roughness), (b) AFM image before water immersion, (c) AFM image after
water immersion, and (d) AFM image for postdrying. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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more organized fashion, thereby increasing the
surface roughness and decreasing the surface
energy.

Amphiphilic surfaces containing the Zonyl FSO-100
surfactant

The results of the surface analysis of the amphiphilic
surfaces under different conditions are shown in
Figure 6. Figure 6(a) and the AFM images in Figure
6(b–d) show an interesting behavior of the surfaces
containing amphiphilic moieties. These surfaces, like
hydrophobic surfaces, became smoother when
exposed to water. A decrease in the water CA
showed that the surfaces became less hydrophobic
in water (compared to air), which may have been
because of the orientation of the hydrophobes (per-
fluoro groups) of the amphiphilic moiety toward the

PU surface. This was thought to result of the greater
exposure of the hydrophiles [poly(ethylene oxide)
groups] at the surface. An observed increase in the
hexadecane CA here was comparable to that for the
hydrophilic surfaces. For the postdrying samples,
the surface topography changed drastically, and it
became more hydrophobic, which was possibly due
to a significant increase in the surface roughness and
the more uniform reorientation of amphiphilic
chains.

Settlement of the Ulva zoospores and attachment
strength of the sporelings

The poly(ethylene glycol)-modified polyurethane
(MRPE) surfaces did not bond strongly to the glass
support slides and delaminated, possibly because of
the uptake of water and a swelling effect, and could

Figure 5 (a) PFO–PU surfaces (CA and rms roughness), (b) AFM image before water immersion, (c) AFM image after
water immersion, and (d) AFM image for postdrying. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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not be tested. The inclusion of glass and PDMS
surfaces provided nonrelease and foul-release stand-
ards, respectively, against which the performance of
the urethane samples could be compared.

Spore settlement density was lower on all of the
urethane surfaces than on the glass or PDMS stand-
ards (Fig. 7). Settlement was lowest on the MRZ100
sample, which was amphiphilic in nature. Spores
have been shown previously to settle (attach) in
lower numbers on amphiphilic surfaces as compared
to glass.8 The sporelings grew well on all of the
surfaces, although there was less biomass on
MRZ100, which reflected the low density of settled
spores on this surface (Fig. 8). Sporeling attachment
strength was weaker on all of the modified urethane
surfaces than it was on the PDMS foul-release stand-
ard (Fig. 9 and Table II). The high removal indicated

Figure 6 (a) Zonyl FSO-100–PU surfaces (CA and rms roughness), (b) AFM image before water immersion, (c) AFM
image after water immersion, and (d) AFM image for postdrying. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Figure 7 Settlement of the Ulva spores on the urethane
coatings. The PDMS was T2 Silastic. Each point is the
mean of 90 counts (30 from each of the three replicate
slides). The bars show the 95% confidence limits. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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that the fluoro and amphiphilic modifications to the
basic coating enhanced the release properties. The
weakest attachment was on the samples of amphi-
philic PU (MRZ100) and hydrophobic PU (MRF).
The sporelings were strongly attached to the glass
standard.

Plants of the macroalga Ulva, in common with
other macrofoulers such as barnacles, are well
known to adhere weakly to fouling-release coatings
based on PDMS.51 However, the release of macro-
fouling organisms, including plants of Ulva, is less
common from coatings based on other types of
chemistry. However, weak attachment by the sporel-
ings of Ulva has been shown previously for some
amphiphilic coatings,8,52,53 and release from PDMS–
PU blends was greater than that from standard
PDMS elastomers.54,55 However, other properties of
the MRZ100 and MRF surfaces, including changes in
the nanoscale roughness, may also have contributed

to the weak adhesion strength.56 The complex
restructuring of amphiphilic surfaces underwater is
likely to be responsible for the reduced adhesion
strength seen for the Ulva sporelings.
Overall, both hydrophobic and amphiphilic PU

surfaces became somewhat hydrophilic when they
were immersed in water. In the former, this behavior
was associated with surface topography (decrease in
surface roughness); in the later, it was due to the
orientation of hydrophilic moieties at the surface.
We characterize such dynamic behavior of amphi-
philic surfaces as smart because of their capability to
respond to the external environment in a predictable
manner.

CONCLUSIONS

We report a novel design strategy to fabricate poly-
meric surfaces with hydrophilic, hydrophobic, and
amphiphilic characters. Their dynamic surface char-
acteristics are primarily governed by the chemical
composition and surface topography of the films.
The study of the dynamic characteristics of such
surfaces provided a fundamental understanding of
the mechanism underlying their dynamic surface
behavior under different external environments.
Amphiphilic surfaces resisted biofouling the most
among all of the surfaces we studied. Biofouling re-
moval from the amphiphilic and hydrophobic modi-
fied surfaces was similar to or better than from the
PDMS fouling-release standard. The PU surfaces
from tethered dendritic polyol, with their higher
strength and tear resistance, offer an attractive
alternative to silicones, which are prone to damage.
Overall, the amphiphilic PU surfaces with smart
surface properties emerged as promising candidates
for marine coatings and numerous other potential
applications.

The authors thank Rene Crombez (Surface Science Center,
Eastern Michigan University) for his help with the AFM
analysis and Chirag Patel for his assistancewith the synthetic

Figure 9 Removal (%) of the 7-day-old sporelings from
the urethane coatings plotted as a function of the surface
water pressure (kPa). The coatings were exposed to a range
of different surface pressures from a water jet. The PDMS
was T2 Silastic. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 8 Growth of the Ulva sporelings on the urethane
coatings after 7 days. Each point is the mean biomass
from five replicate slides measured with a fluorescent
plate reader. The bars show the standard error of the
mean. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

TABLE II
Critical Surface Pressures for 50% Removal of the

Sporeling Biofilm

Type
Estimated surface pressure

for 50% removal (kPa)

MRZ100 <20
MRF <20
MRC 25
PDMS 45
Glass >250

The samples are listed in the order of ease of removal.
The data are derived from the curves in Figure 9.
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experimental setups. They also thank A. S. Brennan (Univer-
sity of Florida) for providing the Silastic-T2 standards.
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