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Incorporating zosteric acid into silicone coatings to achieve its slow
release while reducing fresh water bacterial attachment
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Abstract

Biofouling has posed serious problems in maritime industry including increased fuel consumptions, economic loss from ship-hull main-
tenances, contamination of drinking water, and serious corrosion for mechanical instruments. Minimizing the attachment of bacteria and
formation of biofilm could be advantageous in reducing the early stages of biofouling. Zosteric acid, a natural product present in eelgrass, was
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ound to have ability for preventing the attachment of some bacteria and barnacles. In this study, the antifouling ability of zosteric a
he early stages of fouling was evaluated using attachment studies of fresh water bacteria. Simultaneously, various methods wer
ncorporating zosteric acid into silicone to prolong the release of the compound. The main results from this study were that zo
xhibited anti-bacterial attachment regardless of whether it dispersed in water or incorporated into a coating. In addition, the rele
osteric acid from the incorporated coatings, particularly those where zosteric acid was uniformly dispersed with aggregates size�m or
ess, was orders of magnitude slower than those of previous reports. The release results indicate that the service life of our coatin
ar extended even with a small amount of zosteric acid incorporated.
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. Introduction

Fouling, the settlement and growth of a variety of organ-
sms on structure surfaces exposed to an aqueous environ-

ent, has always posed serious problems. Primary fouling
ormally begins with the adsorption of organic material on

he surface, followed by the attachment of a complex com-
unity of bacteria, diatoms, protozoa and algae spores to

orm the biofilms. The final step encompasses the attachment
f higher ordered organisms, such as barnacles, algae, tube-
orms, mollusks and sponges. Fouling not only leads to in-
reased fuel and maintenance costs, damage of ship-hull and
latform, but also results in contamination of drinking water
nd corrosion of mechanical equipment[1]. Substances that
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have the capability to prevent the attachment and subse
growth of organisms on solid surfaces have been widely
lized to minimize fouling.

The common solution for keeping unwanted organi
away is to apply anti-fouling (AF) surface coatings. Ma
kinds of biocides, including organo-mercury, lead,
dichloro-diphenyl-trichloroethane (DDT), were used as
tifoulants. However, such compounds pose severe env
mental and human health risks, and were withdrawn
untarily by the paint industry[2]. Health organizations an
environmental legislation restrict the use of other antif
ing paints containing tin (e.g. tributyltin TBT), copper, zin
cadmium, chromium; all which pose serious environm
tal problems at even sub-parts per billion concentrat
[3–6]. Therefore, there is an urgent need to ascertain sui
non-toxic or less-toxic alternatives. One of the alternat
is to generate antifouling coatings containing non-toxic
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Fig. 1. The structure formula of zosteric acid is presented.

less toxic compounds, such as natural product antifoulants
(NPAs).

Zosteric acid, the natural extract from zostera marina or
eelgrass, has shown to prevent biofouling from some bacteria,
algae, barnacles and tubeworms at non-toxic concentrations.
The chemical name for zosteric acid isp-(sulphooxy) cin-
namic acid. It contains a sulfate phenolic ester group at one
end and a carboxylic acid group at the other (seeFig. 1).
The AF effectiveness of zosteric acid has been demonstrated
both in static laboratory assays with zosteric acid directly dis-
persed in marine water[7,8]. In laboratory assays using glass
slides coated with zosteric acid, the attachment ofAcineto-
bactersp. on the slides dropped from 90 to 30% compared
to the control surface as the concentration of zosteric acid
increased from 1 to 200�g/cm2 [9]. In one field study, ce-
ramic tiles were coated with crude zosteric acid and then
placed into a marine environment for 1 week. No attachment
of barnacles was found. In the other field study, zosteric acid
was simply blended into a silicone foul release coating, and
then applied to panels. The panels were immersed in ma-
rine water for 60 days, with no hard fouling and much less
slime fouling being observed as compared to the panels with-
out zosteric acid. Zosteric acid can dissolve in water easily.
As such, its antifouling capability could be the result of the
free-floating molecules interacting with bacteria. It was hy-
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and determines if the resulting coatings have sufficient release
rates to deter bacterial attachment while slow enough to en-
sure the long service life of the coatings. The most suitable
method for incorporating zosteric acid into silicone coatings
to achieve at least a 70% reduction in bacterial coverage for
two fresh water bacteria: enrichedLake Eriebacteria and
Pseudomonas putida, were reported.

2. Experimental section

2.1. Materials and equipment

All experiments were performed with Polydimethylsilox-
ane (Sylgard® 184), an elastomeric silicone kit manufac-
tured by Dow Corning. The components for preparing the
elastomer were supplied in two parts, Sylgard® 184A (base
elastomer) and Sylgard® 184B (curing agent). The mix-
ture was primarily comprised of vinyl endcapped oligomeric
dimethylsiloxanes and methyl hydrosiloxanes, and a plat-
inum complex as the catalyst for the hydrosilation reaction.
A 10:1 Sylgard® 184A/Sylgard®184 B mixture by mass was
prepared. Microscope glass slides of 2.5× 7.5 cm purchased
from VWR Scientific were used as substrates. Zosteric Acid
(∼95% zosteric acid,∼5% its salt and residual sodium chlo-
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othesized that zosteric acid molecules present in an
us environment can block the surface interaction sites o
rganisms, thus preventing their attachment to a surfac[7].
lthough the hypothesis has not been carefully evaluate

atter field test[8] attributed the antifouling ability to the co
inuous release of zosteric acid. But the reported release
–100 mg/cm2/day, was too fast, limiting the coatings effe

iveness to only a short period of time. In order to prolong
nti-fouling life of the coating, better incorporation meth
r controlled-release designs would be desired, which c
e challenging due to the fact that most coating matrice

he NPA compounds have in-compatible physical chara
stics[1]. For an example, while most of the coating matr
re hydrophobic polymers, some NPA compounds are
rophilic, making the miscibility of NPA with the coatin
atrices difficult.
The compatibility of zosteric acid and various coating

rix has rarely been evaluated, and to our best knowledg
iterature associated with the leaching of zosteric acid fro
ntrapped coatings based on various incorporation me
as been documented. The current study focuses on de

ng methods to incorporate zosteric acid into silicone coa

-

ide), synthesized in our own laboratory fromp-coumaric
cid (98% pure) and chlorosulphonic acid (99% pure),
sed.p-Coumaric and chlorosulphonic acid along with ce
ed ACS graded organic solvents, such as ethanol, meth
yridine and acetone, were purchased from Sigma-Ald
nd used as received. Two bacteria cultures were empl
he first was an indigenous enriched microbial consor

solated fromLake Erie, the specification of the bacteria w
ot critically defined. Only the size, shape and color of dif
nt populations presented were semi-quantified using

ng procedures. The second,P. putida(from American Type
ulture Collection, # 12633), was used as the model
ater bacteria. Both cultures were maintained as desc
lsewhere[10,11]. The characterization equipment includ
contact angle goniometer equipped with a CCD video
ra (Model 100-00 from Rame-Hart, Inc.), optical mic
copes (IX 70, Olympus and Infini Tube, Edmund Scient
quipped with CCD video cameras, and an atomic force
roscope (Metrology 2000, Molecular Imaging). The con
ration of zosteric acid in deionized (DI) water (purified w
eionization polymer filters purchased from Easton Se

nc, Orwell, OH, and the purified DI water has a conduc
ty value less than 0.1��) for the leaching experiment w
etermined using a digital conductivity meter (Traceab®)
nd a UV-Visible spectrophotometer (UV-1601, Shimad

.2. Coating preparation

Microscope glass slides of 7.5 cm× 2.5 cm were cut int
.5 cm× 1.25 cm pieces. Pure silicone, containing a 1
ylgard® 184A/Sylgard® 184B mixture by mass, was pr
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pared. One drop (∼0.05 g) of the mixture was spread on the
glass slides surfaces. A stream of industrial grade nitrogen
was used to remove the dust particles before using a doc-
tor blade to form coatings with a thickness of approximately
200�m over an area of 2 cm× 1.25 cm. The mixture was al-
lowed to flow and rearrange within this coated area while it
was cured inside closed drawers (15 cm× 15 cm× 5 cm) un-
der ambient conditions (20◦C and 1 atm) for 48 h. After cur-
ing, they were sterilized in an autoclave at 121◦C for 60 min
prior to initiating the attachment study. The autoclaved coat-
ings were also subjected to surface wettability characteriza-
tions and bulk modulus measurements.

The zosteric acid bulk entrapped silicones were prepared
by blending a solution of zosteric acid with the silicone mix-
ture. The solvents used for making the zosteric acid solu-
tion included DI water, ethanol, methanol, pyridine, acetone,
and various organic-solvent/water mixtures. The organic-
solvent/water ratios tested were 75/25, 50/50, 25/75 and pure
solvents. The purpose of the organic solvent was to increase
the miscibility of the zosteric acid solution with silicone,
since silicone is immiscible with water while zosteric acid
is generally insoluble in organic solvents. The zosteric acid
was first dissolved in water and then the organic solvent was
added to obtain a final solution containing∼10 wt.% zos-
teric acid. The zosteric acid solution and the base silicone
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tify the differences in shapes and quantity of bacteria attached
to the silicone surface.

The bacterial attachment was conducted using a 2× 2× 7
factorial design with three replicates. In this design, two dif-
ferent times of immersion (7 and 14 days), seven different
concentrations (0, 5, 10, 20, 50, 100 and 500 ppm), and two
types of bacteria (enrichedLake Erieand P. putida) were
used. Three replicates for each combination were utilized.
Using the enlarged morphology image, the percentage of bac-
terial coverage for each coating was estimated using the pix-
els occupied by the biofilm divided by the total pixels of the
image.

A two-way analysis of variance (ANOVA) via MiniTab
software was applied to evaluate the effect of concentra-
tion and time on attachment. The Tukey’s honestly signifi-
cant different test (HSD) was used to complete a pair-wise
comparison to determine the significance of the data. With
this approach, statistically significant results were depicted
by P values <0.05, non-significant results were those with
P> 0.05.

2.4. Coating properties evaluation

Coating properties, mainly surface wettability and bulk
elastic modulus, and surface topography were evaluated be-
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tical
m M).
W nder
lastomer were first thoroughly mixed to form a homo
eous dispersion, and then heated at 150◦C with a vacuum
f ∼50 mm Hg for 4 hours to totally remove the solvent.

er evaporating the solvent (organic solvent and water)
uring agent (Sylgard® 184B) was added. The proper ra
f zosteric acid solution and the silicone mixture was

usted to obtain silicone coatings with a desired amoun
osteric acid. Each of the coatings on the glass slides
repared by spreading a small amount (∼0.05 g) of silicone
ixture onto a glass slide using a doctor blade over an
f 2 cm× 1.25 cm. As with the non-bulk entrapped syst

he coatings were allowed to flow and cured under amb
onditions for at least 48 h prior to auto-clave and subseq
acterial attachment and leaching studies.

.3. Bacterial attachment study

Each of the coatings was placed inside an amber b
60 mL) containing particular bacteria in 30 mL aqueous
ution with or without zosteric acid. Care was taken to p
he coatings at a 40◦ angle and face down to ensure the
achment was not simply the result of settlement of spe
nd organic matter. Coatings were removed and observ

ntervals of 1, 3, 7, 14, 21 and 28 days. The observa
ere made using a transmitted light optical microscop

er rinsing the samples with fresh deionized water to rem
he loosely attached matter. The video system attached
icroscope was used to capture the images of interes

ariations on the biofilm morphology on the surface of
ilicone coatings due to the bacterial biofilm growth were
mined. Various degrees of magnification were used to
ore and after water immersion. The surface wettabilit
he coating was evaluated via water contact angle mea
ents using the contact angle goniometer video system

oatings subjected to bacterial attachment, a portion o
iofilm was removed using a scotch tape immediately p

o measuring contact angle. Due to the low adhesion bet
he biofilm and the silicone coatings, the biofilm could be
oved completely using a scotch tape, leaving behind a

oating surface. Images of the sessile drops from on the
ace were captured using a Dazzle DVC hardware an
oftware. During contact angle measurement, several l
rops were randomly placed at different locations on the

ace for each of the three replicates. Contact angle v
ere estimated using the Scion Image Software. The av
f the angles measured on a particular surface was rep
he two-way ANOVA was conducted to determine the

istical significance of the data.
The elastic modulus of the coatings was measured u

he JKR method, where a convex elastic lens of pure Sylg®

84 was brought down into contact with the coating of in
st. The force, determined using an electronic balance w
ccuracy of 0.1 mg, acting between the two surfaces an
iameter of the circular contact, enlarged with a portable
al microscope, were measured to obtain the elastic mo
E*) of the system. The modulus of the coating (EC) was de
uced from the known value modulus of the elastic lens (EL).
n ANOVA similar to that of the contact angle analysis w
onducted to determine any significant difference in the

The surface morphology was evaluated with an op
icroscope (OM) and an atomic force microscope (AF
ith OM, various degrees of magnification were used u
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the bright field transmission mode. AFM scans of the coating
surface were obtained using the non-contact mode with a sil-
icon cantilever having a spring constant of∼42 nN/nm. The
scan size was 80�m× 80�m and the scan rate was 0.2 Hz.
The surface roughness of the coatings on an 80�m× 80�m
area was attained from the AFM scans using the NanoScope
III software version 4.42r4.

2.5. Leaching of zosteric acid

Leaching of zosteric acid from the bulk of the silicone
coating was evaluated using a static cell where the coating
was immersed in DI water. The quantity of zosteric acid
leached into the solution was then determined via conduc-
tivity measurements. Cured and sterilized circular silicone
sheets (8.4 cm in diameter and 0.05 cm in thickness) contain-
ing zosteric acid were prepared using the same conditions as
those zosteric acid entrapped coatings for the bacterial attach-
ment study. The conductivity of 200 mL of deionized water
was determined before each sample was immersed. Then,
the conductivity of the water containing a zosteric acid en-
trapped silicone sheet in it was measured periodically for up
to 6 months. Any increase in conductivity was assumed to be
the consequence of zosteric acid leaching into the water, and
the zosteric acid leaching rate was estimated from the conduc-
t tivity
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this hypothesis is correct, it is unnecessary for these NPAs
to be as toxic as the currently used antifoulants, which pre-
vents fouling by killing off the organisms, either targeted or
non-targeted. Therefore, in our first study[10] we evaluated
the toxicity of zosteric acid using both standard Microtox test
and the quantitative toxicity assessment. EC50 (the concen-
tration that causes 50% of the original microbial population
to die) of zosteric acid with the Microtox test was found to
be 440 mg/L (or ppm). Using the quantitative toxicity as-
sessment, the values were 400 mg/L and 166 mg/L for the
enrichedLake Erieconsortium andP. putida, respectively.
These values indicated that zosteric acid is approximately
five to six orders of magnitude less toxic as compared to
currently used antifoulant compounds, such as TBT and Sea-
Nine 211. For TBT and SeaNine 211, the respective values of
EC50 found from literatures were 0.022 and 0.036 mg/L for
V. Fischeri(bacteria); and forS. capricornotum(an algae),
they were 0.007 and 0.003 mg/L, respectively[12].

Bacterial attachment studies were first conducted on plain
silicone coatings with zosteric acid simply dissolved in
the water containing either enrichedLake Eriebacteria or
P. putida. Several concentrations (5, 10, 20, 50, 100 and
500 ppm) of zosteric acid in water were evaluated. It is impor-
tant to note that almost all of these concentrations were less
than its EC50 value. The initial population of bacteria and
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ivity measurements. To ensure the increase in conduc
as directly associated with an increase in the zosteric
oncentration in DI water, samples of water from the s
ell were also subjected to Ultra-violet spectroscopemet
n UV absorbance ofλ = 275 nm) to determine the amount
osteric acid in the solution. A linear relationship was fo
etween the concentration determined using the conduc
eter (ppm) and the UV-absorbance detected using the

pectrometer (ABS). This corroborates that any chang
onductivity measurement was directly associated with
hange in the zosteric acid concentration in the DI wate

. Results and discussion

Before developing methods for incorporating zosteric
nto silicone coatings and studying the properties of s
oatings and the leaching behaviors of zosteric acid
uch coatings, we evaluated the antibacterial attachme
ability of zosteric acid when it was simply present in wa
he concentration of zosteric acid in water will provide
ome insights on the amount of zosteric acid needed
ncorporated into silicone, and the optimum leaching ra

.1. Bacterial attachment on plain silicones using
osteric acid present in solution

It was hypothesized that NPAs can inhibit the attachm
f bacteria and higher-ordered marine organisms by bloc

he surface interaction sites of the organism, thus causin
rganisms to lose their ability to attach to the surface[7]. If
nvironmental conditions in each bottle containing a p
ilicone coating, either with or without zosteric acid, w
ontrolled to be as identical as possible. Bacterial growth
ubsequent attachment was allowed to occur for 2 week
he biofilm morphology was taken and evaluated.

Fig. 2contains representative biofilm morphologies of
ichedLake Eriebacteria (a, b, c and d) andP. putida(e, f,
and h) on silicone coatings after 14 days. Bacterial at
ent on the plain silicone coatings without zosteric acid
sed as the control for comparison. The controls prese
pproximately 45% of surface coverage with a branch
iofilm for the enrichedLake Eriebacteria and 36% su

ace coverage with an elongated shaped biofilm forP. putida,
espectively (Table 1). The attachment behaviors forLake
riebacteria showed the following trend. With 5 ppm of z

eric acid in water, the attachment was found to be slig
ess than that of the control, showing a bacterial cove
f 33% (or a reduction of 25% of that depicted of contr
s the concentration increased to 10 ppm, the bacteria

ace coverage reduced to 13%, and it was 11% for coa
mmersed in water with 20 ppm zosteric acid. A clear red
ion (i.e. 92%) in the bacterial coverage occurred when
0 ppm zosteric acid was used, depicted by a 3% cove
hen the zosteric acid concentration increased to 100

he coverage was even less. With 500 ppm of zosteric
ven after 14 days of immersion, almost total inhibition
acterial attachment (0.8% surface coverage) was obse
similar trend was found forP. putida, the surface cove

ge by attachedP. putidawas 13, 1 and 0.4%, respective
or coatings immersed in 20, 50 and 500 ppm zosteric
olutions.
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Fig. 2. Silicone coatings immersed in various water solutions containing bacteria and zosteric acid after 14 days: (a)Lake Eriebacteria without zosteric acid,
(b), (c) and (d)Lake Eriebacteria with 20, 50, and 500 ppm of zosteric acid, respectively; (e)P. putidawithout zosteric acid, (f), (g), and (h)P. putidawith
20, 50, and 500 ppm of zosteric acid. The coating surface was kept facing the bottom of the amber bottle and all samples were dipped serveral times in fresh
deionized water before being analysized. The scale bar indicated in the image is 30�m.

The attachment study showed that the concentration nec-
essary to reduce the bacterial attachment to more than 90%
was about 50 ppm. This concentration is substantially lower
than the EC50 values (∼400 ppm forLake Eriebacteria and
∼170 ppm forP. Putida) of zosteric acid for the two bacteria
used in this study. Even though 50 ppm was higher than the
effective concentration of the non-selective TBT in prevent-
ing attachment[13], when the EC50 values were compared,
zosteric acid is actually 100–1000 times less toxic than TBT.

To further confirm that the zosteric acid concentration
used in the attachment study posed limited toxicity, the aque-
ous bacterial population, as determined by the most probable
number (MPN) was monitored. MPN utilizes agar plates to
monitor heterotrophic microbial growth. At each sampling

Table 1
The bacterial biofilm coverage on the surface of pure Sylgard® 184 silicone
coatings after the coatings were immersed in the solution containing zosteric
acid and either enrichedLake Eriebacteria orP. putidafor 2 weeks

Zosteric acid concentration
(ppm) in water containing
either enrichedLake Erie
bacteria orP. putida

%Surface covered by
enrichedLake Erie
bacteria

%Surface covered
by P. putida

Control (0) 44.9 36.3
5 33.4 (25.8) Not evaluated
10 13.2 (70.7) Not evaluated
20 11.6 (74.1) 12.6 (65.3)
5
5
1

A sted.
T in per-
c

time, the aqueous bacterial population of a 2 mL sample was
subjected to serial dilutions (10−2–10−8), and each bacterial
solution was plated in triplicates. The colony forming unit
(CFU) on each plate was counted after a 5-day, room tem-
perature incubation in the dark. The average of the CFUs
from the triplicate plates was used to evaluate the bacterial
population in the aqueous solution. With zosteric acid con-
centrations up to 100 ppm, the number of bacteria present in
the aqueous environment was actually higher (P< 0.05) than
that of the solution without zosteric acid. The larger amount
of bacteria could be attributed to fewer bacteria being at-
tached to the coating surface. The extent of surface coverage
and aqueous MPN clearly demonstrated that zosteric acid
at concentrations≤100 ppm exhibited minimum toxicity to-
ward the bacteria employed in this study.

The difference in bacterial attachment could also have re-
sulted from the difference in coating properties, such as sur-
face wettability and bulk modulus. In order to confirm that
the difference in bacterial attachment is solely due to the pres-
ence of zosteric acid in the water, the variations of silicone
coating properties after immersion in water were evaluated.
The water contact angles (i.e. wettability) and bulk modu-
lus of silicone coatings immersed in water containingLake
Erie bacteria and different concentrations of zosteric acid
are presented inFig. 3. Static contact angles, for the coat-
i s
i was
e coat-
i ase
i ni-
z sili-
00 3.4 (92.5) 1.3 (96.5)
00 0.8 (98.2) 0.4 (99.0)
0 33.4 (25.8) Not evaluated

wide range of zosteric acid concentrations (0 to 500 ppm) were te
he number inside the parenthesis represents the relative reduction (
entage) in bacterial coverage as compared to that of the control.
ngs, reduced significantly (P< 0.05) after the coating wa
mmersed for 1 day and leveled off as immersion time
xtended. Very similar trend was observed when the

ng was immersed in DI water without bacteria. The incre
n wettability after 1 day resulted from the slight reorga
ation of the side chain and backbone components of
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Fig. 3. The water immersion time dependent of elastic modulus (left axis) of
the silicone coatings and static water contact angles (right axis) on the coat-
ings immersed in various aqueous solutions containingLake Eriebacteria
are summarized. (©), (�) and (�) represent the aqueous solution contains
no zosteric acid, 50 ppm of zosteric acid, and 500 ppm of zosteric acid, re-
spectively. The biofilm was totally removed before measuring the modulus
and contact angle, and the measurement was performed within 15 min after
the coating was taken out from the aqueous solution. The value of each data
point reported was the average of five measurements, and the vertical lines
represented the standard deviation of the five measurements.

cone as the system attempts to minimize the energy in the
highly polar aqueous environment[14]. In all cases, bulk
elastic modulus only fluctuated slightly (P> 0.05), and re-
mained well within the standard deviation of the measure-
ments. The elastic modulus, depending on the cross-linking
density of Sylgard® 184 (an elastomer), was expected to be
unchanged by immersion in water. In addition, because the
aqueous zosteric acid concentration was less than or equaled
to 500 ppm in all cases investigated, the effects of zosteric
acid on the bulk properties were anticipated to be negligible.
Therefore, the difference in bacterial attachments was not re-
sulted from the surface wettability and bulk modulus of the
coatings.

3.2. Entrapment of zosteric acid into silicone coatings

For practical applications, zosteric acid must be continu-
ously released to the immediate vicinities of a surface in order
to prevent fouling on the surface. One way of continuous dis-
charge is to incorporate zosteric acid to a coating that will be
applied to the surface, such as a ship hull. In earlier studies,
zosteric acid was directly blended into silicone coatings in
the form of a powder, and the coatings were applied to panels
to perform attachment studies[8]. Neither the distribution of
zosteric acid in the coating nor the dependency of zosteric
a esti-
g ith a
r for
l with
a of
1 one
d

zosteric acid concentration increased to∼10 wt.%, all the
zosteric acid would deplete from the coating in less than 1
week.

We investigated various techniques of incorporating zos-
teric acid into a model silicone coating to determine how the
leaching can be controlled when zosteric acid was entrapped
inside a carrier coating. Although Sylgard® 184 may not be
the most suitable carrier for coating purposes, its properties
are well understood[15]. Also, it is transparent, making it
easier to examine the distribution of zosteric acid inside the
coating. Initially, the direct blending of grounded zosteric
acid power with silicone under vigorous mixing was adopted.
This approach formed large zosteric acid aggregates (aver-
age∼80�m) (seeFig. 4(a)) with a majority of them having
the size between 54 and 100�m (Table 2). These aggregates
likely span the entire thickness of the coating and create large
pathways for water to enter and dissolve them, and the so-
lution can also leave the coating quickly through these path-
ways. The details of leaching will be described in the next
section.

As the distribution of zosteric acid became more uniform,
the period of fast leaching extended while the leach rates re-
duced. To slow the leaching of zosteric acid, more homoge-
nous distribution of smaller zosteric acid aggregates or even
individual zosteric acid molecules within the silicone coating
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Fig. 4. Representing morphology of silicone coatings containing 1 wt.% of zosteric acid entrapped with various methods are shown. (a) zosteric acid in the
form of fine power was simply blended into silicone mixture before curing; (b) zosteric acid was dissolved in water and the solution was mixed into the silicone
base, and then water was allowed to evaporate before the curing agent was added for the coating to cure; (c) 50/50 mixed water/pyridine was used to dissolve
zosteric acid and the solution was mixed in with the silicone base, the solvent was allowed to dry as completely as possible before adding the curing agent to
cure the coating; and (d) 50/50 mixed water/acetone was used as the solvent for zosteric acid. The average size of the aggregates for coatings shown in (a), (b),
(c) and (d) is 80, 11, 4 and 1�m, respectively. The scale bar shown in the image is 200�m.

under ambient conditions. Although the solubility of zosteric
acid in these solvents was low, they were still much higher
than other organic solvents, such as methyl-isobutyl ketone or
toluene. In addition, these solvents were miscible with water;
thus it is possible to obtain mixed water/alcohol solvent as the
common solvent to generate higher concentration of zosteric
acid solution before blending the solution with silicone base.
When either methanol or ethanol or water/alcohol mixture
was used as the solvent, zosteric acid formed slightly smaller
aggregates as compared to that of pure water used as the in-
corporating solvent, and the aggregates distributed uniformly
in the cured silicone coatings. The leaching rates of zosteric

acid from these coating were much smaller than those of the
coatings generated by simply blending in the zosteric acid
power; however, these leaching rates were still higher than
desired. A solvent that is more miscible with silicone could
be better for entrapping zosteric acid with even smaller ag-
gregates and a more uniform distribution; leading to a slower
leaching.

Pyridine, a tertiary amine, is highly soluble in water and
completely miscible with the silicone base. Although it is
not totally compatible with zosteric acid, it appeared to be
a good common solvent to bring the aqueous zosteric acid
solution and silicone together. In addition, pyridine was used

Table 2
The aggregate size distribution on each zosteric acid entrapped coating was roughly evaluated using the particle analyzing features of ScionImage

Entrapping solvent Aggregate size range (�m) Aggregate size range (�m) Aggregate size range (�m) Average aggregate size (�m)

No solvent <54 (15.4) 54–100 (76.9) >100 (7.7) 80
Water <7 (20.5) 7–14 (69.2) >14 (10.3) 11
50/50 Pyridine/water <2 (12.9) 2–6 (77.2) >6 (9.9) 4
50/50 Acetone/water <1 (61.7) 1–3 (29.4) >3 (8.9) 1

The number inside the parenthesis is the percentage of number of aggregate at a particular aggregate size to the total number of aggregates evaluated in the
three size-ranges chosen for each coating.
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as the solvent for synthesizing zosteric acid. Therefore, it was
anticipated that a high concentration of zosteric acid can be
achieved when a mixed pyridine/water is used as the incorpo-
rating solvent, thus reducing the amount of solvent and sub-
sequent solvent evaporation time for incorporation. A mix-
ture 50/50 pyridine/water was used to dissolve zosteric acid.
First, a solution containing 18 wt.% of zosteric acid in water
was prepared, and then pyridine was added to this solution
to finally obtain a mixture of zosteric acid:pyridine:water
10:45:45. This solution mixed very well with the silicone
base but has the potential problem of poisoning the Pt-based
catalyst used for curing Sylgard® 184. Therefore, it was nec-
essary to completely remove all the pyridine present in the
silicone base before adding the catalyst. The solvent was re-
moved by heating above the boiling point of the pyridine
followed with vacuum for four consecutive cycles of heating
at 150◦C for 40 min, and vacuum approximately 50 mm Hg
for 10 min. Four cycles of drying was found to be optimum
for obtaining a lower and more controlled leaching rate. The
coatings obtained after 4 cycles had very homogeneous distri-
bution (Fig. 4(c)) of zosteric acid, with individual aggregates
mostly having a size of 2–6�m (Table 2).

Finally, acetone, a more environmentally friendly solvent
that is highly miscible with water as well as silicone base and
poses no poison effect to the catalyst, was tested. The detailed
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Fig. 6. Silicone coatings alone(first row) and coatings containing 1 wt.% of zosteric acid (second row) were immersed in aqueous solutions containingLake
Erie bacteria for (a) and (e) 7 days; (b) and (f) 14 days, (c) and (g) 21 days, and (d) and (h) 28 days. The dark spots seen in images (e) to (h) are the zosteric
acid aggregates in the coating. The surface coverage by bacteria for the zosteric acid incorporated coating was about∼30% of that of the silicone coating alone
for each time interval. The scale bar shown in the image is 30�m.

With bigger aggregates, the paths for water to travel and reach
zosteric acid could be shorter and have lower resistance, thus
zosteric acid dissolves in water and is carried out by water
through the more straightforward paths and leading to a faster
leaching. Conversely, for smaller aggregates distributed more
uniformly inside silicone, the paths for water to travel into
the coating could be more treacherous with possibility of thin
silicone membranes encapsulating some of these aggregates
to substantially increase the transporting resistance, resulting
in a much slower leaching. The possible service life of each
coating, by assuming that zosteric acid continued leaching at
the slowest rate until zosteric acid completely depleted from
the coating, was less than 2 months for the coating prepared
by blending zosteric acid powder directly in the silicone. It
takes about 5, 12 and 21 years for the coatings prepared using
water, pyridine/water and acetone/water as the incorporation
solvent, respectively, to exhaust its zosteric acid content. The
details on how water diffuses into the silicone network (i.e.
Sylgard® 184 elastomer) and how zosteric acid/water mix-
ture transports out off the network are currently under study.

After obtaining homogenous coatings using the mixed sol-
vent of pyridine/water or acetone/water to incorporate the
zosteric acid within the silicone, attachment studies with en-
richedLake Eriebacteria were performed using these coat-
ings. The other two types of coatings with zosteric acid en-
t to the
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21, and 28 days of immersion. The bacterial coverage on pure
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Fig. 8. Surface topographies (size: 80�m× 80�m, z-scale: 200 nm), generated with the non-contact mode AFM at a scan rate of 0.2 Hz, of silicone coatings
containing 0 wt.% ((a) and (c)) and 1 wt.% ((b) and (d)) of zosteric acid before ((a) and (b)) and after ((c) and (d)) immersing in the aqueous solution containing
Lake Eriebacteria for 14 days. The root mean square (RMS) surface roughness for the coatings shown in (a), (b), (c), and (d) were 4, 5, 13, and 66 nm,
respectively. The shallow indentations seen in (c) could be resulted from the removal of the attached bacteria and/or the surface erosion.

silicone coating after 14 days of immersion differed from that
obtained in the first part of this study. Possible reasons could
be the sensitivity of bacteria to the ambient conditions and the
variation in initial concentrations of bacteria. The first part of
the study was carried out during the summer with an inocu-
lum bacteria concentration of 1.0× 1011 CFU/mL, while the
entrapped study was conducted in winter using an inoculum
concentration of 6.7× 1010 CFU/mL. For coatings contain-
ing zosteric acid, the coverage was approximately about 31%
of those that contained no zosteric acid for each particular im-
mersion time (Fig. 6).

For coatings prepared using the acetone/water mixed sol-
vent to incorporate zosteric acid, similar bacterial attachment,
in term of surface coverage at a particular immersion time,
was observed as that of the pure silicone coatings. This be-
havior could be the result of the low leaching of zosteric acid
from the coating not providing sufficient amount of zosteric
acid to deter the attachment of bacteria.

The coating properties are important factors that could
affect bacterial attachment. Both bulk modulus and surface
wettability on silicone coatings with and without zosteric acid
were measured. No significant difference on both properties
(P< 0.05) were found for Sylgard® 184 without and with
zosteric acid bulk entrapped up to 2 wt.% (Fig. 7), suggest-
ing differences in bacterial attachment would be the results
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teric acid coating was due to the presence of zosteric acid
and its ability to leach out at a sufficient rate, not the surface
roughness or other coating properties.

4. Conclusions

The effectiveness of zosteric acid as a less-toxic an-
tifoulant was evaluated by conducting bacterial attachment
studies for plain silicone coatings with zosteric acid in the
solution containing bacteria, as well as for coatings with zos-
teric acid entrapped. The surface wettability and bulk mod-
ulus of the coating immersed in aqueous solution remained
almost constant, indicating the coating properties had little or
no effect on the bacterial attachment behaviors. The bacteria
population attached onto plain silicone coating surfaces was
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he surface roughness of the silicone coatings without

eric acid and with 1 wt.% of entrapped zosteric acid be
nd after 14 days of immersion in bacterial solution w
easured using the atomic force microscopy (Fig. 8). The
ound to decrease as the concentration of zosteric acid
olution increased. With 50 ppm zosteric acid in solution
acterial coverage was reduced by 93 and 96%, respec

or LakeEriebacteria andPseudomonasputida. This concen
ration is significantly lower than the EC50 of the compoun
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The homogeneity of the zosteric acid distributed inside
the silicone is an important factor for slow release of the
compound. The use of mixtures of pyridine/water and ace-
tone/water as entrapment solvents produced homogeneous
coatings; however the use of the acetone/water mixed solvent
produced a coating with a leaching rate too low to reduce the
bacterial attachment. When zosteric acid was entrapped into
the bulk of silicone coatings with the pyridine/water mixed
solvent, the reduction in bacterial attachment was clearly ob-
served as compared to the pure silicone coatings. Again, the
variation in coating properties, such as surface wettability,
bulk elastic modulus, and surface roughness, was insignifi-
cant to affect bacterial attachment. Therefore, this study sug-
gests that zosteric acid could be an effective antifoulant com-
pound, which exhibited much less toxicity as compared to
currently used antifoulants and still reduced bacterial attach-
ment and biofilm formation. Bacterial attachment may not
be a prerequisite for some macro fouling; the reduction in
bacterial attachment is still advantageous in minimizing the
occurrence of most fouling.
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