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Effects of marine paints on microbial biofilm development on

three materials
RJ Tang and JJ Cooney

Environmental, Coastal, and Ocean Sciences Program, University of Massachusetts Boston, Boston, MA 02125-3393,
USA

The development of biofilms of = Pseudomonas aeruginosa PAO-1 was studied using modified Robbins devices.
Biofilm development was measured using viable counts, acridine orange direct counts (AODC), and a colorimetric
method for exopolysaccharide (EPS). Biofilms reached their maximum population 24—72 h after inoculation on cou-
pons with no paint or on coupons coated with marine paint VC-18 without additives. Biofilms on stainless steel
contained higher numbers of total cells and of viable cells than biofilms on fiberglass or aluminum. Coating the
surfaces with marine paint VC-18 resulted in decreased numbers of cells on stainless steel but had little effect on
numbers of cells on fiberglass or aluminum. Addition to the paint of Cu or tributyltin (TBT), the active components

in two types of antifouling paints, inhibited the initial development of biofilms. However, by 72-96 h, most biofilms
contained the same number of cells as surfaces without additives as shown by both viable counts and AODC.
Biofilms that formed on surfaces coated with Cu- or TBT-containing paint did not synthesize more EPS, suggesting

that P. aeruginosa PAO-1 does not respond to these compounds by synthesizing more EPS, which could bind the
metal and protect the cells. Rather, these biofilms may contain Cu- or TBT-resistant cells. TBT-resistant cells made

up 1-10% of the viable counts in biofilms on uncoated stainless steel, but in biofilms on stainless steel coated with
marine paint containing TBT, TBT-resistant cells made up as much as 50% of the population. For non-coated stain-
less steel surfaces, Cu-resistant cells initially made up the majority of the population, but after 48 h they made up
less than 1% of the population. On Cu-coated stainless steel, Cu-resistant cells predominated through 48 h, but after

48 h they comprised less than 10% of the population. These results suggest that the growth of TBT-resistant and Cu-
resistant cells contributes to biofilms of P. aeruginosa PAO-1 at early stages of development but not at later stages.
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Introduction ganisms, although organotin-based paints are effective for

Many of the bacteria in natural environments grow on Sur_longer periods than copper-based paints [6]. However, both

. R . L organotins and copper can be toxic to non-target marine
faces, including liquid—solid and liquid—air surfaces [31], : .
forming biofilms. Biofilms can form on surfaces which species, such as the dog-whelk [15], oysters [1,4,26], and

range from surfaces in mountain streams to artificial organéuvenlle carp [11]. Tributyltin (TBT), in particular, causes

contact lenses and dental tubing. They can form on metalémposex’ a condition wherein females grow male sex

including aluminum [22], stainless steel [5,17,21,25,30] drgans, in the dog-whelk and other shellfish. Imposex inter-

and copper [14], some of which, such as Al or Cu, Weréferes with reproduction [15] and has led to limitations on

formerly considered toxic to bacteria [2,3,18,19,24,28]. th?_if[JﬂS: ﬁ;ﬁ%gfﬂcoﬂhﬁ;gﬁlne% ToI?thlr?eSg;g:?l (():fo l;lr;]ttli;%i."n
Biofilms can have negative effects on human activities P 9

in many ways, including: energy waste, heat transfer resislpamts on microbial biofilms. Therefore, we examined the

ance, requirement for excess equipment capacity, decreasg \elzilc?opmgr?;soge?:;milLrgsfa;()orﬂe%nbt);1rgesgggsriglgw;ﬁw'
life of equipment, quality control problems, and safety g !

problems [8]. Microbial biofilms can develop on surfacesggfj p(?r:n:'hg:etrs]ﬁf% Cr:;gtiggltz dcﬁiﬁd giI:]T 20;:12:;35 p_?lg_tr,
placed on, in or attached to the human body [6,10]. P 9

Microbial biofilms themselves can increase boat hull rough-Or COPpE.

ness, thereby increasing fuel consumption, and they may
contribute to the attachment of shellfish larvae to the hullMaterials and methods

[23,27], which leads to markedly increased fuel consump- . : )
tion [7,9]. To prevent fouling problems on surfaces The organism used waseudomonas aeruginof#0-1, a

immersed in water, antifouling paints can be applied t0b|icf)(f:|ém g’ ég’];:- Ikﬂvlvaag :)'mgg]re?nggjmmCp‘:‘gga?ggggsp"
some surfaces. Both organotin- and copper-based ant'fougeruginosaPAO-l was shaken at 3C in tryptic soy broth

ing paints effectively prevent fouling problems by macroor—(.l_SB Difco) for 18 h, reaching stationary phase.

Biofilms were formed in modified Robbins devices
Correspondence: RJ Tang, Environmental, Coastal, and Ocean Scien MRD) made of transparent acrylate [20] (AIN Plastics, Mt
Program, University of Maésachusetts Bosion, 100 Morrissey Blvd, Bos-,. rnon, NY, USA)' on coupons r_nade of aluminum, epoxy
ton, MA 02125-3393, USA fiberglass phenolic (G-10), or stainless steel (No. 316). The
Received 16 December 1997; accepted 9 March 1998 materials were tested with four different surface treatments:
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without a coating, after coating them with the marine paintthe pump was turned off. About 1 ml of broth, containing
VC-18 (Courtaulds Coating Co, Union, NJ, USA), and after3 x 10° CFU of P. aeruginosaPAO-1, was injected into
coating them with VC-18 paint containing copper or tribu- the biofilm system upstream from the MRD. Throughout
tyltin fluoride (TBTF) used at the concentrations used in athe experimental period, the MRDs were inverted (coupon-
commercial paint. side face down) to avoid bubbles at the coupon surfaces,
The MRD set-up (Figure 1) has been used in our laboraexcept 20 min before and during sampling when the coupon
tory and is described in Doolittlet al [12]. MRDs and side was up. The coupon side was turned up before sam-
coupons were made in our university machine shop. In eachling to avoid deposition of planktonic cells on the cou-
experiment, four MRD systems with the desired coupongons.
were sterilized by filling them with 2.5%(v/v) hypochlorous = Samples were taken at 6, 12, 24 h and daily thereafter
acid (commercial bleach); they were allowed to stand forup to a week. Although preliminary experiments indicated
2 h and then rinsed with sterile deionized water. The MRDthat all coupons contained an approximately equal number
was dried by placing it in a sterilized container, removingof cells, at each time point three coupons were sampled,
several studs and allowing air to circulate through theone each from the upper, middle, and lower sections of the
MRD. After the MRDs were dry, the coupons in four MRD (Figure 1), and the biofilms from them were com-
MRDs were treated with: no paint, marine paint, marinebined to yield a single sample. Studs were removed from
paint with 19.5% (w/v) copper (a concentration used inthe MRD and rinsed by swirling them in phosphate-buff-
paints available commercially), or marine paint with 13.8%ered saline (PBS) three times to remove loosely attached
(w/v) TBTF (a concentration used in antifouling paints). cells. Each coupon was removed and placed in an Eppen-
Paint with copper was not applied to aluminum couponsdorf tube with 1.0 ml PBS. Tubes were kept in an ice bath.
because paints with copper are not used on aluminum boafthe coupons were then sonicated using an ultrasonic
due to problems with electrolysis. The coupons with paintsleaner (Model 1210, Bransonic Co, Danbury, CT, USA)
were allowed to dry overnight and inserted in the MRD.for 8 min and vortexed for 10 s to remove biofilms from
The medium (1/10 strength TSB) was pumped through fouthe coupons. Suspensions from the three coupons were
MRDs operated in parallel and maintained in an environ-combined.
mental chamber at 3T. Preliminary experiments indicated  To quantify biofilm formation the suspensions were
that a flow rate of 150 ml 1 supported good biofilm devel- assayed for total viable count on tryptic soy agar; total cell
opment without turbulence, and without shear forces thatounts using acridine orange (AODC) [16]; and extracellu-
would give uneven biofilm development in different por- lar polysaccharide (EPS) by the phenol-sulfuric acid
tions of the MRD or strip the biofilm from the surfaces. method [13]. EPS was not measured on copper-painted cou-
Medium flow was started 20 min prior to inoculation to pons because copper interfered with the phenol-sulfuric
precondition the surface and the rate was maintainedcid method. To measure copper-resistant cells, viable
throughout the experiment except during sampling whercounts were determined on plates of TSA containing
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Figure 1 Modified Robbins Device (MRD). The nutrient, 1/10 strength tryptic soy broth (TSB), was pumped in by a peristaltic pump at 150 ml h
At each sampling time, one stud was taken from each of three sections and the biofilms from them were combined. PBS: phosphate-buffered sali
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20 mM copper (Il) ion, which we established was the
MIC gy, for P. aeruginosd?AO-1. To measure TBT-resistant
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cells, viable counts were determined on TSA plates with
84 uM TBT added to the medium, which we established
was the MIG, for P. aeruginosaPAO-1. All data were
processed using the SAS statistics package. Differences
were considered significant at the alph®.05 level.

Results and discussion

The development of biofilm on different materials
Viable counts (Figure 2) and total counts (Figure 3) on all‘g
three materials without a coating reached a maximum inQ
24-96 h and the number remained stable for the remainde®
of the 6-plus-day incubation period. Viable counts were =
higher on uncoated stainless steel than on uncoated alumi§
num or fiberglass (Figure 2). The viable counts of biofilms
on stainless steel were almost 10-fold higher than those or-
aluminum and fiberglass. Cell numbers were 10- to 100-
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Figure 2 Viable counts from biofilms grown on the surface of alumi-
num, fiberglass, or stainless ste@l: No paint; : painted with VC-18;
A: VC-18 paint with copper added®: VC-18 paint with TBTF added.

Paint with copper was not tested on aluminum. In this figure and sub
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Figure 3 Direct counts from biofilms grown on the surface of aluminum,
fiberglass, or stainless ste€b: No paint; : painted with VC-18;A:
VC-18 paint with copper added®: VC-18 paint with TBTF added.
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fold higher for total counts than viable counts, suggesting

that a large number of cells in the film were dead or viable-

but-non-culturable on the coupon surfaces. For EPS, typical
values are shown; each involved pooling samples so that a
single value was obtained and standard deviations were not
calculated. EPS varied throughout the incubation period.

More EPS was produced in biofilms on uncoated fiberglass
than on uncoated aluminum or stainless steel (Figure 4).
Numbers of viable cells and total cell counts remained

stable after reaching their maximum, but values for EPS

fluctuated.

After biofilms reached equilibrium, the differences for
viable counts and total counts between stainless steel and
the other two surfaces were significant at the 0.01 level
(Tables 1 and 2). Thus, a more extensive biofilm developed

sequent figures, error bars indicate one standard deviation. When no err@l Non-coated stainless steel than on aluminum or fiber-

bar is shown, the error bar fell within the symbol.

glass.



Antifouling paints and microbial biofilms

,."I"F RJ Tang and JJ Cooney
278 64
56 | Aluminum A
48 | |

EPS (ug/cm?)

. 1 L 1 . 1 . Il L L

- Stainless Steel

0 24 48 72 9% 120
Time (h)

144 168

Table 2 Total counts in equilibrium phase (24-96 h) biofilms on differ-
ent surfaces and with different treatments

Treatment Log CFU*, meat: 95% confidence interval on:

Aluminum Fiberglass Stainless
steel

No paint a7.71+0.1¢ a7.93+ 0.18 8.72+ 0.2Z

Paint a7, 75+ 0.13 7.96+ 0.23 a7.29+0.27%

Paint +

Cu - 8.07+ 0.14 a7.41+0.2¢/

Paint +

TBT a7.04+0.13 8.09+ 0.1% %6.88+ 0.2&

*Means with different superscripts are significantly different at the

0.05 level; letters a—c indicate results of statistical analysis of differences
between materials (aluminum, fiberglass, and stainless steel); letters x—z
indicate results of statistical analysis of differences between treatments.

Coupons with marine paint

Coating the coupons with a layer of VC-18 paint had little
effect on the rate of biofilm development or the numbers
of viable cells in films on aluminum or fiberglass, but viable
counts were markedly lower on painted stainless steel than
on non-painted stainless steel (Figure 2). The differences
were less pronounced on painted surfaces than on non-
coated surfaces (Figure 2, Table 1). Total cell numbers
(Figure 3) showed similar results, but were 10- to 100-fold
higher than viable counts, similar to the results on non-
coated surfaces. The polysaccharide content of biofilms
varied during the 150-h period, but EPS values tended to
be higher on painted aluminum and stainless steel than on
non-coated ones. On fiberglass, biofilms contained less EPS
on painted than unpainted surfaces but the differences are
not significant (Figure 4, Table 3).

Figure 4 Exopolysaccharide content of biofilms grown on the surface of Paint + copper

aluminum, fiberglass, or stainless ste&el.No paint;<>: painted with VC-

When copper was added to the paint, biofiims developed

18; @: VC-18 paint with TBTF added. Error bars are not shown becausemore slowly and contained fewer viable cells than surfaces

each point represents a single determination from three coupons WhiCEovered with paint only (Figure 2). In the first few hours
were combined to constitute one sample, as described in the text. ’ !

Table 1 Viable counts in equilibrium phase (24-96 h) biofilms on differ-

ent surfaces and with different treatments

Treatment Log CFU*, meat: 95% confidence interval on:

Aluminum Fiberglass Stainless
steel

No paint 6.89+ 0.04 %6.50+ 0.04 €7.49+ 0.06

Paint b7.24+0.1Y %6.43+ 0.10 36.70+ 0.17

Paint +

Cu - 35.50+ 0.17 b5.94+ 0.2%

Paint+

TBT 85.24+0.17 6.32+ 0.19 6.07+ 0.20¢

the number of viable cells was 1000-fold lower on coupons
with copper in the paint, but after 24-48 h, the biofilm
reached equilibrium, the viable cell number increased to
only 10-fold less in biofilms on surfaces without copper in

Table 3 EPS in equilibrium phase (24-96 h) biofilms on different sur-
faces and with different treatments

Treatment EPS concentrationd cnm?)*, mean+ 95% confidence

interval on:
Aluminum Fiberglass Stainless
steel
No paint 37.91+2.7 P21.9+ 4.6¢ 312.3+ 3.4
Paint 213.1+ 2.5 212.7+ 5.1 024.6+ 4.7
Paint +
TBT 210.3+5.0¢ a18.3+ 5.4 P21.3+5.8¥

*Means with different superscripts are significantly different at ¢he

*Means with different superscripts are significantly different at the

0.05 level; letters a—c indicate results of statistical analysis of difference®.05 level; letters a—c indicate results of statistical analysis of differences
between materials (aluminum, fiberglass, and stainless steel); letters x-ketween materials (aluminum, fiberglass, and stainless steel); letters x—z
indicate results of statistical analysis of differences between treatments.ndicate results of statistical analysis of differences between treatments.
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the paint. However, total cell numbers were not affectedg~ 10 21
(Figure 3). This suggests that the numbers of cells which& TBT-resistant
attached were the same between the biofilms that grew o5 s b |
coupons coated with or without copper but cells were later©, -
inhibited or killed. After 48—72 h, copper-resistant cells & 9
may have increased in number, or their exopolysaccharideg 6 I -® _
product protected them from the toxicity of copper. How- ©
ever, EPS was not measured for biofilms grown on copper-2
coated surfaces because copper interfered with the phenoj® 4 | .
sulfuric acid method. ;

(o]
Paint + TBT - 40 - : . —
Aluminum coupons with marine paint with TBT had sig- &g .
nificantly lower numbers of viable bacteria (Figure 2) and S ¢ | Cu-resistant |
of total cells (Figure 3) than coupons with paint alone. -g
However, TBT had relatively little effect on viable counts =
on fiberglass or stainless steel. A comparison of viableS 6 [ M 1
counts and total counts indicates that on all three surfaceg o, ) @
about 1-10% of the cells present were able to form coloniesq, 4 | S J

When aluminum coupons were coated with paint with o ’

TBT added, the number of viable cells in biofilms was g > | |
decreased around 1000-fold at early stages. When the films
reached a stable stage, numbers were 10- to 100-fold lowef}
than in the films on coupons coated with paint lacking TBT. Y _—
On fiberglass and stainless steel, the differences were not 0 24 48 72 96 120
as great. Although TBT paint decreased viable counts irfFigure 5 Effect of TBT or Cu on the number of TBT- or Cu-resistant
early biofim development, it had a lesser effect after therSiS 20T o o ee e ese <teat total viable colls on
biofilm reached stationary phase (Figure 2, Table 1). Values; -~~~ ~-~ - S RT. oo :
for EPS varied (Figure 4). It seems that TBT inhibited EPsof’éuf’;;#té’(?"s‘ﬁ;ﬂ.Zf‘s'”'sfjil,Ste" TBT-or Cu-resistant cells on TBT
formation during early biofilm development.
Selection of copper- or TBT-resistant cells two surfaces tested. Copper decreased viable counts

Biofilm development on surfaces containing copper or TBTinitially, but after 6 days numbers were equivalent in sur-
may involve growth of resistant cells. Biofilms Bf aeru- faces either uncoated or with paint containing copper.
ginosaPAO-1 were allowed to develop on uncoated stain- The purpose of antifouling paints is primarily to prevent
less steel coupons or on stainless steel coupons coated witlevelopment of macrobial organisms, particularly bar-
paint containing TBT. The total number of viable cells andnacles. Since microorganisms on a surface can increase
the number of TBT-resistant viable cells were determinedattachment of shellfish larvae to a submerged surface
in each case. On non-painted stainless steel, TBT-resistaft3,27], inhibition of a microbial biofilm might decrease
cells made up approximately 10% of the viable populationdevelopment of barnacles on the surface. Our results with
early in biofilm development and less than 1% late in develthis model biofilm suggest that antifouling paints with cop-
opment (Figure 5). On a surface coated with TBT-containper or TBT are not likely to exert their effects primarily
ing paint, TBT-resistant cells made up more than 50% ofoy inhibiting development of a microbial film. The studies
the population early in the development and 10% or lessre being extended to deal with mixed microbial films,
late in development. including films developed from natural populations of
Biofilms developed fronf. aeruginosd?AO-1 were also  microorganisms.
tested for copper resistance. The results are shown in Figure Our results suggest that a surface coated with paint can
5. As with TBT-resistant cells, there was a higher percentinteract with materials in the paint in affecting microbial
age of Cu-resistant cells in biofilms grown on stainless steehctivities as indicated by the observations that: (1) paint
coated with Cu, but on non-Cu-coated stainless steel, Cuwith TBT was more effective on aluminum than on fiber-
resistant cells made up approximately 85% of the viableglass or stainless steel; and (2) paint with copper decreased
population in early biofilm development and less than 10%viable counts over the period from 48-96h. The
later in development. On Cu-coated stainless steel, Cumechanism(s) of such interactions are not clear but may
resistant cells made up the entire population in the first 48 lnvolve co-toxicity of aluminum with tin and of iron with
and then decreased to less than 10% of the population byopper.

the end of the experiment. Both copper and TBT inhibited development of a biofilm
by P. aeruginosaPAO-1 in its early stages, but the inhi-
Significance of the results bition was only at an early stage. On fiberglass and stainless

Addition of TBT to a marine paint decreased the numberssteel, however, numbers of viable cells and total cell counts
of viable cells and total cells in biofilms d?. aeruginosa were equivalent by the end of the 150-h incubation period.
PAO-1 which developed on aluminum, but not on the otherAfter 5-6 days, viable counts were equivalent on all painted
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surfaces. This could be due to inactivation of copper or Brain monoamine levels and energy status in common d2ypr{nus

TBT by the EPS—perhaps by sequestering the metal. It carpio) after exposure to sublethal levels of copper. Aquat Toxicol 33:
S 65-277.
could also be due to growth of copper- or TBT'reS'Stantlz Doolittle MM, JJ Cooney and DE Caldwell. 1995. Lytic infection of

cells; .TBT'feSiStant cells can be iSQ|ated readily from Escherichia colibiofilms by bacteriophage T4. Can J Microbiol 41:
aquatic ecosystems [29]. We have defined a TBT-resistant 12-18. _ _ .
bacterium as one that grows on an agar-containing mediurk? Dubols M. KA Gllles, Jic Hamilton, PA Rebers and F Smith, 1956,
with 84 uM TBT, a concentration that kills approximately st‘;ﬁé;"s‘el\'ﬁa&ecﬁem 8. 350.gng. 0 Sugars and reiated stbs
90% of P. aeruginosePAO-1 (data not shown). TBT-resist- 14 Geesey GG and J Bremer. 1990. Applications of fourier transform
ant cells made up a greater fraction of the viable population infrared spectrometry to studies of copper corrosion under bacterial
on a surface containing TBT than on surfaces without TBT. _ biofims. Marine Technol Soc J 24: 36-43. ,
Thus, grovvth of TBT-resistant cells & aeruginosePAO- 15 Gibbs PE and GW Bryan. 19_86. Reproductlv_e failure in populations
1 tributes to biofilm d | ¢ TBT ted of the dog-whelk,Nucella lapillus caused by imposex induced by
contri u_es 0 bionim development on -coate sur' tributyltin from antifouling paints. J Marine Biol Assoc UK 66:
faces but it does not account completely for mechanisms 767-777.
of biofilm formation on surfaces containing TBT. Perhaps16 Hobbie JE, RJ Daley and S Jasper. 1977. Use of Nuclepore filters for
the EPS contributes by binding TBT. counting bacteria by fluorescence microscopy. Appl Environ Microbiol
- - 33: 1225-1228.
. Usmg'th.e same approag:h, We. tested copper-resistant Ce% Jain DK. 1995. Microbial colonization of the surface of stainless steel
In the b|0f|lm5- TSA medium with '20 mM copper(ll) that coupons in a deionized water system. Water Res 29: 1869-1876.
kills approximately 90% of. aeruginoséPAO-1 (data not 18 Kidambi SP, GW Sundin, DA Palmer, AM Chakrabarty and CL
shown) was used to determine copper-resistant cells. Bender. 1995. Copper as a signal for alginate synthesBsieudo-
Almost 100% of the viable cells harvested at 6 h from Monas syringagv syringae Appl Environ Microbiol 61: 2172-2179.
biofil . Th h of .19 Koivisto S and M Ketola. 1995. Effects of copper on life-history traits
_'O lims were copper-resmtant. e growth of copper-sensi- of Daphnia pulexand Bosmina longirostrisAquat Toxicol 32: 255—
tive cells on copper-painted surfaces after 48 h suggests that 269.
copper-resistant cells may form a layer on the surface 020 McCoy WF, JD Bryers, J Robbins and JW Costerton. 1981. Obser-

the biofilm that shields non-copper-resistant cells. vations of fouling biofilm formation. Can J Microbiol 27: 910-917.

21 Mittelman MW, DE Nivens, C Low and DC White. 1990. Differential
adhesion, activity, and carbohydrate: protein ratiosPsEudomonas
atlantica monocultures attaching to stainless steel in a linear shear
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