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Role of bacterial exopolymers in
the deterioration of metallic

copper surfaces*

Gill G, Geesey,* Marc W. Mittelman,” Teki iwaoka,** Peter R. Griffiths™*

Microbial exopolymers that anchor cells o surfaces ex-
hibited saturation binding of copper ions in aqueous
suspensions. Copper-binding by the exopolymer
isolated from a freshwater sediment baclerimin was
slrangly influenced by pH. The exopolymer also pro-
moted deterioration of a metallic copper film submerged
in an aqueous environmen!, Microcolonies of the exo-
polymer-producing bacterium, when altached 1o sub-
merged copper melal surfaces, can form copper concen-
{ration cells with adjacent areas in a bioflilm conlaining
less reactive exopolymers. These concentration cells
can be maintained by the acid-producing activities of
the biofitm microftora,

fntroduction

MICROBIAL FILMS OF VARIED COMPOSITION AND THICK-
MESS develop on virlually every type of metalfic surface in
contact with aqueous environments. The melabolic reactions
carried out by certain lypes of microorganisms residing in bio-
films promote corrosion.’? Some-biofilms, however, contain
microorganisms whose melabolic activities appear o impede
corrosion? White a few microbiologically related corrosion
reactions are now fairly well understood, our knowledge of
many other potentially important reactions induced by micro-
bial melabolism is very limited.

Recenl sludies on dissolved metal interactions with
bacterial exopolymers have promoted consideration of their
importance {o corrosion-lype reactions. Specific attenlion was
focused on reactions that may ocour within a hydrated biofilm
of bacleria attached to a metaltic surface. The results suggesl
that exopolymers, which promote attachmeni and biofilm
developmeni on a metal surface, also promole the deteriora-
tion of the surface. This phanomenon ray arise from the in-
Huence exopolymears exert on the distribution and speciation
of ihe metal at the solulien-surface boundary where cosrosion
reaclions OCCUr.

Methods

The bacterium used in this sludy was isolated from melal-
laden sediments of the Fraser River al New Wesiminster,
Brilish Columbia, Canada Although it has not yel been
posi!velyﬁn!iﬁed, “pseudomonas-like” properties were dis-
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played when the isolate was sublected (o a battery of bio-
chemical lests.® The bacterium did not produce Hy8. Cells
grown in broth cultures were washed free of organic nutrients
in the growth medium, and their exopolymers were obtained by

blending for 60 s in the presence of EDTA. The polysaccharide

component of the isofated exopolymars was purified by a pro-
cedure thal removed prolein, DNA, and lipid material. Details
of the bacterial growth conditions and isolation and purifica-
tion of the exopolymer have been described previously.®

Metal-binding assays were parformed with highly purified
exopolymer by equilibrium dialysis according o the procedure
ouptlined by Mittelman and Geesey.? Exopolymer (2.4 pg carbo-
hydrale in 100 pb distilled water) was dialyzed against an
equat volume of copper solution {concertration range, 0.79 to
63 pm) prepared by dissolving electroanalytical grade copper
metatl in Ultrex-grade nitric acid.t Dialysis was performed at
4 ¢ unthi equilibrium was reached {approximalely 36 h). At
equilibrium, the total metal concentration on gach side of the
dialysis membrane was delermined by flamelass atomic ab-
sorption spectrometry. The difference in tolal coppet concen-
tration between the 2 compariments provided an estimation of
the quantity of copper bound to exopolymer. Details of the
melal-binding determination have been presented elsewhera®

Exopolymer accumulation atl the surface of submerged
mataltic copper films and fitm deterioration was delermined by
attenuated total reflectance Fourfer transform infrared spec-
troscopy (ATR-FTIR). A germanium, circular internal reflection
element {Ge-IRE), purchased from Barnes-Speclratech, Stam-
tord, Connacticut, was coaled with a thin film of metallic cop-
per by vacuum evaporation and positioned in an “epen boat”
celt containing either distilled water ora 1% suspension of a
crude preparation of the exopolymer in distilled waler. The iR
spectra of the bulk solulions were obtained by substituling a
zlnc selenide (ZnSe) IRE for the coppsar-coated Ge IRE. Ac-
cumulation of exopolymer at the surface of the copper-coated
Ge IRE was determined by calculating the ratio of the inten
sitles of the polysaccharide absorption band {1080 om~ W and
the water absorption band {1640 cm~ % according 1o the
method of lwaoka et at.” Deterioration of the copper film was
determined by moniloring the water absorption band at 1640
em~—1 during exposure of the Cu-coated IRE lo a crude
preparation of the exopolymer. Spectra were oblained with a
Nicolel 60-8X Fourier transform infrared spectrometer. Detalls
of the procedure for coating the IRE and performing the ATR-
FT!HTSpeclroscopic analyses have been described by Iwaoka
et al.
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FIGURE 1 — Freundlich plot of copperbinding by
highly-purifled preparation of exopolysaccharide at pH
7.0(A),60(e}, and 50 (. ).

Results

Cells of a baclerium isolated from melal-laden rlver
sediments produced exopolymers that mediated their aliach-
ment o copper surfaces submerged In aqueous solutions. The
exopolymers also promoted the formation of cell aggregales
in solution and a stime layer on the inner wall of swirling glass
culture flasks. The aggregates and surface film disappeared
as the cullure passed into lale stationary phasa. The surface
film could also be easily removed from the sides of culture
flasks by increased shear force,

Exopolymer malerial reieased and isolated from the cells
by a method that minimized contamination by intraceitular
compeonents exhibited the capacily to bind free cupric ion
when dialyzed against dissolved copper concentrations rang-
ing from 0,79 o 63 pm. Copper-binding by tha exopolymer was
influenced by pH (Figure 1). Approximalely six times more
copper was bound al pH 5.0 than at 7.0. Over this pH range, ac-
cumulalion of dissolved copper within the hydrated exo-
polymer malrix resulled in the establishment of a copper con-
centration gradient that’did not require the inpul of enargy or
the presence of celis,

Fourier transform Infrargd speclioscopy revealed the
Isolated exopolymer exhibited the capacity to accumuiate at
the surface of a copper-coated internal reflection element sub-
merged in an agueous suspension of the polymer [Figure 2(Al.
The absorption band centered at 1080 cm~ ' was assigned to
the polysaccharide, whereas, lhe band centered at 1640 cm ™!
. was assigned to water. Alter 1 h exposure, the liguid boundary
layer adjacent to the copper film exhibited a polysaccharides
waler absorbance ratio of 0.71. A ratio of 0.57 was cbtained
when the bulk agueous phase of the same exopolymer suspen.
slon was sampled with an uncoated ZnSe IRE {Figure 2(B)).

The Intensily of the waler absorption band increased with
increased time of exposure of thg copper film lo the exo-
polymer suspension {Figure 3). In contrast, no change in the
water band intensily was observed when the copper-coaled
1RE was submerged in polymer-free waler.

Discussion

tn abiotic environments, aquecus metal chemistry is con-
trolled by a variety of piwysicat and chemical factors, Under the
conditions employed In the equilibrium dialysis sludy above,
free Cu{ll) ion was the major copper species in solulion al pH
5.0.8 Copper hydroxides became more important, however, as
the pH increased 10 7.02 It is likely thal the increased copper
binding capacity observed with decreasing pH reflects a
preference by the bacterial exopolymer for the free Culll) ion,
Previcus studies revealed the binding ol copper resulted in the
refease of H* from the exopolymer.® These observations sug-
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FIGURE 2 — (A) Fourier transform infrared speetrum of
a 1% aqueous suspensin of a crude preparation of exo-
polymer sampled wilh a copper-coated Ge IRE; and(B)a
bare ZnSe IRE.
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FIGURE 3 — Waler absorption al 1640 cm ™! during ex-
posure of Cu-coated Ge IHE lo a 1% aqueous suspen-
sion of a crude preparation of exopolymer (") and to
polymer-free water (4).
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ges! thal copper-binding by the exopolymer is cooperalive
sinca it leads 1o a reduction in pH which, in turn, favors forma-
lion of the copper species that bind.

Using a Ge IRE like that employed in the present sludy,
iwacka et al’ caloulaled that only the 3 Lo 4 um boundary layer
adjacent to lhe 1RE is sampled by the evanescent wave of in-
frared radialion; whereas, a ZnSe IRE of the same geomelry
samptes further inlo the bulk phase. They also showed that a
comparison of the refative inlensities of soluie and solveni ab-
sorption bands oblained with these 2 1REs provided a means
to detecl sofute concentration differences between the bulk
phase and the aqueous boundary fayer at the Ge IRE surface,
The higher polysaccharidelwater absorbanca rallo obtained
wilh the Cu-coaled, Ge IRE compared (o that obialned with the
uncoaled ZnSe IRE in the present study suggests that the exo-
polymer allained a higher concentration al the copper film-
water inlerface than that present in the bulk agueous phase,
Whether or not the surface accumulation resulted from exo-
polymer binding to insolubler copper species at the surface
and whether or not binding occurred al the same sites on the
exopolymer that promoled accumulation of dissclved copper
remains to be delermined,

The intensity of the water absorption band at 1640 cm !
has been shown 1o be a sensitive measure of changes in thick-
ness of copper coalings to IREs.” Thickness variations of a
few angstroms or a few atomic layers, in the case of copper
films, can be detecied. The increased waler absorbance ob-
seived during exposure of the copper-coated IRE to the
bacterial exopolymer suspension indlcates the thickness of
the copper filmy decreased. The detertoration of the film was
likely the result of Llhe exopolymer since no changes in water
absorption were observed over a similar period in the presence
of polymeritree waler. A similar phenomenon has been
reporied when a copper film was exposed fo an aqueous
suspension of the acidic plant polysaccharide, Gum Arabic.”
The initial rale of delerioration of the copper surface was
grealer, however, in the presence of the baclerial exopolymar,
Deterioration did nol resull {from initiat ditlerences in solution
pH since bolh the bacterial exopolymer and Gum Arabic, as
well as the polymer-free water, were adjusted to pH 6.8 before
exposure to the IRE.

Although the nature of this surface destruction has not
yel been delermined, it ig possible thal high affinity copper-
binding by excpolymer concentrated at the IRE surface re-
duced the dissolved copper concentration in the biotilm to

such an exten! Yhat dissolution of metallic copper occuired to -

establish equilibrlum with the dissolved copper species.

Dissolution would continve until all binding siles are
saturated or until the metal is depleted. The plateau observed
in Figure 3 may reflect one of these processes,

The exopolymers produced by the freshwater baclerium
described in this sludy formed a hydrated network of axlra.
cellular fibers when submerged in aqueocus environments,
These fibers, like lhose produced by many aqualic micro
crganisms, anchored the cells to each other and to copper and
glass surfaces and promoled the formation of a biofilm that
isolales the surface from the bulk solution, Naturai blofiims
that develop on metaliic surfaces In conlact with an aqueous
environment Inevitably contaln a mixed populatton of exo-
polymer-producing microorganisms,'® Since different species
of bacteria produce exopolymers with different affinities for
copper,® those areas of a biofilm contalning bacteria that pro-
duce high-affinlty, copper binding exopolymers, such as the
bacterum described in this report, will likely contain lower
concentrations of dissclved free cupric ion than adjacent
areas containing microcolontes of bacteria that produce less
reactive exopolymers. When the underlying surface Is a
copper-containing alloy, a copper concentration cett will
develop; the area underlylng the highest density of cupric ion-
binding sites with the strongest aflinity for the ion wili be
anodic 1o areas underlying exopolymers that are less reaclive
toward the metal ion [Figure 4{A}). This condition will persist
until all the copper-binding sites on the exopolymers are
salurated. At this point, surface metal dissolution and ion dif-
fusion processes become more important in controfling free
cupric on conceniration in the biofilm, eventually resulting in
a deterioration of the concentration cell. Bioflims saturated
with ions of the underlying metal may even promole ancdic
polarizalion by serving as a simple diffusion barrler to metal
jons migrating from the surface to the bulk sclution [Figure
4(B)).

However, the sedfment bacterium used in this study, like
many found in blofiims, releases acid as an end-product of cell
metabolism, As discussed above, acidificalion [eads to en
hanced copper-binding by the exopolymer. Thus, biotilms con.
taining such bacleria will likely maintain a copper concentra-
tion cell as long as the cells remain metabolically aclive. Ef-
forts are currently in progress 1o demonstrate that metal con-
cenifration cells develop in biofilms conlaining bacterial
populations which possess exopolymers with different metal-
binding capacities.

Summary
Cells of an adherent freshwater bacterium produced exo-
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FIGURE 4 - {A) Schemallc representation of proposed copper concentration ¢all estab.
lished on a copper surface coated with a biofilm of a mixed microbial tiora. Exopoly-
mers of a microcolony of Bacterlum A possess high-affinity Cu{ll)}-binding sites. Freo
Cu(l)) fon goncentration in the water retained by the blofilm in the vicinily of Bacterium
A microcolony would be expacted to be less than that in the water around the micro.
colony of Bacterium B during biofilm growth. {B) Deterioralion of copper concentration
gradient betlween areas delineated by microcolontes of Bacterium A and B due to
saturation of copper-binding sites on exopolymers of Bacterium A,

polymer thal mediated adhesion to surfaces. ATR-FTIR . re-
vealed that the exopolymer promoted deterioration of metallic
capper and exhiblled saluration-binding of dissolved copper
that was strongly Influenced by pH. The results suggest that
exopolymers of micrabial bioftims influence the equilibrium of
dissolved and metallle copper species wilh which they are in
conlact and, under certain clrcumstances, promote the devel
opment of copper concepiration cells on an underiyinyg
copper-containing surface,
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