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Importance of biofilm formation for corrosion inhibition of SAE
1018 steel by axenic aerobic biofilms
A Jayaraman?, ET Cheng?, JC Earthman? and TK Wood*
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To investigate if corrosion inhibition by aerobic biofilms is a general phenomenon, carbon steel (SAE 1018) coupons
were exposed to a complex liquid medium (Luria—Bertani) and seawater-mimicking medium (VNSS) containing fifteen
different pure-culture bacterial suspensions representing seven genera. Compared to sterile controls, the mass loss

in the presence of these bacteria (which are capable of developing a biofilm to various degrees) decreased by 2-

to 15-fold. The extent of corrosion inhibition in LB medium depended on the nature of the biofilm: an increased
proportion of live cells, observed with confocal scanning laser microscopy (CSLM) and image analysis, decreased
corrosion. Corrosion inhibition in LB medium was greatest with Pseudomonas putida (good biofilm formation), while
metal coupons exposed to  Streptomyces lividans in LB medium (poor biofilm formation) corroded in a manner
similar to the sterile controls.  Pseudomonas mendocina KR1 reduced corrosion the most in VNSS. It appears that
only a small layer of active, respiring cells is required to inhibit corrosion, and the corrosion inhibition observed is

due to the attached biofilm.
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Introduction gen and also by the production of hydrogen sulphide and
é{ron sulphide [20].

Conventional methods of corrosion prevention like the
tapplication of paints are expensive and require frequent

increase the rate of corrosion [5,11,2Pseudomonasp ~ Maintenance [18]. Thus, the ability of bacteria to form
200 increases corrosion of AISI 10-18 mild steel with Piofilms which regenerate rapidly provides a cost-efficient
increasing growth rate [24], and Jaekal [16] found that a_lternatlve to thg use of paints in preventing corrosion, pro-
pure cultures of aBacillus'sp andHafnia alvei induced vided su_ch a biofilm can also restrlct_ the color_nzat_lon of
greater corrosion of mild steel initially by 2- to 6-fold, but SRB. Failure of mate_nals dL_je to blofllm_formatlon is not
the rate of this corrosion decreased to that of a sterile corRNly @ problem associated with the chemical process indus-
tro' after 17 days_ Corrosion oCcurs as a Consequence (yfy B|0f|lm formation and loss of |ntegr|ty of Cat_hetel’s a.-nd
non-uniform biofilm formation and microcolony develop- implants is a common problem observed with medical
ment on the metal surface which lead to the formation ofdevices [8,12,23]. Mellonigt al [23] report a loss of oss-
oxygen concentration gradients and differential aeratiorfous support material which was partly due to bacterial
cells near the metal surface [11]. growth on the implant. It may be feasible to utilize the
However, aerobic bacteria (eg, pseudomon&ig;illus  protective ability of biofilms to reduce the chances of fail-
strains) have been shown to decrease metal corrosion. Pegre of medical implants.
ersen and Hermansson [25,26] reported 10-fold corrosion The main objective of this study was to investigate the
inhibition of SIS 1146 steel with cultures &fseudomonas general nature of corrosion inhibition by protective biofilms
S9 andSerratia marscen&F190 after 19 days of exposure. by comparing corrosion of mild steel in batch cultures with
Jayaramaret al[18] also observed a 2- to 10-fold reduction fifteen species of aerobic bacteria in two different media:
in corrosion of mild steel in LB medium in the presence of complex LB medium and the seawater-mimicking VNSS
Pseudomonas fragindEscherichia colDH5a(pKMY319)  medium. A majority of the fifteen strain8écillus, pseudo-
over a period of 4 weeks. Therefore, aerobic biofilms carmonads, andEscherichiaspecies) were chosen for their
decreasecorrosion compared to sterile controls in axenicslime-forming ability [5] and are important in corrosion
cultures. These protective aerobic biofilms may ultimatelystudies. The least and most protective biofims in LB
enhance corrosion due to colonization of anaerobic pocketgedium were visualized using confocal scanning laser
by sulphate-reducing bacteria (SRB) which cause amnicroscopy and quantified using image analysis to deter-
increase in corrosion [9,13,14,16] by the removal of hydro-mine the relative proportions of live cells, dead cells, and
void to understand the differences in observed corrosion
inhibition.
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Biofilms are adherent microbial populations enclosed in
glycocalyx matrix [7]. Biofilms can develop on metal sur-
faces in natural environments and have been thought
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Materials and methods pon in 3ml of stain (1.5u| of each stain component per 397

ml) using the Live/Deadadit bacteria viability assay kit

Bacterial strains, medium, and growth conditions d . .
The fifteen different bacterial species are listed in Table 1_(M0Iecular Probes, Eugene, OR, USA) and visualized with

. . : a MRC 1024 confocal microscope (Bio-Rad, Hercules, CA,
All of the strains were grown with metal coupons in 35 ml . .
of Luria—Bertani (LB) medium [22] or Vatanen nine salts USA). The images were analyzed using the COMOS

\ . . ; software available on the MRC 600 confocal microscope
solution (VNSS) medium [15] supplemented with suitable i : : N
antibiotics (Table 1) in 250-ml Erlenmeyer flasks without [18]. Thin optical sections (0.5-1/om) were collected

X ; . over the complete biofilm thickness for a representative
iggﬂggnﬁlggfcafr%rpz:iﬁiiy& The sterile controls contained position (chosen as one of four similar positions in the

biofilm on the same coupon).

Metal coupon preparation and mass loss

determination Results

SAE 1018 steel coupons weighing 4.9-5.1 g, and having a

thickness of 1.2 mm were cut from sheet stock and polished Mass loss with the various bacteria in LB medium and sea-

with 240-grit polishing paper (Buehler, Lake Bluff, IL, water-mimicking VNSS medium at 3G was examined

USA). The polished samples were rinsed with distilled after 7 days of quiescent, batch culture (Table 1). The

water, weighed (0.1 mg accuracy), cleaned ultrasonicallyesults show that the coupons submerged in the bacterial

(Fisher Scientific Co, Pittsburgh, PA, FS-3 series) in etha-  suspensions demonstrated aS2{ig&tpang to 15-fold

nol for 1 min, degreased with acetone, air-dried, and storedeg, P. fluorescens, P. putidkT2440 andP. putida F1)

under vacuum. Samples (one coupon per flask) were auto- decrease in mass loss compared to the coupons immersed

claved at 123C for 20 min under a gravity cycle in dry in sterile LB medium. A similar 2- (egB. migulanu} to

Erlenmeyer flasks before the addition of growth medium 10-foldPegnendocind&R1) reduction in mass loss was

and inoculation. All cultures were generated from stocksobserved in VNSS medium. The extent of corrosion inhi-

stored at-85°C in 20% (vol/vol) glycerol. bition varied markedly between the two media for some
The mass loss observed (mg @mwas used as an indi- bacteria (egP. putida F1, P. putidaKT2440, S. lividans

cator of the extent of corrosion. After one week, each cou-  TK23); however, 10 strains protected the metal notably

pon was carefully removed from the growth medium. Thewell in both media (3- to 15-fold reduction in mass loss).

biofilm was removed by repeated washing with distilled Sifcdividansdid not grow to high cell density in LB

water and wiping the surface. The coupons were immedimedium, but did grow well in VNSS medium (which con-

ately dried and cleaned by scrubbing them with synthetic  tains 0.05% starch [34]), the higher cell density could have

rubber under warm running water. All experiments werebeen responsible for the increased corrosion inhibition

performed in triplicate. observed. No difference in corrosion was found with sterile
controls in the presence or absence of wGOmI?* of
Confocal scanning laser microscopy (CSLM) ampicillin (0.94 mg cm?in LB + ampvs0.99 mg cn? in

Metal coupons with attached surface biofilms were LB); hence, the antibiotics did not affect corrosion.
removed carefully from Erlenmeyer flasks and immersed CSLM was used to visualize the biofilms developed in
once in 3.0 ml of 0.85% NaCl to remove bulk supernatant LB medium and discern a relationship between biofilm
cells. Cells were stained for 30 min by immersing the cou-thickness, proportion of live and dead cells, and corrosion

Table 1 Bacterial strains, antibiotic resistances, and corrosion (m)cofi SAE 1018 steel coupons after 1 week in LB medium or VNSS medium
with fifteen aerobic bacteria at 30. Data represent the average of three coupons and standard deviations are shown

Bacterium Corrosion in LB Corrosion in VNSS  Antibiotic resistance Source [Ref.]
(mg cn?) (mg cnT?) (ng mt?)
Sterile LB medium 1.03 0.14 1.37+ 0.15 - -
Streptomyces lividan$kK23.1 0.51+ 0.08 0.24+ 0.03 thiostrepton (50) D Crawford [29]
Bacillus subtilis 0.39+ 0.06 did not grow - ATCC 15134
Bacillus circulans 0.26+ 0.06 0.37+ 0.05 - ATCC 31228
Rhizobium melilotil02F34 0.18+ 0.06 0.17+ 0.02 M Sadowski [3]
Pseudomonas frad{ 0.17 £ 0.02 0.52+ 0.08 kanamycin (100) this lab [18]
Escherichia coliBK6 0.16+ 0.04 0.45+ 0.08 tetracycline (25) this lab [31]
Bacillus brevis 0.14+ 0.04 0.19+ 0.07 - ATCC 35690
Burkholderia cepacigG4 0.13+£ 0.04 0.22+ 0.02 ampicillin (50) M Shields [27]
Agrobacterium tumefaciens 0.13+0.03 0.23+ 0.05 - EW Nester [30]
All4
Bacillus migulanus 0.11+ 0.02 0.74+ 0.07 - ATCC 9999
Escherichia coli 0.11+ 0.02 0.41+ 0.05 kanamycin (50) RW Frazee [10]
HB101/pRK2013
Pseudomonas mendociid&R1 0.10+ 0.01 0.14+ 0.02 ampicillin (50) KM Yen [33]
Pseudomonas fluoresceps’9 0.09+ 0.01 0.36+ 0.11 ampicillin (50) USDA NRRL B15132
Pseudomonas putidéT2440 0.09+ 0.02 0.38+ 0.05 ampicillin (50) M Bagdasarian [1]

Pseudomonas putidal 0.07+ 0.01 0.46+ 0.02 ampicillin (50) D Gibson [28]
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inhibition. Bacterial biofilms were stained for live and dead For the two strains that protected metal the most in LB
cells and observed under the confocal microscope (Figursmedium,P. putidaF1 andP. putidaKT2440, robust biofilms

1). The Badit stain distinguishes between live and dead  were observed that developed to a thickness of approximately
cells based on cell membrane integrity; live cells have arl5um and 12um, respectively, after 7 days of growth. The
intact membrane and stain green while dead cells do not least-protective strains in LB medBnsulbidisbiofilms,

have an intact membrane and stain red (Figure 1). Thalso developed to 1&6m (where present) after 7 days whereas
black space between the cell clusters in Figure 1 is the voi&. lividansbiofilms in LB medium were only Zum thick after

space (not stained). a similar exposure period.

. 2

Figure 1 Confocal scanning microscope images of 7-day batch culture biofilms on SAE 1018 stefel.fafidaF1 in LB medium at 30C stained

for live (green) and dead (red) cells (image at a normalized depth of 0.7B.(Bpbtilisin LB medium at 30C stained for live and dead cells (image

at a normalized depth of 0.60). (§. lividansTK23.1 in LB medium at 3¢C stained for live and dead cells (image at a normalized depth of 0.7).
Scale bar represents pn. Normalized depth is the position at which the image was obtained divided by the total biofilm thickness where position
0.0 is the biofilm-liquid interface and position 1.0 is the biofilm—metal interface.
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Figure 2 Depth profiles of 7-day batch cultufe. fragi K biofilms developed on SAE 1018 steel in LB medium af@0(a) P. putidaF1; (b) B.

subtilis (c) S. lividansTK23.1. Measurements are of a representative position in the biofilm. Arrow indicates position where images in Figure 1
were obtained.

In addition, the relative proportions of live and dead cells developed in VNSS medium on SAE 1018 coupons has
varied significantly between the protective and less-protecalso been verified [19] and can be considered as sufficient
tive strains in LB medium. The pseudomonad biofilms were evidence for biofilm formation in VNSS medium by the
packed densely with live cells (Figure 1a); for example, theother strains used in this study. Biofilms in VNSS medium
P. putidaF1 biofilm covered the metal coupon entirely and differed from those in LB medium by the presence of copi-
had nearly 70% live cells, 20% dead cells, and 10% voidous amounts of exopolysaccharide (EPS), as compared to
space at all depths of the biofilm (Figure 2a). A similar  minimal EPS in LB medium, and less live and dead cells
trend was also observed wikh putidaKT2440 with nearly  present at all depths in the biofilm [19].

50% live cells observed throughout the biofilm (not shown).
In contrast, theBacillus biofilm did not cover the metal
surface uniformly since nearly 30% of the metal coupon

did not have a biofilm or had only a very thin4 um)  Assuming that the biofilm has approximately’ t@lls mr?
biofilm. Where the biofilm was present, nearly equal pro-[6] in a uniform thickness of 1wm which completely
portions of live and dead cells were observed with a  covers the metal surface and ignoring oxygen consumption
maximum of 23% live cells, 32% dead cells, and 45% voidby cells in the supernatant, the oxygen transfer rate can be
space at a representative depth qir8 from the coupon calculated from the one-dimensional Fick’s diffusion equ-
surface (Figure 2b). Thtreptomycesbiofilm also did not  ation [4] to be approximately 2.% 1071° mol O, s*. The
cover the metal coupon completely and, where the biofilm amount of oxygen consumed by the biofilm is calculated
was present, it had approximately 15% live and dead cell$rom uX/Y o, [2] as 1.3x 102° mol O, s%, where X is the
throughout (Figures 1c and 2c). biofilm cell density (g cellsYnlw is the growth rate of

The presence ofP. fragi K and E. coli biofilms the bacterium (0.65%for P. fragiK grown on LB medium

Discussion
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at 30C [18]), and Y5, is the yield factor relating the Puhler. 1993. Analysis of thRhizobium melilotigenesexoU, exoV,
amount of cell mass (g) formed per g of oxygen consumed &xoW, exoTandExol involved in exopolysaccharide biosynthesis and

nodule invasion:exdJ and exdN probably encode glucosyltransfer-
(0.85 for P. fluorescengirown on glucose [2]). Therefore ases. Mol Plant-Microbe Interact 6: 735—744.

nearly 50% of the maximum amount O_f oxygen WhiCh_ Was 4 Bird RB, WE Stewart and EN Lightfoot. 1960. Transport Phenomena,
transferred to the metal surface by diffusion was utilized 1st edn. John Wiley & Sons, New York.
by the bacteria in the biofilm. In addition, cells in the super- 5 Borenstein SW. 1994. Microbiologically influenced corrosion hand-

book. Woodhead Publishing, Cambridge, UK.
natant tphfase do Cc?.fr]lsu.me tOXt);lgen atn? fu:,ther I’eguhce th% Brown ML, HC Aldrich and JJ Gauthier. 1995. Relationship between
amount or oxygen diifusing 1o the metal surface an ence glycocalyx and povidone-iodine resistance Rseudomonas aerugi-

available for corrosion. Even in the presence of a thick nosa(ATCC 27853) biofilms. Appl Environ Microbiol 61: 187—193.
biofilm, oxygen can still probably diffuse to the metal sur- 7 Costerton WJ, Z Lewandowski, DE Caldwell, DR Korber and HM
face through water channels [7] present in the biofilm. This Lappin-Scott. 1995. Microbial biofilms. Ann Rev Microbiol 49:
could explain the relatively small amount of corrosion _ /1-745.

b d in th " tabolicall fi 8 Dall L, M Keilhofner, B Herndon, W Barnes and J Lane. 1990. Cinda-
observed even In e presence of metabolically-active mycin effect on glycocalyx production in experimental viridans strep-

biofilms. ) tococcal endocarditis. J Inf Disease 161: 1221-1224.

It should also be noted that the presence of a thick, aero-9 Dubey RS, TKG Namboodhiri and SN Upadhyay. 1995. Microbiologi-
bic biofilm on metal surfaces can result in the formation of cally influenced corrosion of mild steel in cultures of sulphate reducing
localized anaerobic zones near the biofilm-metal interface | bacteria. Ind J Chem Tech 2: 327-329.

L Frazee RW, DM Livingston, DC Laporte and JD Lipscomb. 1993.
[7]. The objective of the current study was to study the Cloning, sequencing, and expression of Eheputidaprotocatechuate

effects of pure culture aerobic biofilms on reducing gen- 3 4 dioxygenase genes. J Bacteriol 179: 6194-6202.
eralized corrosion of carbon steel and hence should not b Geesey GG. 1990. What is biocorrosion? Presented at Biofouling and
extrapolated to situations where a consortium of aerobic giOGOWOS\i;mI in '\llnduitrié}(l Water Systems, Stuttgart, Germany.
i i i _ Springer-Verlag, New York.
?er]rﬂl);anf?)ihosk?:’lcg bgﬁteéﬁg;rgeﬂ;egsebni%ﬁcl) nl:_l‘f cl)?g?r:gtoar}el rlsbi%ugz Gorman SP, WM Mawhinney, CG Adair and M Issouckis. 1993. Con-
. . g focal laser scanning microscopy of peritoneal catheter surfaces. J Med
bacteria to exclude SRB from the biofilm to reduce the microbiol 38: 411-417.
occurrence of localized corrosion. 13 Hamilton WA. 1985. Sulphate-reducing bacteria and anaerobic cor-
The observed corrosion inhibition is due to the attached rosion. Ann Rev Microbiol 39: 195-217. _ o
cells in the biofilm and not to oxygen consumption by thel4 Hamilton WA. Sulphate-reducing bacteria and their role in biocorro-

. . . - : . sion. 1990. Presented at Biofouling and Biocorrosion in Industrial
planktonic bacteria [17]. To show this, previous studies in Water Systems, Stutigart, Germany. Springer-Verlag, New York.

our |5_3-bqrat0ry were performed Wifh. fragi K [18] at vari- 15 Hernandez G, V Kucera, D Thierry, A Pedersen and M Hermansson.
ous liquid medium flow rates using electrochemical imped- 1994. Corrosion inhibition of steel by bacteria. Corrosion 50: 603—-608.
ance spectroscopy to see the effect of planktonic cells oh6 Jack RF, DB Ringelberg and DC White. 1992. Differential corrosion

corrosion inhibition [17]. Corrosion rates were the same at rates of carbon steel by combinationsBxcillus sp, Hafnia alveiand

. Desulfovibrio gigasestablished by phospholipid analysis of electrode
0
flow rates of 19 and 42 ml (corresponding to 30% and biofilm. Corr Sci 33- 18431853,

70% of the maXim.um growth_ rate of the baCteriummax 17 Jayaraman A, ET Cheng, JC Earthman and TK Wood. 1997. Axenic
[18], and very turbid planktonic growth) and at 120 mth aerobic biofilms inhibit corrosion of SAE 1018 steel through oxygen

(twice umax Or washout with no planktonic growth in the depletion. Appl Microbiol Biotechnol (accepted).

reactor). Hence, the presence of planktonic cells did not8 Jayaraman A, JC Earthman and TK Wood. 1997. Corrosion inhibition

affect the polarization resistance which is inversely related %,%ezrf’géc biofilms on SAE 1018 steel. Appl Microbiol Biotechnol

to the corrosion rate by the Stern—Geary approximationg jayaraman A, AK Sun, JC Earthman and TK Wood. Characterization
[32]. These results agree well with the current observations of P. fragi and E. coli biofilms for corrosion inhibition of SAE 1018
that the efficiency of corrosion inhibition is influenced by  steel. J Appl Microbiol (accepted).

the presence of a biofilm, and the extent of corrosion inhi20 Lee W, Z Lewandowski, S Okabe, WG Characklis and R Avci. 1993.

bition depends on the nature and robustness of the Corrosion of mild steel underneath aerobic biofilms containing sulfate-
reducing bacteria Part I: at low dissolved oxygen concentration.

biofilm formed. Biofouling 7: 197-216.
21 Licina GJ. 1988. Sourcebook for Microbiologically Influenced Cor-
rosion in Nuclear Power Plants RP2812-2. Electric Power Research
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