Chemical effects of biofilm colonization on 304 stainless steel
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Changes in the surface concentrations of the main alloying elements of an as-received 304 stainless
steel, exposed to a mixed culture of biofilm-forming bacteria under flowing conditions, were
observed using Auger electron spectroscopy. In the oxide film close to the bulk stainless steel, there
was an enrichment in the relative concentration of Cr with a corresponding decrease in the relative
Fe concentration as compared to a control coupon exposed only to sterile media. There were no
changes observed in the relative Ni concentration. 1996 American Vacuum Society.

[. INTRODUCTION which the oxide layer was formed on the surface, enrichment
or depletion of Cr and a corresponding depletion or enrich-

Accumulation of microorganisms and their metabolic ment of Fe have been reported.

products on metal surfaces has been proposed to contribute The objective of this work is to determine the role that the

to localized attack or pitting corrosion under certainbacteria play on the initial stages of biocorrosion involving

conditions:~® The mechanisms through which microorgan- surface Fe, Cr, and Ni concentrations of as-received stainless

isms participate in pitting corrosion, however, remain ob-steel.

scure. Much of the chemical evidence linking pitting corro-

sion to microbial processes is based on data obtained frorlrp_ METHODS AND MATERIALS

surface deposits that have accumulated long after microor-

ganisms exert their initial effects. Biofilm-forming bacteria A- Sample preparation and treatment

are likely to induce subtle effects on the underlying metal 0 unpolished 304 stainless steel coupdfeix12.7
surfaces during early stages of colonization and biofilm for-mm{ 0.5 mm thick were cut from the same sheet metal of
mation. 20 gauge(0.5 mm with a 2B finish (“as-received’. The
Detection of near-surface chemical changes mediated byheet metal was obtained from Metal Samples, Munford,
biofilms requires surface-sensitive analytical techniques. Auajabama. The manufacturing procedure of the sheet metal is
ger electron spectroscogAES) obtains elemental informa- as described in the article by Geesatyal® The surface to-
tion from the top 1-6 nm of the metal surface where biofilm pography of these as-received coupons is highly nonisotropic
microbial processes are likely to have their greatest influas seen from the atomic force microscagyeM) image in
ence. Few studies have combined AES and other surfadeig. 1. Here we will refer to the flat surfaces in the figure as
spectroscopic analyses with biological analyses. Bruethmergrains” and to the deep boundaries surrounding each grain
used AES to characterize grain boundary composition of thas “channels.” These are the features seen on the surface.
bulk. Geeseyet al°> showed that some film-forming bacteria The AFM line scan showed that the channels have a
selectively colonized the surface oxide of channels of 316LV-shaped cross section with about 1-1.5n depth and
stainless steeldescribed beloyvusing AES. Compositional width. The surface topography is a result of the manufactur-
changes of the main alloying eleme(iEg, Cr, and Niin the  ing process of the stainless steel sheet metal.
passive film of the 316L stainless steel have been studied in A line pattern was marked on the surface of the two cou-
a borate—boric acid buffer. Depending on the conditions irpons in order to facilitate the identification, study, and moni-
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Fic. 1. Three-dimensional atomic force microsc@p&M) image and of an
as-received 304 stainless steel showing the grains and channels. The depth

and width of the channels are about 1-Ju%. . .
Fic. 2. Schematic of the experimental setup of the flow-through reactor

system.

toring of common areas by different microscopy techniques. .
The two coupons were subjected to ultrasonic cleaning usin§- Inoculum and media

acetone, after which Auger analysis was performed on pre- A mixed culture consisting oPseudomonas aeruginosa,
selected aread00x 100 un, large enough for Auger analy- pseudomonas fluorescerand Klebsiella pneumoniaghat

ses to be done as well as to be identified using the confocgjad been previously isolated from a corrosive biofiwas
microscopg. One of the coupons was exposed to sterile abiysed in all experiments. The bacteria were inoculated into the
otic medium, henceforth referred to as the “control coupon,”system from 24 h batch cultures grown in a minimal salts
and the other coupon was exposed to medium containing gedium [4.0 MM K,HPQ,, 2.2 mM KH,PO,, 0.76 mM
defined mixed culture of bacteri@escribed beloy hence-  (NH,),S0O,, 0.041 mM MgSQ, and 2.2 mM glucoske Me-
forth referred to as the “biocoupon.” dium flow was initiated 24 h after inoculation so as to allow

After initial Auger analysis, the biocoupon was gluet-  injtial bacterial growth and attachment.
ing Torr Seal epoxy in the flow-through reactofFig. 2,
described beloyvand exposed to bacteria and medium for 18
days. Each experiment was accompanied by a control runy
where the control coupon was exposed to sterile medium fo
18 days. The coupons were transported in air to the reactor
for the control and biofilm experiments. At the end of each Confocal scanning laser microscofio-Rad MRC 600
experiment the biocoupon was cleaned using a cotton swalas used to follow the colonization and biofilm formation of
to remove the biofilm from the surface of the coupon andmixed bacterial populations on various surfatd@he tech-
then rinsed with distilled water. The same treatment was aprique offers reflected white and/or red light capabilities to
plied to the control coupon. visualize surface features of opaque substrata such as metals
under developing biofilms.

Biofilm growth and development in the preselected areas
on the coupons was monitored daily with the confocal mi-
croscope. Images were captured and analyzed using the Bio-
Rad Cosmos software. Biofilm growth was monitored until

The flow-through reactor consisted of a polycarbonatgne coverslip became opaque due to thick biofilm growth. At
housing(5 mm wide, 1 mm deep, and 24 mm longith @ this point (after 18 daysthe biofilm experiment was termi-
viewing window that consisted of a rectangular coverslipnated and the coverslip was replaced with a new one so as to
(60x24 mnf). The coverslip sealed the housing by tight record areas colonized by the biofilm clearly. The areas that

contact with the flat face of the polycarbonate holder. Theyere not colonized by biofilm were marked for analysis and
reactor was steam sterilized for 20 min at 121 °C. After Ster‘for Comparison with those areas colonized by biofilm.

ilization and assembling the reactor system shown in Fig. 2,

sterile medium were pumped through this reactor using a

Masterflex pump at a flow rate of 1.6 ml/min. The approxi- E surf vsis usi i .

mate residence time of the system was maintained at 15 min’ urface analysis using atomic force microscopy
in order to minimize suspended cell growth. The inoculum The surface of the as-received coupons was analyzed by
was injected into an aerated mixing vessel located upstrealiFM (Topometrix TMX 2000 in the contact mode to estab-
from the flow-through reactor. lish the exact surface morphology of the grains and channels.

. Biofilm imaging with confocal scanning laser
icroscopy

B. Flow-through reactor
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Fic. 3. Depth profile of an as-received 304 stainless steel coupon showinE'G‘ 4. Normalized Fe concentration vs the normalized Cr concentration for
the.di.stribution of the various elements on the coupon ontrol coupon and biocoupon after 18 days of exposure. The dotted lines

indicate the mean relative concentration for that group of data.

F. Surface analysis using Auger electron

spectroscopy centrations of Fe, Cr, and Ni are normalized so that Fe

%-+Cr %-+Ni %=100%; these have been referred to as rela-
Preselected areas on the biocoupon and on the contr@le percentages or relative concentrations.

coupon were analyzed using AEBHI 595, before expo-

sure .tp bacteria or sterile mgd_p(ne., in the gs-recewgd A. As-received coupons

condition. The coupons were initially sputtered in short time _ _ _

intervals using the Ar-ion sputtering technique. This was The mean relative concentrations of Fe, Ni, and Cr, re-

done to remove the surface contamination due to exposure &Pectively, before exposure to either bacteria or sterile me-
air and to remove part of the protective oxide layer untildium, were 74.9%:2.4%, 12.6%1.5%, and 12.5%1.5%.

approximately 5%—14% oxygen was left on the surface inThe distribution of these concentrations varied somewhat
order to determine the chemical changes within the oxiddrom sample to sample and grain to grain but the values
layer close to the bulk stainless steel. After each sputteringtayed within the expected statistical uncertainty in the data.
an area-averaged spectrum from a X000 ,um2 area was

taken so as to obtain depth profiles of the various element8. The 18-day exposure

ondthe surface ells shown n Fig. 3. Ell;mental chemlcall maps Figures 4 and 5 show, respectively, the relative Fe % ver-
and scanning electron microsco(f8EM) images were also sus the relative Cr % and the relative Fe % versus the relative

taken of these areas. Ten grains on the control Coupon Welg; o t4r the control coupon and biocoupon. Note that Fig. 4

jT_Ealyzeq[, beforftﬁnd afte.r exposurettc& the séeEr:\I;: mted|u hows a distinct separation between the two groups of data.
€ positions ot these grains were noted on a PICIUrE Otpare was an overall increase in the relative percentage of

the area. Individual grains were also an_alyzed on the b'ocouc'arbon on the biocoupon and control coupon after 18 days of
pon before and after exposure to the biofilm. exposure as compared to that before exposure. There were
marked differences in the Cr and Fe relative concentrations

IIl. EXPERIMENTAL RESULTS AND DISCUSSION between the biocoupon and the control coupon. Mean rela-

Experimental results will be presented in two majortive Cr concentration increased by 7.2%.7% in the bio-
groups: the first group of data were obtained from the aseoupon as compared to that of the control coupon. Corre-
received stainless steel coupons and the second group of rgpondingly, a 7.0%1.9% decrease was observed in the
sults were obtained when the coupons were exposed for mean relative Fe concentration in the biocoupon as com-
period of 18 days to medium with and without bacteria. =~ pared to the control coupon. There were no differences ob-

Concentrations of the elements are calculated from theerved in the mean relative Ni concentrations between the
peak-to-peak height of each line and the sensitivity factors ofwo coupons, as seen in Fig. 5; the mean relative concentra-
each element as given in the PHI-Auger maritiihe con- tions for the two groups are also shown.
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Fic. 5. Normalized Fe concentration vs the normalized Ni concentration for

the control coupon and biocoupon after 18 days of exposure. The dotted ) ) ) )
lines indicate the mean relative concentration for that group of data. Fic. 6. Normalized Fe concentration vs the normalized Cr concentration for

biofilm colonized and uncolonized areas on the biocoupon. The dotted lines
indicate the mean relative concentration for that group of data.

Figure 6 shows the relative Fe % versus relative Cr % for
colonized and uncolonized areas on the biocoupon selectamupon was exposed to the bacteria. The spread in concen-
using the confocal microscope. This comparison is similar tdrations is due to inhomogeneities in the distribution of vari-
that done in Fig. 4, but the separation of the data groups isus elements from grain to grain and time to time, on the
not as distinct as in Fig. 4. area of interest. Thegdotted lines are the least-square fit to

One difficulty of analyzing the data in terms of the main the data points. These lines indicate the linear dependence of
components of the stainless steel was the question of how the absolute Fe concentrations ¥nThe same dependence
handle the other elements such as C, O, Si, N, and P. Let um X was also observed in the case of Cr andiit shown).
keep in mind that the main emphasis here is to determine the The linear dependence of the Fe, Cr, and NXosuggests
statistically meaningful alterations in Fe, Cr, and Ni concen-that the relative concentrations of Fe, Cr, and Ni do not
trations in the oxide layer of the surface due to bacteria. Thighange with the accumulation of other elements on the sur-
objective was difficult to achieve due to variation in the el-face. This implies thaX can be eliminated from the analysis
emental composition of the surface from grain to grain ancby simply considering the relative concentration of Fe, Cr,
from time to time. There are several reasons for this variaand Ni. Thus, these concentrations are normalized so that
tion. One reason was the variation in the amount of the otheFe %+Cr %+Ni %=100%; they have been referred to as
elementgmentioned abovepresent. The other reason is the relative percentages and are shown in Figs. 4, 5, and 6.
noise in the spectra; particularly at high kinetic enefby In order to determine whether the differences observed in
region noise causes fluctuations in the Ni concentrationsthe mean relative percentages of Fe, Cr, and Ni on the bio-
Another reason is the uncertainty associated in assessing eseupon and the control coupdifrig. 4 were statistically
act peak-to-peak determinations. For example, Cr and @ignificant, a bivariate analysis of variance tesas con-
peaks are very near each other, which causes difficulty inlucted. The calculations were accomplished using the statis-
determining the exact peak locations. tical analysis systentSAS) proceduresPROC MANOVA and

Let X denote the sum of the absolute concentrations of theroc piscrIM'® The same statistical analysis was applied to
rest of the elementSi+N+O+Ar+P+S) except for Fe, Cr, the data for the colonized and uncolonized areas on the bio-
and Ni present on the surface. The absolute Fe concentrati@moupon. The main result of the test is a probability valpg (
versusX for the control coupon and the biocoupon, beforeA small p value indicates that the data contradict the null
and after the 18-day exposure, is shown in Fig. 7. The dathypothesis that the true mean of the relative concentrations
points fall on two distincfdotted lines, the top line in which  (of the alloying elemenjson the control coupon is identical
no bacteria was involved and the bottom line in which theto the true mean of the relative concentrations on the biocou-
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TasLE Il. Comparison of mean relative concentrations of Fe, Cr, and Ni
between the colonized and uncolonized areas on the biocoupon after 18
days;p=0.17.

Bio-coupon before exposure
Bio-coupon after exposure
Least squares fit for Bio-coupon

A
A Control after exposure
[ ]
[e]

Uncolonized area Colonized area

------------- Least squares fit for Control Element after 18 days after 18 days
| " A Mean Fe(%) 69.7+2.6 67.9-3.0
A A ~.A* Mean Cr(%) 15.4+1.6 16.9-1.8
| A Mean Ni (%) 14.9+2.3 15.2£2.1

ol 3

2 sons for this may be that these areas are severalu 0
K B N outside the area of interest. Hence, the sputtering during the
- O\\ ' preanalysis(before exposupewill be inadvertently less in
40 - R those areas, creating different levels of removal of the pas-
i o sive layer present on the surface. This will give rise to varia-

| 0 A tions in the passive layer present on the surface, creating a
B "?:\ different environment for the bacteria on the various areas.
30 | O\_AA"H._. Another reason for the lack of differences between Fe, Cr,
- \.\OA'--.,.A and Ni relative concentrations in Table Il could be that the
i R bacteria may have initially attached to an area on the biocou-
i A pon and then subsequently detached from it. This could lead
20 i | | } A to the idea thgt a certain area was uncolonized when viewed
' —t — — (under the microscopeafter this detachment process. The
20 40 60 . : .
(Si+N+O+C+Ar+P+5)% presence of the bacteria earlier would have lead to chemical

changes on the so-called uncolonized areas.
Fic. 7. Absolute Fe concentrations vs the sum of the absolute concentrations The presence of excess carbon on both Sample,s after the
of all other elementgexcept Cr and Nipresent on the control coupon and 18-day exposure could be partly due to the bacteria and or-
biocoupon. The dotted lines indicate the linear least-square fit to the data.ganic molecules present in the media and partly due to some
contamination from air. The mechanisms of Cr enrichment

and Fe depletion are under investigation. One speculation is

pon. The true mean is the conceptual mean of the relativg,at Fe may have been carried away by the flowing media

concentration if relative concentrations were measured on agnq that Cr compounds may have been redeposited on the
infinite number of identically treated grains. For a 95% con-grface.

fidence on the test, the value pfshould be less than 0.05 to
conclude that there is a statistically significant difference be-
tween the means being compared. IV. CONCLUSIONS

Table | shows the mean relative concentrations for the Biofilm causes chemical changes on 304 stainless steel
control coupon and the biocoupon, after 18 days and thsurface in the oxide film close to the bulk. These changes can
correspondingp value (p=0.001). We can conclude that be summarized as follows: in a normalized scale where rela-
there is a statistically significant difference between the Fdive concentrations of Cr, Fe, and Ni add up to 100%, the
and Cr concentrations on the control coupon and the biocousoncentration of Cr is enriched by 7.294.7% relative to
pon after 18 days. The mean concentrations of Ni betweethat of the control coupon. The relative concentration of iron
the two coupons are not significantly different. The means depleted by 7.0%1.9%. The relative Ni concentration
relative percentages of colonized and uncolonized areas ahowed no noticeable chan¢@2%+1.6%). No statistically
the biocoupon after 18 days and the corresponginglue  significant differences were observed in the relative Cr, Fe,
(p=0.17) for this comparison are shown in Table Il. We canand Ni concentrations between the colonized and uncolo-
conclude that there is no significant difference between tha@ized areas on the biocoupon. We are currently investigating
colonized and uncolonized areas on the biocoupon. The re#laese issues further using time of flight secondary ion mass

spectrometry, x-ray photoelectron spectroscopy, and powder

x-ray diffraction spectroscopy with thin film analysis capa-
TasLE |. Comparison of mean relative concentrations of Fe, Cr, and Nibilities

between the control coupon and biocoupon after 18 day<).001.

Control coupon
after 18 days

Biocoupon
after 18 days
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