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Comparison of fluorinated polymers against stainless steel,
glass and polypropylene in microbial biofilm adherence and
removal
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Biofilm formation is a long-standing problem in ultrapure water and bioprocess fluid transport lines. The standard
materials used in these applications (316L stainless steel, polypropylene and glass) have long been known to be
good surfaces for the attachment of bacteria and other biological materials. To compare the relative tenacity of
biofilms grown on materials used in manufacturing processes, a model system for biofilm attachment was con-
structed that approximates the conditions in industrial process systems. New fluorinated polymers were compared
to the above materials by evaluating the surface area coverage of bacterial populations on materials before and
after mild chemical treatment. In addition, contact angle studies compared the relative hydrophobicity of surfaces
to suspensions of bacteria in growth media, and scanning electron microscopy and atomic force microscopy studies
were used to characterize surface smoothness and surface defects. Biofilm adherence to polymer-based substrata
was determined to be a function of both surface finish and surface chemistry. Specifically, materials that are less
chemically reactive, as indicated by higher contact angle, can have rougher surface finishes and still be amenable
to biofilm removal.
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Introduction evaluated for critical fluid handling in the bioprocess indus-
N . . try, most of the key components currently being installed
Contamination of submerged surfaces by microorganism re constructed of high quality stainless steel (316L). How-

is a well-known problem in water and chemical/biological . O o p
process systems in which aqueous products are manufa&ve" stainless steel has its disadvantages: high maintenance

. . -costs, relatively frequent system downtime for repassiv-

:ﬁ;es(i [?Itidlf]azr?dﬁﬁgzegy S-It—gﬁ]gr?::&fs ?r: ng:g?fg?ig'gﬂ;; tion and electropolishing of critical surfaces, and eventual

— . : . degradation of the inner surface due to periodic sanitizing

;ﬂgtig‘l:gggoé‘xt‘r’;%Vgt;raisr}’tztﬁ;’;ig’vgt‘o&Zﬂg%ﬁQfebrﬁ‘;tr?&;at‘r:gatments [17,20,25]. Other, less critical liquid-handiing

turing environment. These negative attributes have bee gf’“i%tlo?;n;tmze silicone, and medical or food-grade
under study for many years using a variety of methods 1@ OYPropy )

. X . ; . To date little has been written about the use and appli-
g)glzt:,rgggractenze and eradicate the organisms in undes'(E'ation of fluorinated polymers in biological and pharma-

. o " . . ceutical process manufacturing. Due to their intrinsic
Biofilms have a number of positive attributes, parti- qleanliness, inert chemistry, and corrosion resistance, fluid-

cularly in the bioprocess area where attachment of bacteri . .
cells to a number of different substrata is critical to theirT]oallJnndc:Ir}gv%?r?r?otuimsser;niigﬁ ch)ch:(I)lioi?\rélitstcriypggdmienrso?r?evr e

use as biocatalysts. However, microbial colonization of the licati here high . d . hemical
substrata can also result in undesirable growth on quuiciipp Ications where high purity and corrosive chemicals are

transport surfaces. Removal of such films is critical to the?asiﬁ?n' R%Eg:gedg’ nﬂgf tso ;Tgn?sse ﬁ;fnggigﬂgggﬁ %g?]l:?:é'?'
process quality of products such as pharmaceuticals, spei 9 poly y » P

alty chemicals, medical devices, and other products [7,10 E:erzisgﬁ a:)vuerit?/e\?v:rt]e?;ﬂgr;)nhgartrzzgestiigglltg(raosgug?smponems
Biofilm removal is at best a challenging task and at ; T '
worst, an impossible one. Microorganisms have many Components made_from various derivatives of poly-

defense mechanisms at their disposal to resist antibioticgr;[[afhu;?irt?;;hﬁgcvzv(gr-rEE)FEor?ff;?sbgvgg;ﬁn?gysgigﬁ_ﬁggig
chemical treatment, high temperatures and turbulent flow q ' ' P

scrubbing actions [3,17], Manylauid-nanding sysems ard1 DCK orh and then machied i Tished piocct
assembled from materials whose surfaces, due to thej oy . :
chemical composition and surface topography, foster th :nggdiﬁ'(gitigrlmﬁglﬂggfe car12 dtéi (r)??l'cer;ﬁrc:étznglgﬁgilop_
proliferation of biofilms. While new materials have been n 9 L

greatly increased the use of these materials in industry. A
high-purity grade of injection-moldable fluoropolymer, per-
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Chaska, MN 55318, USA was developed in the late 1980s for use in critical fluid-
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injection-moldable fluoropolymers is fully fluorinated. This Biofilm incubation chamber 143

creates a polymer that will not hydrolyze over time, so sur-A fluid transport system capable of allowing the bacterial

face reactivity and hydrophobicity remain stable. growth in the medium and for pumping the medium
Many variables related to the substratum including surthrough a chamber containing test materials was designed

face topography [1,2,12,16,19,21] and surface chemistry using PFA and polypropylene fluid handling components,

[4,7,11,19,21,24] have been studied to determine the rat®lasterflex tubing and a peristaltic sine-wave pumping sys-

of initial adhesion for a variety of biological systems. How-  tem (Figure 1). The incubation chambers were constructed

ever, no references were found that included PFA, aising a covered polypropylene tank containing two smaller

material different from the typically used PTFE film by its =~ chambers into which a plaque carrier was placed. The

surface topography. To study biofilms in industrial environ-plaque carrier was composed of polypropylene and was

ments, we used biofilm management and surface analysis able to hold 25 plagues at approximately 10 mm separation

techniques to evaluate the biofilm removal characteristicbetween plaque surfaces. The carrier contained two plaques

of stainless steel, polypropylene, glass, silicone, PVDF and of each material composition listed above.

PFA under conditions more typical of the industrial

environment. Incubation of plaques

The bacterial suspensions were allowed to maintain contact

with the plaques for 14 days in a ventilated°@7warm

room. The medium was recirculated twice weekly (by

Materials tested draining and refilling) to allow fresh microorganisms to

All microbial data collection was performed at the Univer- attach to the plagues. Nonturbulent conditions were main-

sity of Minnesota’s Bioprocess Technical Institute tained to foster microbial attachment and biofilm formation.

(BNPTI). Biofilms were evaluated on the surfaces of 316L  After 2 weeks, the plaque cassettes were removed from the

stainless steel (SS, provided by DCI, St Cloud, MN, USA),process tanks and gently rinsed with deionized water and

polypropylene (PP, Himont, Wilmington, DE, USA), per- allowed to air dry.

fluoroalkoxy (Tefloiil 440HP PFA, DuPont, Wilmington,

DE, USA), polyvinylidene fluoride (Kynat PVDF, Ato-  Inactivation of biofilms on plagues

chem, Paris, France), Silicone (coated onto borosilicat& he inactivation of biofilms deposited on the surfaces of

glass using Sigmacote, Sigma Chemical Company, St half of the plaques was accomplished by placing a loaded

Louis, MO, USA), and borosilicate glass. The materialswafer cassette into a 3-L container filled with water sup-

were evaluated in a circular plaque format, 75 mm diameter  plemented with 50 ppm sodium hypochlorite. The container

x 2 mm thick. Three PFA surface finishes were evaluatedholding the plaques was covered and placed on an orbital

an injection-molded plaque that was machine milled to a  shaker and allowed to incubate with mild shaking (10 rpm)

typical machined surface topography, an injection-moldecat 22°C for 24 h, followed by a 30-min rinse with deionized

plaque with a smooth surface topography determined by  water. Care was taken to isolate the plaques from turbulent

the surface finish of the polished mold, and a rotationallywater flow to maintain biofilm retention. The inactivation

molded plague whose surface finish had a somewhat  solution was decanted and the plaques were removed from

rougher, ‘pillowed’ topography. This rougher topography the carrier, then blotted dry with a soft cloth. Prior to reuse,

Materials and methods

was due to the plaque’s surface being formed by the solidi-  the biofilm incubation chambers were sanitized by circulat-
fication of the PFA in air. ing 10 L of 0.1% bleach in water through the test system

for 24 h at 37C after each series of experiments. Residual
Biofilm generation: organisms, growth and fouling hypochlorite was removed by flushing the system with
conditions deionized water (10 L with three liquid changes). Tubing

Development of biofilms on plaques composed of several
materials was performed using a modified procedure [1]
Tap water was taken from a little used laboratory fauce
that had not been flushed in over 2 weeks. The water wa
brown in color, slightly turbid from lack of flow through
the tap, and contained a high level of particulates. Organ
isms used in this study wet€lebsiella pneumoniaTCC
12657, chosen for its production of a thick exopoly-
saccharide layerEscherichia coliATCC 8739, a strain
commonly used in USDA, AOAC and FDA test protocols;
and Salmonella choleraisuisiovar typhimurium ATCC
13311, chosen due to its importance in contamination o
poultry and dairy product manufacturing systems. All
organisms were grown in 0.1% Bacto-Peptone (BBL,
Cockeysville, MD, USA) in 100-ml starter cultures, then
transferred to 10-L glass carboy containers (Bellco Glass ]
Vineland, NJ, USA) and incubated at &7 for 24 h with Figure 1 Photograph of the biofilm chamber. The plaques placed in car-

mild agitation to allow growth of the organisms in the riers were incubated for 14 days at"&7to allow biofilm deposition and
batch vessel. then removed, treated and analyzed.
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sets were sterilized by autoclaving at 2€1for 1 h and  for sample surface and probe damage, which may result in
allowed to cool prior to equipment reassembly. In thisinaccuracies in the measurement data. Tapping mode over-
report, biofilms on hypochlorite-treated plaques are labeled comes this problem by alternately placing the tip of the
‘treated’ while those subjected only to water rinsing areprobe on the surface and then lifting the tip off the surface
labeled ‘untreated.’ to avoid damaging the sample.

Fluorescent staining of biofilms on plaque materials Scanning Electron Microscopy (SEM)
Untreated and treated biofilms on all plaques were visA JEOL JSM-5800LV SEM was used to provide 200
ualized by staining with a 10 ppm solution of acridine photographic details of the surfaces that were evaluated in
orange. The plaques and carriers were incubated in the dyRe biofilm test. The stainless steel images were obtained
for 1 h at room temperature, and rinsed for 30 min in deionusing the secondary electron imaging technique (SEI).
ized water to remove excess acridine dye. The plaques wemternatively, the nonconductive samples were imaged
carefully blotted dry with a soft cloth and visually inspected using the back scatter electron imaging technique (BSEI).
using scanning confocal laser microscopy and fluorescencghe information revealed in these images included surface
":inOSCOPY- At least three areas were examined on eadpography and identification of surface defect types.
plaque.

Contact angle measurements

Fluorescence microscopy Contact angle measurements were performed using a Rame
The acridine-stained plaques were placed on the stage of @t contact angle profilometer, using the procedure out-
Olympus reflected fluorescence microscope and illuminatefneq [8,9,16]. The medium used to evaluate the contact
Wlt_h 488 nm wavelength light with a quoresce_ln _fllte_r cube angle consisted of: (1) 0.1% peptone water, identical to that
using a method adapted from [25] and [26]. Biofilm imagesysed to grow the microorganisms in the biofilm incubation
were recordgd d|g|tqlly using video m|crograp_hy, and SaVe%tudy; (2) medium containing dedtlebsiella pneumoniae

as RGB tag-image files (TIF). Images were viewed ab200 o £ colicells at a concentration of £ 10f cells mf; and

with no digital magnification increase. Surface coverage 0(3) 18 MQ deionized water. Measurements were taken by
plaques was rated on a scale of 0 (no residual biofims) t¢jacing 2, of solution onto the surface of each test plaque.

4 (surface completely covered by microorganisms). Advancing contact angle was measured 1 min after the
) ) liquid had been placed onto the plaque’s surface. Measure-
Scanning confocal laser microscopy (SCLM) ment error is less than 0.5 degrees.

Scanning confocal laser microscopy was used as an alterna-

tive to fluorescence microscopy and was performed using

a Bio-Rad SCL microscope as described [5]. Depending oRResults

the biofilm thickness up to 15 image planes were collected,

each being 0.2um thick. Images were edited to a uniform

number of planes (six) by eliminating the planes that congigfilm formation

tained extraneous information. The images were taken at a

magnification of either 200 or 400<. Fluorescence and The data from the biofilm retention, atomic force
SCLM images were qualitatively assessed for biofilm presmicroscopy and advancing contact angle experiments are
ence by approximating coverage of the surface by microsummarlzed in Table 1. A scale was developed for compar-
organisms. Biofilms were rated identically to thoseing the degree of biofilm surface coverage on the plaques.

observed using fluorescence microscopy. Percent biofilm coverage was divided into five categories as
shown below: biofilm retention rating scale=Ono biofilm
Atomic Force Microscopy (AFM) coverage; 1= 1-10% coverage by biofilm; 2 10-30%

AFM was used to measure surface roughness of plaque®verage by biofilm; 3= 30-60% coverage by biofilm; 4

for each material. This technique involves moving a sensi= >60% coverage by biofilm+) or (-) symbols following

tive stylus over the plaque surface and measuring the vertthe biofilm rating indicate coverage at the upper or lower

cal height changes. The technique yielded parameterg, of Rend of the rating.

Rmns Rmaxand Z range. The Rand R,svalues are the aver-

ages of all the deviations of the traced line from the centeiStainless steel

line along some predetermined length. ThevRlue is an  Untreated and treated plaque surfaces infected Miighsi-

arithmetic average, while the,Rvalue is a geometric aver- ella pneumoniaeare shown in Figure 2(a) and (b).

age. The Z value is the largest perpendicular distance meabficroscopy yielded variable data on the untreated plaques,

ured along the trace line. The samples were analyzed using  ranging from small clumps of cells in thin films established

a Digital Instruments NanoscopeAFM in tapping mode in water to thick, resilient films established under exposure

and scanning 256 areas on each sample. to microbial cultures. Inactivation of the biofilms on stain-
Tapping mode was used to increase image resolutiotess steel plaques in 50 ppm bleach using mild agitation

without damaging the polymer surfaces. In conventional action was more effective on the noncapsule-producing

contact mode AFM, the probe tip is dragged along the surbacteria Salmonellaspp andE. coli, data not shown) than

face of the sample and the resulting image is a topograph- Ktebsiella spp. The images of the&lebsiella spp

ical mapping of the sample. Conventional AFM is not suit- biofilms show considerable numbers of organisms and

able for analysis of soft-surface samples due to the potential ~ debris from the incubation tank remain on treated plaques.
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Table 1 Results summary: surface roughness, contact angle and biofilm retention indices 145
Material AFM surface analysis (nm) Contact angle (degrees) Biofilm ratings (untreated/treated)

R. Ris Rimax Z range Water Medium Culture K. pneumonia S. choleraisuis E. collap

water

Stainless steel 26.64 41.74 272.84  293.09 41.5 325 36.3 4/2 4/3 3/2 3/3
Polypropylene 16.19 21.2 16540 165.4 101.3 85.5 87.3 4/2 4/2 a2  2/2
PFA (injection-molded) 17.17 24.35 438.09  438.85 98.5 94.6 85.3 - 4/1 4/1- 3/1- 11
PFA (machine-cut) 36.83 47.47 31093  310.99 99.5 87.8 93.8 4/1 4/1 4/x/1 2
PFA (rotationally
molded) 147.84 190.21 1425 1402 101.8 96.5 91.5 4/1 +4/1 41+ 11
Glass 1.11 7.42 78.42 78.41 38.5 29.5 26.8 3/1 11 11 2/2
Silicone-coated glass 0.84 1.56 35.06 35.14 50.2 48.5 43.2 4/1 3/1 + M
PVDF 28.48 35.09 250.11 244.24 71.8 68.0 61.0 3/1 3/1 3/1 2/1
aRating system described in text.
Teflond Perfluoroalkoxy (PFA) ide layer, left little residue after being treated. In the case

Images of untreated and treattebsiellaspp biofilms on  of E. coli, little difference is seen between the untreated

PFA injection-molded plaques are shown in Figure 2(c) and and treated, as little initial organism deposition is observed.
(d). The plagues of PFA used in the testing were of threeThese organisms do not secrete a polysaccharide capsule,
surface types: (1)injection molded; (2) machined; and thus do not adhere as well to the plaque surface. The organ-
(3) rotationally molded. All of the PFA plaques allowed isms deposited on the plaques by the tap water likely did
deposition of biofilm during the 14-day incubation period not adhere past the washing step in which excess medium
with some variability in percentage of the surface coveragewas rinsed off prior to staining.

The films exhibited less tenacious attachment as indicated

by the ease of biofilm removal from the machined andBorosilicate glass

injection-molded surfaces with chemical treatment. TheThe borosilicate glass plagues showed minor differences in
rougher topography of the rotationally molded plaque was biofilm formation between the pure culture organisms and
more difficult to clean due to the depth of the pores. Thebetween the treated and untreated surfaces (Table 1).
machined plaque surface also showed residual debris along  Apparently, few detectable organisms were retained by the
some of the cut lines observed in the surface. The mogjlass initially and those that remained after washing and
graphic example of biofilm removal from the injection- staining were likely removed by water rinses. However, the
molded PFA is shown in thBalmonellaspp images in Fig-  biofilm growth resulting from tap water exposure was quite

ure 2(e) and (f). The untreated plagues show considerable tenacious, resulting in a lower ranking for glass.
fluorescence from cells and debris from the biofilm

deposited on the plaque surface, and the treated plaquelicone-coated glass

appear to remove all but a few residual cells and debrisThe silicone-coated borosilicate glass experiments revealed
These images indicate that substantial film removal did few microorganisms are retained by the silicone surface
occur, although occasional large debris is noted. DespitéTable 1). While biofilms do form on the plaques, as exem-

the rougher surface of the rotationally molded PFA plaques, plified b¥liasiellaspp images, the film appears to be

film removal was still accomplished relatively easily. The readily removed. Biofilms of lesser thickness and thus
biofilm is very evident in the untreated images, while only  lower fluorescent intensity were formed on the silicone sur-
a few cell clumps and debris particles remain after beingace by Salmonellaspp andE. coli. The images indicate
treated. The smooth surfaces of the injection-molded PFA that they were removed by the hypochlorite treatment; a
plaques appeared resistant to retention of all tested micrdew residual cells or debris from the tanks remain on the
organisms. plaque.

Kynar polyvinylidene fluoride (PVDF) Polypropylene

The PVDF material used in the testing was observed to  Kibbsiellaspp bacteria left a film residue on the plague
behave similarly to the PFA in its resistance to biofilm surface that was not effectively removed by hypochlorite
adherence (Table 1). The PVDF exhibited a moderate level exposure, though many of the microbes initially on the sur-
of background fluorescence that may have been the resutice appear to have been removed, Figure 2(g) and (h).

of some nonspecific dye binding to residual media protein,  While some film removal is observedariwnellasp
polysaccharide film or cells (apparently reduced or elimin-and E. coli-infected plaques after hypochlorite treatment,

ated in the washing step to remove excess dye after many residual cells were visible, indicating incomplete
treatment), or excitation of the material by UV light. The removal of the organisms. The biofilm deposited by the tap
images of the treated and untreated biofilms indicate that  water bath also left some residual cells, indicating incom-
PVDF resists long-term biofilm attachment. TKkebsiella  plete removal of bacteria by bleach treatment.
pneumoniaebiofilms, with their attendant exopolysacchar- Based on the biofilm adhesion results, the ability of
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g9 h
Figure 2 Fluorescent microscopy images at 200f biofilms on various materials were rinsed with tap water (untreated) or with 50 ppm NaOCI
(treated). Untreated (a) and treated Ki@bsiella pneumoniadiofilms on stainless steel. Untreated (c) and treatedK{dpsiella pneumonia®iofilms

on injection-molded PFA. Untreated (e) and treatedSd)monella choleraisiusv typhimuriumbiofilms on PFA. Untreated (g) and treated Kigbsiella
pneumoniaebiofiims on polypropylene.
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microorganisms to adhere to these surfaces (from highest 13 147

lowest) is stainless steel polypropylene> glass, silicone,
machined PFA, rotationally molded PFA PVDF, injec-
tion-molded PFA.

Surface topography and contact angle

Atomic Force Microscopy

The results of the AFM measurements for the various sur
faces are shown in Table 1. Two of the most common sur
face measurements are average surface roughneaadR
R Both of these measurements quantify the same featur
The results of this analysis indicate that the surface smoott
ness of the samples varies greatly depending on compc
sition. The roughness order from highest to lowest is:

rotationally molded PFA > machined PFA > PVDF EE=EEs ZOkU 108um
> stainess steeb injection-molded PFA> polypropylene
> borosilicate glass, silicone-coated glass. b

These surface roughness measurements indicate that t
samples’ surface finishes can be considered to be ver
smooth (silicone-coated glass and borosilicate glass,
smooth (polypropylene and injection-molded PFA), moder-
ately smooth (stainless steel, PVDF, machined PFA) ani
rough (rotationally molded PFA).

316l =i Electrofrolizhe

Scanning Electron Microscopy

Figure 3(a), (b) and (c) shows the 20photomicrographs
of the PFA, stainless steel and polypropylene plaques
respectively. Based upon visual inspection of 20dages,
the surface finishes were rated from roughest to smoothe:
as follows: rotationally molded PF& machined
PFA > injection-molded PFA> stainless steeb poly- ! :
propylene> PVDF > silicone-coated glass, borosilicate ; zakqm
glass. The qualitative results of the SEM analysis approxi
mate the quantitative results of the AFM analysis.

Contact angle o laprofylens

The results of the advancing angle measurements fc
the samples are shown in Table 1. Based on the conta
angle measurements, the following observations can b
made:

(1) Stainless steel and borosilicate glass allow solution:
(water or protein-based) to wet their surfaces bettel
than do the polymeric materials.

(2) The silicone-coated glass surface has higher contac
angle than does the uncoated glass samples. Howeve
it has lower contact angle than the other polymer sur-
faces. PVDF, characterized by its vinyl surface chemis-
try, is the most hydrophilic of the remaining polymers
that were tested. Polypropylene, with its polyolefinic EEEE 20kVU 198um
surface chemistry, repels water to the same extent as
the PFA materials. The PFA surfaces are very hydroFigure 3 Scanning electron micrographs at 20Magnification of sur-
phobic with only small differences seen between thefaces of (a)injection-molded PFA, (b) electropolished stainless steel and
various surfaces’ topographies. (c) polypropylene.

(3) The presence of protein and microorganisms causes the
solution to wet more efficiently on all surfaces. How-
ever, these effects are slightly more noticeable in the
peptone solution containing thKlebsiella bacteria. extent on the glass and stainless steel samples. The
Both solutions appeared to change contact angle by 15— PFA plaques were the least affected of the polymer
20 degrees on the polymer surfaces but to a lesser surfaces.
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Discussion and conclusion of PFA and those studies that showed high adhesion to
PTFE.
Previous studies have shown that both physical and chemi- There are two factors to consider regarding this apparent
cal interactions with the substratum affect biofilm adhesion. discrepancy; the focus of earlier studies and the physical
The literature generally agrees that increasing substratumifferences between PFA and PTFE surfaces. First, this
surface roughness will enhance the rate of biofilm adhesion  study shows mature biofilm development in virtually every
[1,2,20,21]. However, the chemical mechanisms of thesituation, confirming the concept that biofilms, given time,
adhesion process seem to be much less universal. Some  are ubiquitous [6,19]. In addition, it focused on the ease of
studies suggest that substratum surface tension and hydn@moval of the biofilm after intentionally growing substan-
phobicity, both derived from contact angle measurements, tial films. Other studies focus on the kinetics of initial film
enhance adhesion [1,10,11,18,20] and other literature suglevelopment [4,7,12,20] and note the adsorption/desorption
gest the opposite [1,2,10,12,21]. Focusing on substrata  of microorganisms on thin biofilms at equilibrium [1].
influences on adhesion and considering this backgroundihile initial kinetics and film removal are both adhesion
it is difficult to predict whether the chemical or physical phenomena, no references could be found showing a corre-
characteristics of a particular substratum will predominatdation. Second, commercially available PTFE films typi-
during the adhesion process. With the recent changes to  cally have rough, porous surfaces. The porosity is the result
both the chemistry and surface finish of fluoropolymers, itof shrinkage and void formation during crystallization
was necessary to experimentally determine their perform-  when PTFE is compression molded. The rough surface fin-
ance with common microorganisms. This study approxi-sh is the result of skiving the solid block to form sheets.
mates the anticipated behavior of several materials in an  In one study the porosity of PTFE was shown to influence
industrial environment where the development of a biofilmadhesion [19] and roughness has generally been shown to
may be intentional, or it may be the result of incomplete increase adhesion.
cleaning or accidental contamination. Whether the biofilm Therefore, mechanical mechanisms were more likely to
is desired or not, there is a need to efficiently and intermit-  play a role in initial adhesion to PTFE than to molded PFA.
tently remove the biofilm. In conclusion, it is proposed that the smooth surface of the
Based on the ease of biofilm removal, this study deter- PFA and a tightly bonded C-F surface allowed the bacteria
mined the following propensity for substrata to developto land and build a biofilm in a nonturbulent environment
tenacious biofilms that are not easily removed: stainless  with little mechanical or chemical adhesion to the substrata,
steel> polypropylene> glass> machined PFA, rota- thus allowing the biofilm to slough off.
tionally molded PFA, silicone-coated glassPVDF, injec- This study shows that PVDF responds to adhesion and
tion-molded PFA. The various substrata showed the sameemoval similarly to PFA. It is speculated that the mech-
relative adhesion and removal characteristics for the four ~ anism for weak mechanical and chemical adhesion of
microorganisms examined. The differences in physical an@®VDF to biofilms is similar to PFA.
chemical characteristics of the substrata are considered in Polypropylene, in spite of a smooth surface finish, main-
the following discussion of these results. tained a significant biofilm even after chemical treatment.
Relative biofilm removal from stainless steel, glass and  The adhesion mechanism appears to lie in a chemical
silicone is consistent with previous studies and industriahttraction between the microorganism and the substratum.
experience. The ease of biofilm removal from glass and  The surface of polypropylene in water is altered through
silicone can be partially attributed to the very smooth sur-oxidation, resulting in carbonyl and hydroxyl groups along
faces. It also seems likely that chemical adhesion between  the polymer chain [22]. These active sites offer the opport-
microorganisms and glass is reversible when the polar sumnity for ionic bonding and/or van der Waals attraction with
face is exposed to the ionic hypochorite treatment [7]. For  the bacterial surface chemistry [19]. In conclusion, the
glass and silicone, the biofilm development and removabiofilm development and removal process for poly-
process appears to be dominated by a reversible chemical propylene appears to be dominated by chemical processes
process, with minimal mechanical adhesion on these corwith mechanical mechanisms taking a secondary role.
sistently very smooth surfaces. The tenacity of the biofilm It is clear that biofilm adhesion and removal are not con-
developed on glass exposed to tap water requires furthérolled by a single variable. When choosing a material for
study. For stainless steel, adhesion has been shown to be industrial processing, several factors must be considered
dependent on surface topography [21]. A partially reversincluding but not limited to: (1) the intended and incidental
ible ionic chemical bonding similar to glass is also sus-  microorganisms involved; (2) potential for chemical inter-
pected. For stainless steel, the biofilm development andction between the biological components and the sub-
removal process appears to be dominated by mechanical  stratum; (3) surface finish of the material; and (4)the
adhesion, with the chemical processes taking a secondachemical and physical capability of the material to handle
role. all aspects of the manufacturing process. Many different
The three PFA substrata are chemically similar at thematerials are becoming available for use with critical fluid
surface, as seen by the consistently high contact angles. handling components in pharmaceutical and bioprocessing
However, the surface topography among the PFA samplespplications. Industry concerns about cleanability, as well
was quite different, resulting in removal ease consistent as physical durability have kept some of these materials
with the expectation that a rougher surface enhances thfieom serious consideration in critical manufacturing appli-
entrapment of microorganisms. The conundrum arises in  cations. However, based on the results of this analysis, the
understanding the relative adhesion and removal behavidluoropolymer materials with their corrosion resistance and
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relatively high melting points, can be considered for use in13 Goodman J and S Andrews. 1990. Fluoride contamination from
transport systems where their resistance to tenacious fluoropolymers in semiconductor manufacture. Sol State Technol 33:

s e . 65-68.
biofilm adhesion, demonstrated by the ease of removal, OUk4 |mbalzano JF and DJ Kratzer. Effects of prolonged exposure of poly-

perform the more traditional materials such as stainless mers containing fluorine to integrated circuit process water. In: 1986

steel. Proc Instit Environ Sci, Environ Technol-Coming Age, Dallas, TX,
pp 407-414.

15 LeChevallier MW, TM Babcock and RG Lee. 1987. Examination and
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