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Background 

Biofilms are composed of matrix-encapsulated bacteria adherent to each other and/or to surfaces 
(Marshall, 1992; Hood and Zottola, 1995). They form clusters of cells or microcolonies enclosed 
within an exopolysaccharide (EPS) matrix and surrounded by pores and channels that link individual 
clusters (Lappin-Scott and Bass, 2001). Biofilms can be found in nearly all environments (Hamilton, 
1987; Marshall, 1992; Costerton et al., 1994, 1995). Thus, a major concern in food processing 
facilities is cross-contamination of foods with cells from biofilms. Biofilms are notoriously difficult to 
remove, and can act as repeated sources of contamination as cells in biofilm exhibit an increased 
resistance to many sanitizers (Bower and Daeschel, 1999; Chmielewski and Frank, 2003; Brightwell 
et al., 2006). Correspondingly, contaminated processing equipment is a leading cause of domestic 
outbreaks of foodborne Escherichia coli O157:H7 infections (Rangel et al, 2005).  

Substantial efforts to control pathogens at the harvest-floor level can be nullified by contaminated 
food-contact surfaces encountered during fabrication processes. There is evidence suggesting that 
equipment surfaces associated with beef slaughter, as well as the processing environment, may be 
potential sources of cross-contamination of carcasses with E. coli O157:H7. Barkocy-Gallagher et al. 
(2001) recovered E. coli O157:H7 and E. coli O157 isolates from feces, hides and carcasses at four 
different beef processing plants. However, only 65.3% (post-evisceration) and 66.7% (in the cooler) 
of individual isolates from carcasses matched those recovered pre-evisceration. Tutenel et al. (2003) 
also showed that molecular types of E. coli O157:H7 in the plant environment were different than 
those on the hides of the slaughtered animals. A study by Gun et al. (2003) demonstrated the 
presence of E. coli O157:H7 on equipment surfaces and in the environment (abattoir floor, benches 
including conveyors, knives, aprons, saw, hooks, hands) of a beef abattoir. Eight strains of E. coli 
O157:H7 were isolated from carcasses and six strains from environmental samples such as knives 
(two strains), hands (two strains), aprons (one strain) and the floor (one strain). E. coli O157:H7 has 
also been recovered from fabrication-floor conveyor belt food-contact surfaces during preoperational 
and mid-shift inspections (Chmielewski and Frank, 2003; Rivera-Betancourt et al., 2004). Aslam et 
al. (2004) reported that the genetic fingerprints of generic E. coli isolates from animal hides, 
carcasses and conveyors were genetically related to isolates from ground beef. Inadequate cleaning 
of equipment surfaces can, thus, result in contamination of beef products. One study (Farrell et al., 
1998) examined the potential for attachment of E. coli O157:H7 to a meat grinder surface 
during the grinding of artificially contaminated beef, and the inactivation of attached cells 
during cleaning and sanitizing. Results showed that the pathogen was transferred to the 
meat grinder within 5 min of contact, and that detergent washing and sanitizing of the 
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grinder with chorine (200 ppm) or peroxyacetic acid (0.2%) resulted in low recoveries of viable 
bacteria; however, enrichment procedures showed a higher survival rate indicating that cells, 
potentially injured, remained on the surface. These studies support the concern that biofilm 
formation in beef packing plants may have serious consequences due to the potential for 
contamination of unadulterated food products through biofilms. Consequently, biofilms have become 
one of the major concerns in the food industry related to food safety (Stopforth et al., 2002). As 
directly quoted from Chmielewski and Frank (2003), “the significance of biofilms in food processing 
is not well understood because of the lack of direct observation of biofilms in this environment and a 
lack of research using model systems that closely simulate the food system environment”. For these 
reasons, the development of E. coli O157:H7 biofilms on meat-contact surface materials commonly 
encountered during beef carcass fabrication and a multitude of factors (i.e., type of surface material, 
fluid flow, fluid level, temperature, substrate, natural flora) which may inhibit or promote such 
development, were investigated. Furthermore, the efficacy of sanitizers in inactivating E. coli 
O157:H7 cells attached to meat-contact surfaces was evaluated, as well as the survival/growth of 
the pathogen in ground beef cross-contaminated with biofilm- and planktonic-derived cells surviving 
exposure to sublethal sanitation. 

Cell density-dependent signaling systems, known as quorum sensing, occur in many bacteria (Smith 
et al., 2004). Quorum sensing controls a variety of microbial physiological functions including 
motility, conjugation, competence, sporulation, virulence, and biofilm formation (Hammer and 
Bassler, 2003). Autoinducer-2 (AI-2) is a type of quorum sensing molecule found in both Gram-
positive and -negative bacteria, including E. coli, Salmonella, Vibrio cholerae, enterococci, 
Mycobacterium tuberculosis, and Helicobacter pylori, among others (Surette and Bassler, 1998; 
1999). The novel interest has been raised in designing systems to disturb or control cell-to -cell 
signaling processes in bacteria. In our efforts to control pathogens and enhance food safety, studies 
were also conducted to investigate quorum sensing-regulated biofilm formation, and specifically, the 
potential involvement of quorum sensing in pathogen growth and biofilm formation. 

The stated objectives for this work were:  

To evaluate the potential for Escherichia coli O157:H7 biofilm formation and the efficacy of 
sanitizers to control biofilm formation on food-contact surfaces, and to investigate the potential for 
pathogen cells, surviving in biofilms after sanitation, to survive in cross-contaminated beef products, 
as well as factors affecting biofilm formation and the potential contribution of cell-to -cell 
communication in biofilm formation. 

Methodology 

Objective 1 
Study 1:  Attachment and subsequent biofilm formation on stainless steel surfaces by nine strains of 
E. coli O157:H7 under two inoculation scenarios 
This study was performed to compare the attachment and subsequent biofilm formation of nine E. 
coli O157:H7 strains on stainless steel surfaces, using two methods of inoculation.   
 
Inoculum preparation and inoculation.  Rifampicin-resistant strains of E. coli O157:H7, including 
ATCC 51657, ATCC 51658, ATCC 43895, ATCC 43895/ISEHGFP (Noah et. al., 2005), and  five  
strains  isolated  from  cattle  feces  (F284,  F289,  F460,  F468  and  F469)  were  activated  
and  subcultured  (35°C,  24  h)  in  tryptic  soy  broth  (TSB;  Difco,  Becton  Dickinson,  
Sparks,  MD)  plus  rifampicin (100 μg/ml; Sigma, St. Louis, MO).   
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Statistical analysis.  Experiments were repeated twice with three samples analyzed at each sampling 
interval.  Microbial counts were transformed into logarithms before means and standard deviations 
were computed, and counts were reported as log CFU/cm2, for attached cells, and log CFU/ml, for 
cells in suspension.  Data analysis was performed using the GLIMMIX (generalized linear mixed 
model) procedure of SAS (version 9.1, SAS Institute, Cary, NC). Least squares means were calculated 
and separated by the least significant difference procedure at a significance level of 95%.  
 
Study 2: Effect of post-contamination hydration on biofilm formation by E. coli O157:H7 on various 
food-contact surfaces 
This study was conducted to examine the impact of post-contamination hydration on biofilm 
formation and survival of E. coli O157:H7 on food-contact surface materials commonly encountered 
during beef fabrication processes. This was investigated by incubating inoculated coupons under dry, 
hydrated, or under rotational hydration conditions. 
 
Inoculum preparation and inoculation.  To prepare the inoculum, rifampicin-resistant strains of E.   
coli O157:H7, including ATCC 51657, ATCC 51658, ATCC 43895, ATCC 43895/ISEHGFP, and two 
strains isolated from cattle feces (F284, F469) were activated and subcultured (35°C, 24 h) in TSB 
(Difco) plus rifampicin (100 μg/ml, Sigma; TSB + rif). Food-contact   surface   materials   used   were   
stainless   steel, and plastic surfaces including acetal, polypropylene and high density polyethylene 
(Fort Collins Plastics, Fort Collins, CO). Coupons (2×5 cm) of each material were preconditioned by 
being placed in diluted conveyor belt runoff fluid (25% in sterile distilled water, pH 5.00±0.20) for 45 
min.  The conveyor belt runoff fluid was obtained from fluid collection trays underneath fabrication 
floor conveyor belts during beef fabrication at a local packing plant.  
 
Microbiological analysis.  Coupons were analyzed for pathogen levels at 0, 8, 24, 48 and 96 h of 
incubation. Biofilm cells were detached/dislodged from the surfaces as described in Study 1.  
 
Statistical analysis.  Three samples were analyzed per treatment.  Microbial populations were 
transformed into log CFU/cm2 and least squares means were calculated using the analysis of 
variance in the general linear model of SAS v9.1. 
 
Study 3:  Evaluation of methods for optimal attachment/transfer of E. coli O157:H7 onto various 
food-contact surfaces 
This study was conducted to ensure optimal attachment/transfer of E. coli O157:H7 onto contact 
surface materials encountered during beef fabrication processes, prior to investigations regarding 
the development, maturation, and inactivation of resulting biofilms. 
 
Inoculum preparation and inoculation.  The inoculum was comprised of the six rifampicin-resistant E. 
coli O157:H7 strains described in Study 2.  
 
Microbiological analysis.   Following inoculation, coupons were rinsed with 10 ml sterile distilled 
water to remove unattached/loosely attached cells. Attached cells were detached/dislodged from 
the surfaces as described in Study 1.  
 
Statistical analysis.  Experiments were repeated twice with three samples analyzed for each 
treatment. Microbial populations were transformed into log CFU/cm2 and least squares means were 
calculated using the analysis of variance in the general linear model of SAS v9.1.  
 
Study 4:  Evaluation of an air-liquid interface on biofilm formation by E. coli O157:H7 on 
various food-contact surfaces 
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Results of previous studies have indicated better biofilm formation when stainless steel coupons 
were partially submerged in fluid (vs. fully submerged), allowing an interface of air and liquid on the 
coupon surface. Thus, this study was conducted to determine the influence of an air-liquid interface 
on the development of E. coli O157:H7 biofilms on food-contact surface materials. 
 
Inoculum preparation and inoculation.  The inoculum was comprised of the six rifampicin-resistant E.  
coli O157:H7 strains described in Study 2.  They were activated, subcultured and washed, as 
described in Study 1, and the cell pellet was resuspended in beef fat homogenate (60 ml; beef fat 
was diluted 1:10 with sterile distilled water).   
 
Microbiological and pH analyses.  At 1, 2, 5, 8, 12 and 16 days of incubation, coupons were rinsed 
with 10 ml sterile distilled water to remove unattached/loosely attached cells, and further processed 
to remove biofilm cells from the food-contact surfaces, as described in Study 1. 
 
Statistical analysis.  Experiments were repeated twice with three samples analyzed at each sampling 
interval.  Microbial populations were transformed into log CFU/cm2 and least squares means were 
calculated using the analysis of variance in the general linear model of SAS v9.1. 
 
Study 5:  Effect of substrate and storage temperature on biofilm formation by E.  coli O157:H7 on 
various food-contact surfaces 
This study was carried out to evaluate the effect of substrate and storage temperature on 
attachment and biofilm formation by E. coli O157:H7 on various food-contact surfaces encountered 
in beef processing. 
 
Inoculum preparation and inoculation.   The rifampicin-resistant strains used and their preparation 
are described in Study 2. After washing the cells with PBS, the pellet was resuspended in 60 ml PBS, 
and used to inoculate (6 log CFU/ml or g) three substrates: (i) TSB (pH 7.28), beef fat-lean  tissue  
(1:1)  homogenate  (pH  5.64)  and  ground  beef  (pH  5.75).  Two types of food-contact surfaces 
(stainless steel and high density polyethylene surfaces; 2×5 cm) were each placed into the 
substrates (target inoculation level on the surfaces, 1 log CFU/cm2), and then incubated under static 
conditions at 4 and 15°C for 168 h (7 days). 
 
Microbiological and pH analyses.  At 0.5, 4, 72 and 168 h of incubation, individual coupons were 
removed, rinsed with 20 ml sterile distilled to remove unattached/loosely attached cells, and further 
processed to remove biofilm cells from the food-contact surfaces, as described in Study 1.  
 
Statistical analysis.  Experiments were repeated twice with three samples analyzed at each sampling 
interval.  Microbial counts were transformed into logarithms before means and standard deviations 
were computed, and counts were reported as log CFU/cm2, for attached cells, and log CFU/ml, for 
cells in suspension.  Data analysis was performed using the GLIMMIX (generalized linear mixed 
model) procedure of SAS v9.1.  Least square means were calculated and separated by the least 
significant difference procedure at a significance level of 95%. 
 
Study 6:  Effect of substrate on attachment/transfer of E. coli O157:H7 to various food-contact 
surfaces, and biofilm formation during storage at 15°C 
This study evaluated the effect of substrate on: (i) attachment/transfer of E. coli O157:H7 onto food-
contact surfaces commonly encountered during beef fabrication processes; and, (ii) on post-
inoculation fate of the pathogen on stainless steel and acetal during extended storage. 
 
Inoculum preparation and inoculation.  The rifampicin-resistant strains used and 
preparation of the inoculum are described in Study 2. As in Study 5, the prepared inoculum 
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was used to inoculate (6 log CFU/ml, g or cm2) various substrates, including (i) TSB (pH 7.29), (ii) 
beef fat-lean  tissue  homogenate  (FLH,  pH  5.66),  (iii)  fresh  conveyor  belt-runoff  fluid  (CBRF,  
dilute  peroxyacetic/octanoic  acid,  pH  4.60),  (iv)  ground  beef  (pH  5.76),  and,  (iv)  beef  fat  (pH  
6.03).  The beef fat was stored at 4°C for 24 h (to simulate beef carcass chilling) before being used 
to inoculate coupons.  Four food-contact surfaces (2×5 cm), including stainless steel, acetal, 
polypropylene and high density polyethylene, were exposed to the inoculated substrates for 30 min, 
and then prepared for microbiological analysis to determine initial attachment levels using each of 
these substrates.  
 
Microbiological analysis.  To enumerate attached cells immediately after inoculation and throughout 
storage (days 0, 1, 3, 7 and 10), coupons were rinsed with 20 ml sterile distilled water to remove 
unattached/loosely attached cells, and further processed to remove biofilm cells from the food-
contact surfaces, as described in Study 1.  
 
Statistical analysis.  Experiments were repeated twice with three samples analyzed at each sampling 
interval.  Microbial populations were transformed into log CFU/cm2 and least squares means were 
calculated using the analysis of variance in the general linear model of SAS v9.1. 
 
Study 7:  Biofilm formation of E.  coli O157:H7 under static, fluid flow, and dry storage conditions 
This study was performed to evaluate the potential of E. coli O157:H7 to form biofilms on contact 
surfaces used in beef fabrication, during storage in beef fat-lean tissue homogenate under static, 
fluid flow (agitation) and dry conditions at 15°C. 
 
Inoculum preparation and inoculation. The   rifampicin-resistant strains used and preparation of the 
inoculum are described in Study 2.  The cell pellet was resuspended in beef fat homogenate (60 ml; 
beef fat was diluted 1:10 with sterile distilled water), and used to inoculate beef fat to a target 
inoculum level of 6 log CFU/cm2.  
 
Microbiological and pH analyses.   At 0, 1, 3, 7 and 10 days of incubation, individual coupons were 
removed, rinsed with 20 ml sterile distilled water and biofilm cells were detached, as described 
previously (Study 1).  Appropriate dilutions were surface plated onto TSA (total bacterial counts; 
25°C for 48 h), and TSA + rif (E. coli O157:H7 populations; 35°C for 24 h). Similarly, cells 
suspended in the beef fat-lean tissue homogenate were also enumerated. Also, pH measurements of 
the substrate were taken after plate culture on each analysis day. 
 
Statistical analysis.  Experiments were repeated twice with three samples analyzed at each sampling 
interval.  Microbial counts were transformed into logarithms before means and standard deviations 
were computed, and counts were reported in terms of log CFU/cm2, for attached cells, and log 
CFU/ml, for cells in suspension.  Data analysis was performed using the GLIMMIX (generalized linear 
mixed model) procedure of SAS v9.1.  Least square means were calculated and separated by the 
least significant difference procedure at a significance level of 95%. 
 
Study 8:  Development and strength of attachment of E. coli O157:H7 biofilms under static and fluid 
flow conditions 
This study was conducted to determine the growth and strength of attachment of biofilm cells to 
stainless steel coupons, inoculated using two different methods, during incubation under static and 
fluid flow conditions, in 10-fold diluted tryptic soy broth (pH 5.80; to simulate the pH of meat) at 
15°C. 
 
Inoculum preparation and inoculation.  A 5-strain composite of E. coli O157:H7 was used in 
this study, specifically, E.  coli O157:H7 ATCC 43889, ATCC 43894, ATCC 51658, ATCC  
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3895/ISEHGFP, and EO-139. The strains were activated and subcultured in 10 ml of TSB (35°C, 24 
h).   
 
Microbiological analysis.   At time intervals of 0, 0.25, 0.5, 1, 2, and 4 days incubation, coupons 
were analyzed for loosely attached and firmly attached cells. At each sampling interval for each 
treatment, 1 coupon was rinsed twice with 10 ml sterile distilled water to remove unattached cells 
and then placed in 85 ml centrifuge tubes (Oakridge) containing 40 ml MRD.  
 
Statistical analysis.  Experiments were repeated twice with three samples analyzed at each sampling 
interval. Microbial counts were transformed into logarithms before statistical analysis was 
performed.  Attached cell counts were reported as log CFU/cm2 and planktonic (i.e., cells in 
suspension) cell counts as log CFU/ml. To calculate the total cell count (log CFU/cm2), the loosely 
attached (CFU/cm2) cell counts were added to the firmly attached (CFU/cm2) counts before 
logarithm transformation. The strength of attachment (Sr) was calculated by subtracting the loosely 
attached cell count from the total cell count.  A complete factorial design ([fluid flow, static] × [0, 
0.25, 0.5, 1, 2 and 4 days] × [Inoculation A, Inoculation B]) was used in the PROC Mixed program of 
SAS v9.1. Up to a three-way interaction of main effects was analyzed in the model. Interactions that 
were not significant (P>0.05) were removed from the model before final analysis. All means for two-
way interactions are reported as least squares means, computed in SAS, averaged over the third 
variable. Standard deviations of two-way interactions are computed from the standard error reported 
in the PROC Mixed output of SAS. Mean separation of significant interactions of main effects was 
performed using pairwise t-test comparisons of least squares means with significance set at P<0.05. 
 
Study 9: Development of E. coli O157:H7 biofilms in carcass spray washings, and the effect of 
natural flora on biofilm formation 
Study 8 was performed in 10-fold diluted TSB to mimic the nutrient content of substrates found in 
the processing environment. However, to make these experiments more applicable to the industry, 
these studies should be performed in substrates found in the beef processing environment, such as 
carcass spray washings. One significant drawback to using these washings is the high microbial load 
that they can carry. The interaction of the natural flora with the E. coli O157:H7 inoculum can affect 
biofilm formation by the pathogen. Therefore, an experiment was performed where the natural flora 
were inactivated by autoclaving or removed by filtration from the carcass spray washings (1:1 ratio of 
washings from the hot and cold spray cabinet of a beef packing plant) so that only the nutritional 
value of these substrates would influence biofilm formation of E. coli O157:H7.  
 
Preparation of beef decontamination washings.  Cold (45°C) and hot (82°C) spray carcass 
decontamination washings were collected (10 L) from the respective spray cabinets from a local 
packing plant. Washings were separately stored at -20°C in 500 ml aliquots until needed. Before 
use, cold and hot spray washings were thawed for 24 h at 4°C and combined in a 1:1 ratio. Natural 
flora in combined washings were inactivated by autoclaving or removed through the use of filtration.   
 
Microbiological analysis.  On day-4 of incubation, coupons were removed, washed twice with 10 ml 
sterile distilled water and analyzed for attached total bacterial populations and E. coli O157:H7 as 
described in Study 1.  
 
Statistical analysis.  Experiments were repeated twice with three samples analyzed for each 
substrate.   Microbial   counts   were   transformed   into   logarithms   before   statistical   analysis   
was   performed. Substrate was analyzed as a single factor, with four levels (10-fold diluted 
TSB; washings, autoclaved; washings, filter-sterilized; washings, non-sterilized) ANOVA using 
the PROC Mixed program of SAS v9.1.  Mean separation was performed using pairwise t-test 
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comparisons of least squares means. Statistically significant differences were set at P<0.05 level. 
 
Study10:  Effect of natural flora and fluid flow on biofilm formation by E. coli O157:H7 on stainless 
steel surfaces in beef grinding residues 
This study was conducted to analyze the effect of natural flora and fluid flow on attachment and 
biofilm formation of E.  coli O157:H7 on stainless steel surfaces submerged in residues typically 
found in beef processing plants. 
 
Preparation of beef grinding residues.  Beef-grinding residues were collected in the Meat Science 
Laboratory, Department of Animal Sciences at Colorado State University to mimic residues found in 
beef processing plants. Following grinding of 200 lbs of beef (20% fat) and before cleaning, 4 L of 
sterile distilled water was deposited into the grinder. The grinder was switched on and the residues 
were collected in a sterile carboy as they came out the grinding port.  To remove large particles of 
organic material, the beef-grinding residues (BGR) were passed through cheese cloth, then 
distributed into sterile 500 ml bottles and stored at -20°C until needed.  
 
Inoculum preparation and inoculation.  Five of the rifampicin-resistant E.  coli O157:H7 strains (listed 
in Study 1) were used to prepare the inoculum, to allow tracking of the inoculum in BGR without 
interference from natural spoilage contamination. The five strains included E.  coli O157:H7 ATCC 
51657, ATCC 51658, ATCC  43895/ISEHGFP, F284, and F469. Strains were activated and 
subcultured (35°C, 24 h) in TSB + rif, and then combined and diluted 1:10,000 as in Study 8.  
 
Microbiological and pH analyses. At time intervals 0, 1, 2 and 4 days, coupons were removed and 
analyzed for loosely and strongly attached cells, as described in Study 8. Total bacterial and E.  coli 
O157:H7 populations were enumerated on TSA and TSA + rif, respectively. Also, pH measurements 
(Denver Instruments) of the substrates were taken at each analysis time. 
 
Fat extraction from FSBGR and BGR.  Soni et al. (2008) reported that fatty acids affected the 
attachment of generic E.  coli to polystyrene.  Given that fat may have affected E. coli O157:H7 
biofilm development on stainless steel surfaces in our study, it was decided to test BGR and FSBGR 
for fat content.  The procedure followed was: 1 ml of FSBGR or BGR was added to 20 ml of a 
chloroform:methanol (2:1) mixture.   
 
Statistical analysis.  Experiments were repeated twice with three samples analyzed at each sampling 
interval. Total cell counts and strength of attachment (Sr) values were calculated as in Study 8. A 
complete factorial design ([fluid flow, static] × [0, 1, 2, 4 days] × [dTSB, FSBGR, BGR]) was analyzed 
in the PROC Mixed procedure of SAS v9.1.  Up to a three-way interaction of main effects was 
analyzed in the model.  Interactions that were not significant (P>0.05) were removed from the model 
before final analysis.  All means for two-way interactions are reported as least squares means, 
computed in SAS, averaged over the third variable. Standard deviations of two-way interactions are 
computed from the standard error reported in the PROC Mixed output of SAS.  Mean separation of 
significant interactions of main effects was performed using pairwise t-test comparisons of least 
squares means with significance set at P<0.05. 
 
Objective 2 
Study 11: Effectiveness of sanitizer treatments in removing E. coli O157:H7 biofilms formed on 
various food-contact surfaces 
This study was conducted to investigate the effectiveness of approved and non-approved 
food-contact sanitizers in removing attached E.  coli O157:H7 cells from biofilms formed on 
materials representative of food-contact surfaces encountered during beef fabrication 
processes. 
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Inoculum preparation and inoculation.  The six rifampicin-resistant strains described in Study 2 were 
used in this study.  Each strain was activated, subcultured and washed as previously described in 
Study 2. The six strain-cell pellet was resuspended in PBS (10 ml). Three food-contact surfaces (i.e., 
stainless steel, acetal and high density polyethylene) were inoculated by placing them between two 
pieces of inoculated beef fat (5 log CFU/cm2, 6-strain composite of E. coli O157:H7), under pressure 
for 30 min.   
 
Sanitizer treatments. After 12 h (day-0), 3 days, or 7 days, coupons of each material were removed 
from the substrate, rinsed with 20 ml sterile distilled water and then placed in water or various 
sanitizer solutions (Table 1) for 1 and 10 min.  Seven sanitizers were included in the study; acidified 
sodium chlorite ASC), sodium hypochlorite (SH), quaternary ammonium compound (QUAT), 
cetylpyrinidium chloride (CPC), peroxyacetic acid (PAA), peroxyacetic acid/octanoic acid mixture 
(PA/OA), and potassium peroxymonosulfate (PP).  All seven sanitizers were applied to 3-day biofilm 
cells at the highest and lowest concentrations recommended by the manufacturer (Table 1), and 
three of the seven sanitizers (SH, QUAT, PA/OA) were also applied at the same concentrations to day-
0 and day-7 biofilm cells. 
 
Microbiological analysis.  After 0 (no treatment), 1 or 10 min of exposure, coupons were immediately 
rinsed with 20 ml sterile distilled water, and placed in 85 ml centrifuge tubes (Oakridge) containing  
40  ml  Dey/Engley  neutralizing  broth  (Difco)  plus  10  glass  beads  (Kimble  Glass,  Inc.),  and 
vortexed at the highest setting for 2 min to dislodge biofilm cells. Immediately after vortexing, 
aliquots of appropriately diluted (0.1% BPW) samples were plated onto TSA, TSA + rif, and mSMAC + 
rif. Plates were incubated as indicated above, and colonies were enumerated. 
 
Statistical analysis.  Experiments were repeated twice with three samples analyzed per treatment. 
Microbial populations were transformed into log CFU/cm2 and least squares means were calculated 
using the analysis of variance in the general linear model of SAS v9.1. 
 
Objective 3  
Study 12:  Survival/growth of E. coli O157:H7 in ground beef cross-contaminated with biofilm and 
planktonic cells surviving exposure to sublethal sanitation 
This study was performed to evaluate the behavior of biofilm and planktonic cells of E.  coli O157:H7 
exposed to sublethal concentrations of various sanitizers and then inoculated into ground beef and 
stored at 4 or 12°C under aerobic or vacuum-packaged conditions. 
 
Inoculum preparation and inoculation. The six rifampicin-resistant E. coli O157:H7 strains previously 
described (Study 2) were used in this study. The strains were activated, subcultured and washed as 
before, and pelleted cells were resuspended in filter-sterilized (0.22 μm; Millipore) beef homogenate 
(1:10 dilution with sterile distilled water) (60 ml). Biofilm formation and microbiological analysis.  At 
0 and 7 days of incubation, levels of total bacterial and E. coli O157:H7 populations attached to the 
coupons and suspended in the beef homogenate were determined as described in Study 1.   
 
Preparation of sanitizers. The sanitizer solutions were prepared using sterile distilled water. 
Sanitizers and concentrations tested included: 
1. Sodium hypochlorite (SH; XY-12, Ecolab); 100 ppm (pH 8.75±0.04) 
2.  Quaternary ammonium compound (QUAT; Oasis 146 Multi Quat Sanitizer; Ecolab); 150 ppm (pH 
7.69±0.22) 
3. Peroxyacetic acid/octanoic acid mixture (Vortexx, Ecolab); 0.13% (pH 4.66±0.67). 
These concentrations were the minimum recommended concentrations by the 
manufacturer. 
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Exposure of biofilm-derived and planktonic cells to sanitizer treatment and inoculum preparation for 
contamination of ground beef.  On day-7 of storage (15°C) in the beef homogenate, individual acetal 
coupons bearing attached cells were removed from the substrate and immersed in 30 ml of sanitizer 
solution for 2 min for SH, and 1 min for QUAT and Vortexx. These exposure times were the minimum 
recommended exposure times by the manufacturer.  Detached cells were then concentrated by 
centrifugation (4,629×g, 4°C, 15 min) and used to inoculate ground beef. 
 
Inoculation of raw ground beef, storage and analysis. Concentrated biofilm-derived and planktonic 
cell suspensions of E. coli O157:H7 surviving sanitation treatments were appropriately diluted and 1 
ml was added to 1 kg of ground beef.   
 
Statistical analysis.  Experiments were repeated twice with three samples analyzed at each sampling 
interval.  The effects (P<0.05) of cell type (biofilm vs. planktonic), sanitizer (control, SH, Quat, 
Vortexx),  and  storage  day  (0,  3,  6  and  9  [aerobic  storage]  or  0, 5, 10, 15 and 20  [vacuum-
packaged storage]) on microbiological counts were analyzed individually and interactively. 
 
Study 13:  Thermal inactivation of biofilm-derived and planktonic cells of E. coli O157:H7 during 
cooking of ground beef 
The objective of this study was to compare thermal inactivation of biofilm-derived and planktonic 
cells of E. coli O157:H7 inoculated into ground beef treated with various ingredients and 
subsequently cooked to an internal temperature of 65°C (simulating medium-rare doneness of 
beef). 
 
Inoculum preparation and inoculation of coupons. E. coli O157:H7 ATCC 43895/ISEHGFP was 
activated and subcultured (35°C, 24 h) in 10 ml TSB. Cells were harvested and washed as 
previously (Study 1) described.  
 
Preparation of biofilm-derived and planktonic cell inocula.  Following 4 days incubation in the beef 
purge, coupons were rinsed with 10 ml sterile distilled water to remove loosely attached cells. 
Biofilm cells were detached as described in Study 1. The concentration of biofilm-derived cells was 
increased by combining the cells from five coupons.   
 
Ground beef treatments.  Biofilm and planktonic cells (2 ml) of E. coli O157:H7 were inoculated (4 
log CFU/g) into 200 g of ground beef, and mixed for 2 min using a bowl-lift stand mixer (KitchenAid). 
Inoculated ground beef samples were then mixed with following treatments for 2 min (speed setting 
of 2 on the bowl-lift stand mixer): 
(1) Control 
(2) CaCl2 (0.23%) 
(3) NaCl (0.5%) 
(4) CaCl2 (0.23%) + acetic acid (AA, 0.3%) 
(5) CaCl2 (0.23%) + NaCl (0.5%) + AA (0.3%) 
 
Samples (30 g) were extruded into tubes (2.5×10 cm) using a caulking gun (Facilities Maintenance, 
Colorado State University), and subsequently stored at 4°C overnight. 
 
Cooking of samples and microbiological analysis.  Ground beef samples were heated in a circulating 
water bath to an internal temperature of 65°C. The US Department of Agriculture Food 
Safety Inspection Service recommends a minimum internal temperature of 62.8°C for 
cooking of beef steaks (USDA/FSIS, 2003).  The chosen internal temperature of 65°C was 
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above the recommended temperature and corresponds to medium-rare cooking of the product.   
 
Measurements of pH and cooking loss.  The pH of the homogenate of each sample, after being 
plated, was measured using a digital pH meter with a glass electrode (Denver Instruments).  The 
weights of the treated and inoculated samples were measured before and after cooking to calculate 
cooking loss. 
 
Data analysis.  Three samples were analyzed per treatment.  Microbial counts were transformed to 
logarithms before means and standard deviations were computed. 
 
Objective 4 
Study 14:  The potential relationship between E. coli O157:H7 biofilm formation on various food 
contact surfaces submerged in beef carcass water decontamination runoff fluids, and quorum 
sensing 
The objective of this study was to evaluate the potential relationship between E.  coli O157:H7 
biofilm formation on various food-contact surfaces submerged in beef carcass water washings, and 
cell-to -cell communication (i.e., quorum sensing). 
 
Inoculum preparation and inoculation.  E.  coli O157:H7 86-24 (autoinducer-2 [AI-2]-based quorum 
sensing positive) and VS-94 (AI-2-based quorum sensing negative; mutant of E. coli O157:H7 86-24) 
were activated and subcultured in 10 ml TSB at 35°C for 24 h.  
 
Microbiological analyses.   During storage, total bacterial (TSA) and E.  coli O157:H7 (SMACct) 
populations suspended in the carcass washings and attached to the coupons were enumerated. 
Biofilms cells were detached from the coupons by first rinsing the coupons with 10 ml sterile distilled 
water (to remove loosely attached cells) and then transferring them to a tube containing 50 ml MRD 
and 10 glass beads.   
 
Statistical analysis.  Experiments were repeated twice with three samples analyzed at each sampling 
interval.  Bacterial populations were converted to log CFU/ml (planktonic population) or log CFU/cm2 
(biofilm population) before statistical analysis.  Cell counts for the storage time, incubation 
conditions (agitational, static), strains, and coupon surfaces (stainless steel, polyethylene, and 
acetal) were analyzed by the mixed model procedure of SAS v9.1. All mean comparisons were 
performed with the pairwise t-test at alpha=0.05. 
 
Study 15:  The potential relationship between E. coli O157:H7 biofilm formation on various food-
contact surfaces submerged in beef purge, and quorum sensing 
This study evaluated the potential relationship between E.  coli O157:H7 biofilm formation on various 
food-contact surfaces submerged in beef purge, and quorum sensing.  This study followed the exact 
same methodology as that of Study 14, with one exception:  the substrate used was beef purge 
instead of carcass washings.  The purge was diluted (70% purge and 30% sterile distilled) before 
use. 
 
Findings 

Results from these studies showed that: Nine strains of E. coli O157:H7 exhibited varying abilities to 
attach to stainless steel (0.4-3.5 log CFU/cm2). Initial attachment was not affected by inoculation 
method; however, the method of inoculation influenced how quickly maximum levels of attached 
populations were reached when surfaces were incubated (15°C) in tryptic soy broth. 
Pathogen counts on coupon surfaces after 10 days incubation at 15°C ranged from 3.2-7.8 
log CFU/cm2. Thus, a composite of strains with high initial attachment rates, and those 
which reach higher final populations should be used in subsequent investigations (Study 1). 
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After 96 h in diluted conveyor belt runoff fluids (15°C), E. coli O157:H7 was recovered from stainless 
steel and high density polyethylene coupons which were incubated under constant hydration or 
alternating hydrated and dry conditions (8 h hydrated, 16 h dry; repeat), but not from coupons 
incubated in the absence of fluid. Based on the results of this study, coupons were incubated under 
constant hydration to ensure optimal biofilm development (Study 2). In general, the level of E. coli 
O157:H7 attachment/transfer was greater on wet vs. dry surfaces when a liquid inoculum was used, 
but not when beef fat was used to transfer cells onto surfaces. More cells were recovered from fat- 
vs. liquid-inoculated coupons (2.4 vs. 1.7 log CFU/cm2). Attachment rates between surface materials 
were different (dry, stainless steel>polypropylene=high density polyethylene=acetal; preconditioned, 
stainless steel=polypropylene=high density polyethylene>acetal) when materials were inoculated 
with a liquid cell suspension, but not when inoculated with beef fat. These results suggested that 
using beef fat to inoculate coupons is the more superior method), and that fat level may enhance 
bacterial cell attachment on surfaces (Study 3). Incubation in beef fat homogenate was conducive to 
the growth of E. coli O157:H7 attached to stainless steel, acetal, polypropylene and high density 
polyethylene, while the fluid runoff collected from fabrication floor conveyor belts reduced microbial 
populations during storage (16 days, 15°C). In general, differences in pathogen survival/growth 
between surface materials were not apparent. After 5 days, microbial populations were higher on 
coupons which were semi-submerged in fluid (vs. fully-submerged), indicating the positive effect of 
an air-liquid interface on the development of E. coli O157:H7 biofilms on meat-contact surface 
materials (Study 4). Initial attachment of E. coli O157:H7 to stainless steel and high density 
polyethylene surfaces increased in order of ground beef> beef fat-lean tissue homogenate>tryptic 
soy broth, and attachment to stainless steel vs. high density polyethylene was not different. During 
storage (168 h) at 4 and 15°C, E. coli O157:H7 counts recovered on coupons increased by 0.9-2.0 
and 2.2-5.4 log CFU/cm2, respectively. Increases at 15°C were most likely a combination of 
additional cell attachment and the replication of already attached cells, while increases on surfaces 
stored at 4°C were only a function of additional attachment, as E. coli O157:H7 does not grow 4°C. 
As 15°C is a temperature that may be encountered in commercial beef fabrication floors, and it 
facilitated the attachment and growth of E. coli O157:H7 on contact surface materials, it was 
selected as the more optimal incubation temperature for subsequent studies (Study 5). E. coli 
O157:H7 attachment to coupons increased in order of beef fat>ground beef> beef fat-lean tissue 
homogenate>tryptic soy broth and no viable cells were recovered from inoculated conveyor belt 
runoff fluid, or conveyor belt runoff fluid-inoculated coupons. While post-inoculation pathogen 
populations increased on surfaces incubated in beef fat-lean tissue homogenate during storage (10 
days, 15°C), tryptic soy broth was the most conducive substrate for post-inoculation growth; post-
inoculation incubation in conveyor belt runoff fluids resulted in reduced microbial populations (Study 
6). Inoculated surfaces (stainless steel, acetal, polypropylene and high density polyethylene) 
incubated under static or fluid flow (agitation) conditions in beef fat-lean tissue homogenate, or 
under dry conditions, resulted in similar levels of attached cells after 10 days of incubation at 15°C 
(Study 7). Inoculation method affected the initial strength of attachment of E. coli O157:H7 to 
stainless steel surfaces. However, strength of attachment of the pathogen to the surfaces was not 
influenced by storage (4 days, 15°C) under static or fluid flow conditions in 10-fold diluted tryptic soy 
broth (Study 8). Similar levels of biofilm formation were obtained on stainless steel surfaces 
submerged in 10-fold diluted tryptic soy broth, autoclaved carcass spray washings (1:1 ratio of 
washings from the hot and cold spray cabinet of a beef packing plant), filter-sterilized washings, and 
non-sterilized washings following 4 days incubation at 15°C (Study 9). The presence of natural flora 
in beef grinding residues and incubation under fluid flow conditions decreased biofilm formation on 
stainless steel surfaces, as compared to biofilm formation in sterilized beef grinding residues and 
tryptic soy broth (Study 10). The strength of attachment of cells incubated in non-sterilized 
beef grinding residues was higher than that of cells incubated in filter-sterilized beef grinding 
residues or sterile 10-fold diluted tryptic soy broth. 
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Objective 2 
To address this objective, the factors indentified in objective 1 as those which optimized attachment 
and growth of E. coli O157:H7 on meat-contact surface materials were used to develop biofilms on 
stainless steel, acetal and high-density polyethylene coupons. Briefly, coupons were contaminated 
with inoculated beef fat and incubated (15°C, semi-submerged, constant hydration, static 
conditions) in fresh, unsterilized beef fat-lean tissue homogenate. The lowest and highest 
recommended concentrations (as described by manufacturers) of seven different sanitizers were 
applied to 3-day biofilm cells for 1 or 10 min. The seven sanitizers used were acidified sodium 
chlorite, sodium hypochlorite, a quaternary ammonium compound, cetylpyridinium chloride, 
peroxyacetic acid, peroxyacetic/octanoic acid, and potassium peroxymonosulfate. Sodium 
hypochlorite, the quaternary ammonium compound, and peroxyacetic/octanoic acid were also 
applied to 0-day (12 h) and 7-day biofilm cells (Study 11).  Results from this study showed that: 
Briefly, total aerobic bacteria and E. coli O157:H7 associated with beef fat-inoculated coupons were 
highly resistant to the concentrations of sanitizers used in this study. In general, 1 min exposures 
were ineffective (0.7 log CFU/cm2 reduction) against E. coli O157:H7 cells in biofilms, although 
efficacy increased with longer exposure times. Against 0-day (12 h) attached cells, sanitizer efficacy 
increased in order of peroxyacetic/octanoic acid > quaternary ammonium compound > sodium 
hypochlorite (reverse order of efficacy for quaternary ammonium compound and sodium hypochlorite 
against 7-day-old biofilm cells). Against 3-day-old biofilm cells, sanitizer efficacy increased in order of 
acidified sodium chlorite > peroxyacetic acid > peroxyacetic/octanoic acid > potassium 
peroxymonosulfate > cetylpyridinium chloride > sodium hypochlorite > quaternary ammonium 
compound. There were no significant interactions between individual sanitizers and types of surface 
materials. However, after 1 min exposures to sanitizing solutions or water control treatments, 
microbial populations on acetal coupons often experienced greater reductions than those on 
stainless steel or high-density polyethylene surfaces. 
 
Objective 3 
For this objective, a study was conducted to evaluate survival/growth of E. coli O157:H7 in ground 
beef cross-contaminated with biofilm- and planktonic-derived cells surviving exposure to sublethal 
sanitation. Briefly, acetal surfaces were inoculated with E. coli O157:H7 and incubated in sterile beef 
homogenate for 7 days at 15°C to allow for biofilm development. Following the storage period, cells 
attached to the surfaces (i.e., biofilm cells) and suspended in the substrates (i.e., planktonic cells) 
were subjected to one of three sanitizers (sodium hypochlorite, quaternary ammonium compound, or 
peroxyacetic/octanoic acid) at minimum manufacturer recommended concentrations and times. 
Bacterial survivors were concentrated and used to inoculate ground beef. The product was formed 
into patties and stored under aerobic or vacuum-packaged conditions at 4 or 12°C (Study 12).In an 
additional study, thermal inactivation of biofilm-derived and planktonic cells of E. coli O157:H7 
inoculated into ground beef treated with various ingredients (CaCl2, NaCl, CaCl2 + acetic acid, CaCl2 
+ NaCl + acetic acid) and subsequently cooked to an internal temperature of 65°C (simulating 
medium-rare doneness of beef) was compared (Study 13).Results from these studies showed that: 
Overall, the history of the inoculum (i.e., biofilm vs. planktonic cells, exposure to sublethal sanitation 
vs. no exposure to sublethal sanitation) did not affect subsequent survival/growth of E. coli O157:H7 
in ground beef stored aerobically or vacuum-packaged at 4 or 12°C. (Study 12). Thermal (65°C) 
inactivation was not different for biofilm-derived and planktonic cells of E. coli O157:H7 in ground 
beef formulated with CaCl2, NaCl, CaCl2 + acetic acid, and CaCl2 + NaCl + acetic acid (Study 13). 
 
 
Objective 4 
To address this objective, biofilm formation of E. coli O157:H7 86-24 (AI-2-based quorum 
sensing positive) and VS-94 (AI-2-based quorum sensing negative; mutant of E. coli 
O157:H7 86-24) on three food-contact surfaces (stainless steel, acetal, polypropylene and 
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high density polyethylene) suspended and stored (12 or 25°C) in beef carcass water washings or 
beef purge, statically or with agitation, were compared (Studies 14 and 15).  Results from these 
studies showed that: Overall, biofilm counts of E. coli O157:H7 86-54 (AI-2-positive) were not 
different than those of E. coli O157:H7 VS94 (AI-2-negative) on each of the surfaces during static or 
agitational incubation in carcass washings and beef purge stored at 12 or 25°C. Thus, under the 
conditions of this study, AI-2 based quorum sensing (cell-to -cell communication) did not influence 
biofilm formation. In carcass washings stored at 12°C, both E. coli O157:H7 strains formed more 
biofilm on all surfaces in samples incubated with agitation than those incubated statically (Study 
14). When beef purge was used as the substrate, no or very little biofilm formation was obtained for 
both E. coli O157:H7 strains during storage at 12 and 25°C and under both storage conditions; 
most likely due to the presence and rapid growth of natural contamination in the beef purge (Study 
15). 
 
Implications 
 
Selected findings indicated that fat provided better initial cell attachment/transfer to surfaces than 
lean or liquid materials; biofilm development was not different among stainless steel, acetal, 
polypropylene, and high density polyethylene surfaces; high levels of natural bacteria inhibited 
biofilm formation by E. coli O157:H7; cells attached to food-contact surfaces were resistant to 
sanitizers; survival/growth of E. coli O157:H7 in ground beef at 4 or 12°C was not different between 
biofilm and free cells and exposure of cells to sublethal sanitizer solutions; and cell-to -cell 
communication did not influence biofilms. The findings should be useful in efforts to control biofilms 
and enhance beef safety. 
 
Table 1. Sanitizers used in biofilm challenge studies. 
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Table 2. Counts (mean ±standard deviation: log CFU/cm2) of nine E. coli O157:H7 strains recovered with tryptic 
soy agar plus rifampicin (100 µg/ml), attached to stainless steele surfaxes during storage in tryptic soy broth 
(TSB) at 15°C under two inoculation scenarios.

 
 
Table 3. Counts (mean ±standard deviation: log CFU/ml) of nine E. coli O157:H7 strains recovered with tryptic 
soy agar plus rifampicin (100 µg/ml), suspended in tryptic soy broth (TSB) during storage at 15°C under two 
inoculation scenarios. 
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Table 4. The pH values (means±standard deviation) of tryptic soy broth (TSB) inoculated with E. coli O157:H7 
under two inoculation scenarios during storage at 15°C. 

 


