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Abstract: Monitoring and detecting pathogen-containing biofilms play a major role in controlling the spread
of foodborne disease. In comparison to 96-well plates, PDMS chips were found to yield considerably higher
biofilm content. An increase in the yield of biofilm was observed with both incubation time and cell density
added to PDMS chip using either biofilm colony forming  units (CFU) or crystal violet (CV) measurements at
595 nm. PDMS chip biofilm assay was successfully used to detect biofilm formation of different Foodborne
pathogens which in turn generated power equations (Y= 0.0068 x , Y= 0.0042 x , Y= 0.0045 x between0.416 0.433 0.438

biofilm CFU and CV reading of the biofilms that were obtained from Salmonella enteritidis, Listeria
monocytogenes and E. coli O157:H7 respectively. PDMS assay was visually used for detecting biofilm of
specific species or strains of pathogens. This chip can be successfully used for the quantitative detection of
biofilm-forming bacteria in environmental samples with the assessment of initial number of bacterial cells added
to the channels.

Key words:Biofilm-forming Bacteria  Foodborne pathogens  Crystal violet  Salmonella enteritidis
Listeria monocytogenes and E. coli O157:H7

INTRODUCTION products. Yearly estimated costs of foodborne illnesses

Biofilms are communities of microbial cells adhered to productivity. Biofilm formation is of particular concern in
a surface and encapsulated in an extracellular matrix which wastewater distribution systems and food industries [13].
varies greatly between microbes and is influenced by In many cases the growth of biofilms is detrimental [14]
growth conditions [1, 2]. In nature, biofilms provide an and can result in unwanted equipment failure and perhaps
environment that hides and protects pathogens [3] which plant shut down [15].
may have great impact on a variety of biomedical and Several strategies have been developed to prevent
industrial processes, including fluid transport, wastewater biofilm formation and to remove biofilms from surfaces
management, marine biofouling, food industry and [16]. Direct detection and monitoring of pathogen-
medical implants. For instance: Poor sanitation of food containing biofilms play a major role in controlling the
contact surfaces, equipment and processing spread of foodborne disease. Different techniques are
environments has been a contributing factor in food currently used to grow and study biofilms. One of the
borne disease outbreaks [4], especially those involving most common techniques is 96-well plates [17- 20] which
Listeria monocytogenes [5, 6], Salmonella [7] and E. coli make it possible to analyze biofilm growth in static
O157:H7 [8]. Biofilms were formed on different materials conditions. These plates have been used solely to
that are associated with  food  processing  environment qualitatively analyze biofilms grown in the microtiter wells
by different food pathogens  such as L. monocytogenes using Crystal Violet (CV) or quantitatively determine
[9, 10, 5], Salmonella spp. [11] and E. coli O157:H7 [8, 12]. Colony Forming Units (CFU) of the biofilm after scraping
The Centers for Disease Control and Prevention (CDC) it from the well surfaces. This represents only the initial
estimates that more than 76 million people suffer step in the process of biofilm development [21]. It is
foodborne illnesses each year in the U.S. in part due to batch-culture methods which are relatively simple to set
biofilms, organized colonies of resistant bacteria, on food up but they provide poor reproducibility, which makes it

are 5 to 6 billion dollars in direct medical expenses and lost
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difficult to compare data between experiments [22, 23]. allow the photoresist to planerize. A soft bake was then
Furthermore, imaging measurements of biofilms are not performed by: ramp-heated the mold from 50°C to 95°C at
compatible with 96-well plates (e.g., confocal microscopy 2°C/min  for a period of 23 min and then held at 95°C for 6
and scanning electron microscopy), making it difficult to min. The photomask was placed in direct contact with the
study mid- and late-stages of biofilm development (i.e., SU-8 for the photolithography procedure. The SU-8 spin-
maturation and dispersion). Moreover, cellular growth coated substrate was then exposed to UV-light in an
rates and final cell densities did not correlate with biofilm exposure chamber for 45 seconds. For the post-exposure
formation in 96-well plates [17]. bake: the mold was ramp-heated from 50°C to 95°C at

It has been noted that currently available methods for 2°C/min for 23 min and then held at 95°C for 6 min. The
developing and studying biofilms do not provide SU-8 developer was used to remove any unexposed SU-8
reproducible, parallel biofilms in large numbers for from the substrate. The mold was developed for 6 min
comparative analysis and high-throughput while being agitated at 150 rpm and then rinsed with
experimentation. This work demonstrates a PDMS chip isopropyl alcohol.
assay for monitoring biofilm growth and may eventually PDMS Chip Fabrication: Polydimethylsiloxane
open new doors for studying different environmental (PDMS) was thoroughly mixed 10:1 by weight with a
factors that influence biofilm development, in which the silicone elastomer curing agent and poured onto the
device can be easily used to address particular fabricated mold. The PDMS was degassed in vacuum for
experimental needs. It is a simple, easy-to-use and five min and then the chamber was vented. The PDMS
inexpensive quantitative assay for biofilm forming- was baked at 90°C for 45 min. After curing, the PDMS chip
bacteria. was removed from the mold (Figure 1).

MATERIALS AND METHODS Microorganism  Cultivation:   Salmonella  enteritidis

Fabrication of the PDMS Chip: A mini-fluidic chip was O157:H7 strain C9490 (obtained as a gift from the
fabricated from Polydimethylsiloxane (PDMS) with the use department of Cell and Molecular biology, University of
of a reusable master mold. The mold (Figure 1) was Rhode Island) were routinely grown in 50 ml of Tryptic
created with the aid of a photomask designed in-house Soy Broth (Difco, Detroit, MI)) plus 0.5 % glucose (TSB )
and used to fabricate mini channel chips. at  37°C in  250 ml  baffled  flasks  with rotary agitation

Mold Fabrication: Clean glass or silicone substrate was were  harvested  by  centrifuging  broth   cultures at
prepared in Piranha solution (3 parts Sulfuric acid H SO 13000 g for 10 min at 4°C. Pellets were resuspended in2 4

and 7 parts Hydrogen Peroxide H O ) and then dried sterile  saline,  pelleted again and the concentration of2 2

thoroughly at 120°C for 30 min. The SU-8 coated glass cells adjusted as required by re-suspending in either
resulted from the following: 4 ml of Epoxy-based SU-8 saline  or  TSB  as  needed.  Cell densities were
photo resist was spin-coated at 300 rpm with an determined using plate counts with Tryptic Soy Agar
acceleration of 83 rpm/s for 10 seconds and then to 3000 (TSA)  and the corresponding absorbance at 600 nm
rpm at 415 rpm/s for 30 seconds. The SU-8 coated glass using Biophotometer Eppendorf AG (Hamburg,
then rested on a perfectly level surface for 20 minutes to Grermany).

strain 13076, Listeria monocytogenes Scott A and E. coli

+

(200 rpm). Exponentially growing cells (~1x10 cells/ml)9

+

Fig. 1: Schematic of PDMS biofilm formation assay PDMS chip fabricated using soft lithography
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The Effect of Incubation Time on Biofilm Formation: The one group for the CFU determination and the second
PDMS chip was rinsed with 95 % Ethanol three times and group for Crystal Violet (CV) staining assessment as
aseptically air dried at 37°C. To study the effect of mentioned above. The PDMS biofilm assay was
incubation time on biofilm formation for each bacteria, a performed in triplicate, means and standard errors were
cell suspension of 1x 10  in 200 µl TSB  was introduced to calculated for all repetitions of the experiments.5 +

PDMS channels and incubated at 37°C for different time
intervals (0, 2, 4, 6, 10, 14, 18, 22 and 26 h). The PDMS Microtiter Plate (MTP) Biofilm Assay: Microtiter plates
chips were divided into two groups: one group for the (96-well) (Becton Dickinson Labware, Franklin Lakes, N.J.)
CFU determination of the biofilm using plate counts and were rinsed in 95 % ethanol and air dried before use.
the second group for Crystal Violet (CV) staining Volumes  of  0.2 ml from each bacterial cell suspensions
assessment. Each group was made in triplicates and (1 x 10 cells/ml) were transferred into microtiter plate
incubated for 14 h. To ensure that the contents of the wells. Plates were incubated overnight at 37°C in sterile
PDMS channels did not dry up during the incubation, plastic boxes as described earlier. Inoculated plates were
each were placed in the upper shelf of plastic boxes, divided into two groups; one group to be stained with CV
designed for 1 ml automatic pipette tips that were partly and the second group for CFU measurements. Controls
filled with 5 ml d-water. Controls were conducted by were conducted by adding 0.2 ml of TSB into three wells.
adding just 0.2 ml of sterile TSB to the channels. After the After the incubation periods were complete, medium was+

incubation periods were completed, the medium was removed from each microtiter plate well, washed three
removed from each PDMS channel and washed three times with 0.2 ml sterile saline to remove loosely
times with 0.2 ml sterile saline to remove loosely associated bacteria. For the CFU determination: The
associated bacteria. For the CFU determination, the biofilm was physically scrapped from the surfaces of the
biofilm was physically scraped from the inner surfaces of wells using a sterile spatula in sterile saline three times
the channels in sterile saline, using a sterile spatula and and collected in 1.5 ml eppendorf tubes. Serial dilutions of
then collected in 1.5 ml Eppendorf tubes. The resulting biofilm suspensions were prepared in sterile saline and
biofilm suspensions were used to prepare different serial then 0.1 ml was plated on TSA. Plates were incubated
dilutions in sterile saline and then 0.1 ml was smeared overnight at 37°C and then the number of colonies was
onto TSA plates. Plates were incubated overnight at 37°C counted. For the CV staining group: The plates were air
for the determination of CFU. For the CV staining, PDMS dried for 45 min and each well was stained with 150 µl of
channels of the second group were air dried for 45 min 1 % crystal violet solution in water for 45 min. After
and then stained with 150 µl of 1 % crystal violet solution staining, plates were washed with sterile distilled water
in water for 45 min at room temperature. After staining, three times. At this point, biofilms were visible as purple
channels were washed with sterile distilled water three rings formed on the sides of each well. The quantitative
times. At this point, biofilms were visible as purple layers analysis of biofilm production was performed by adding
formed on the sides of each channel (Figure 2). The 220 µl of 95 % ethanol to de-stain the wells. Two hundred
quantitative analysis of biofilm production was performed microliters from each well was transferred to a new
by adding 220 µl of 95 % ethanol to de-stain the biofilm. microtiter  plate and  the  absorbance  was measured at
Two hundred microliters from each well was transferred to 595 nm as described above. The microtiter plate biofilm
a new microtiter plate and the absorbance of the crystal assay (MTP) was performed in triplicate for each
violet present in the de-staining solution was measured at bacterium and the averages and standard errors were
595 nm using Spectra Max 340 (Molecular Devices, calculated.
Sunnyvale, CA).

Fluorescence Imaging of Biofilm Formation: Cell
The Effect of Initial Cell Density on Biofilm Formation: suspensions of 1 x 10  cells/ml prepared in 200 µl TSB
To study the effect of initial cell concentration on biofilm were aseptically added to different PDMS channels as
formation, Different concentrations of each strain (0, 10, described above and then incubated at 37°C for 14h. After
50, 1 x 10 , 5 x 10 , 1 x 10 , 2 x 10 , 4 x 10 , 6 x 10  and 1 x 10 ) the incubation period was complete, the medium was2 2 3 3 3 3 4

prepared in 200 µl TSB  were aseptically added to the removed from each PDMS channel and washed three+

PDMS  channels  as  described  above.  The  PDMS chips times with 0.2 ml sterile saline to remove loosely
were divided into two groups as previously described: associated bacteria. BacTrace Anti-Escherichia coli

5

3



World Appl. Sci. J., 13 (8): 1800-1806, 2011

1803

O157:H7 Antibody, FITC labeled, BacTrace Anti-Listeria,
genus specific Antibody, FITC labeled and BacTrace
Anti-Salmonella, CSA-1 Antibody, FITC labeled were
obtaind from KPL,Inc. Gaithersburg, Maryland and
prepared in PBS buffer. Antibodies were diluted to (1-64)
and then 150 µl was added to each channel. Channels
were incubated for 60 min at 37°C. After the incubation
period was complete, channels were emptied from the
antibodies and washed three times with sterile distilled
water. Channels were examined under EpiFluorescence
microscope using 20x lens. 

RESULTS AND DISCUSSION Fig. 3: Biofilm assessment using biofilm CFU

Effect of Incubation Time on Biofilm Formation using different methods: MTP and PDMS chip
Assessment: When a cell suspension of 1x 10  in TSB A cell density of 1 x1 10  suspended in 0.2 ml of TSB5

media was introduced to the PDMS channels, a media was added into each PDMS channel or 96-well plate
proportional  increase  in the yield of biofilm measured by (MTP). PDMS chip was incubated at 37°C for different
both the CV method (Figure 2) and CFU method (Figure 3) time intervals and then biofilm was physically scraped off
was observed with the increase of incubation periods at the surface in saline after the removal of planktonic
37°C and then become steady after 22 hours of bacteria. Biofilm was collected in 1.5ml sterile Eppendorf
incubation. vial and serial dilutions were smeared into TSA plates.

Fig. 2: Biofilm assessment measured by crystal violet at adsorption of hydrophobic targets such as bacterial cells
different incubation time intervals using different and uniformly distribute them along the larger surface area
methods: MTP and PDMS chip of the channels. A biofilm forms when bacterial cells

A cell density of 1x 10  suspended in 0.2 ml of TSB adhere to conditioned surfaces and excrete an5

media was added into each PDMS channel or 96-well plate exopolysaccharide (EPS), or glue-like substance that can
(MTP). PDMS chip was incubated at 37°C for different anchor them to all kinds of material, such as metals,
time intervals and then planktonic bacteria were washed plastics, soil particles, medical implant materials and
off. Biofilm was air dried followed by adding 1% CV tissues [25]. Biofilm-formation is also influenced by cell
solution, incubated for 45 min and then subsequently surface properties including the presence of capsules,
rinsed away. Ethanol was then added to destain crystal fimbriae and cell surface hydrophobicity [25] which is
violet that remained in the system and associated with based on compounds associated with the outer
bacterial cells and then 0.2-ml was transferred to a new membrane, including lipopolysaccharides, lipoproteins,
microtiter well. Reading was taken at 595 nm using Spectra lipoteichoic acid and lipomannan. Some bacteria can also
Max 340. Data values represent the means of triplicate excrete substances before or after attachment, which
assays increase hydrophobicity of the cell surfaces [26].

measurement at different incubation time intervals

5

Data values represent the means of triplicate assays

Less smoothed curves were obtained when the same
experiments  were performed in 96-well plates (Figure 2
and  Figure  3)  showing  a  poor correlation with varying
incubation times. In addition, the yield of biofilm obtained
from the PDMS channels was obviously higher than
biofilm obtained from 96-well plates with all the bacteria
under studies. This may be due to the large surface area
available for biofilm-formation in PDMS or potentially with
the hydrophobic characteristic of the PDMS external
surfaces [24]. This surface chemistry may lead to
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Fig. 4: Biofilm assessments as a result of varying cell Visual Detectionof Biofilm Formation: Biofilm formation
density introduced to the PDMS chip was visually detected using either crystal violet or

Different number of cells prepared in TSB was fluorescent-antibody labeled. Figure 6. A, shows a digital
subjected into the PDMS channels and incubated for 14 image of the Crystal Violet, which is associated with
hours at 37°C. Biofilm was measured with the use of both bacteria in the biofilm after de-staining the biofilm with
CV assay as described above in legend to Fig. 2 and CFU ethanol. Fluorescent imaging was successfully obtained
as described in legend to Figure 3 under EpiFluorescence microscope (Figure 6. B) for the

Fig. 5: Relationship between number of cells in biofilm
and the corresponding data of crystal violet
measurement

Different number of cells prepared in TSB was
subjected into the PDMS channels and incubated as
mentioned in Figure 4. Data values represent the means of
triplicate assays Fig. 6: Visual detection of biofilm formation

The Effect of Initial Cell Density on Biofilm Formation: A, shows a digital image of the biofilm treated with
A proportional increase in biofilm yield was observed with crystal  violet  and  then  distained  as  mentioned in
the increase in cell densities (10, 50, 100, 1000, 2000, 4000, Figure 2. B, Fluorescent imaging was successfully
6000, 10000 cells) introduced to the channels as shown in obtained from the biofilms that was obtained from a cell
Figure 4 indicating that a PDMS chip can be a useful tool suspensions  of 1 x 10  cells/ml and then incubated at
for quantitatively monitoring biofilm development under 37°C for 14h. The medium was removed and channels
static conditions, using either CFU counts or CV were washed three times in sterile saline followed by
measurements at 595 nm. It is of interest to notice that the adding Anti-Escherichia coli O157:H7, FITC labeled,
yield of biofilm that varies with different kinds of bacteria; Anti-Listeria,  genus  specific Antibody, FITC labeled

the highest yield was obtained from Salmonella
enteritidis followed by Listeria monocytogenes and then
E. coli O157:H7 (Figure 5). The Power curve was found to
be a good key concept for understanding the relationship
between biofilm colony forming units and crystal violet
reading of biofilms in PDMS chips, which in turn
generated power equations (Y= 0.0068 x , Y= 0.00420.416

x , Y= 0.0045 x  and Correlation Coefficients (R ) of0.433 0.438 2

0.9945,  0.9703, 0.9798 with Salmonella enteritidis,
Listeria monocytogenes and E. coli O157:H7 respectively
(Figure 5).

detection of biofilm that was obtained from each bacteria
with the use of Escherichia coli O157:H7 Antibody, FITC
labeled, Listeria, genus specific Antibody, FITC labeled
and Salmonella, CSA-1 Antibody, FITC labeled. These
images showed that a PDMS biofilm assay is easier and
convenient since it can be detected by the naked eye.

3
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and Anti-Salmonella, CSA-1 Antibody, FITC labeled. 8. Stopforth,   J.D.,    P.N.    Skandamis,   L.V.  Ashton,
Channels were incubated for 60 min at 37°C and then I. Geornaras, P.A. Kendall, K.E. Belk, J.A. Scanga,
channels  were  emptied  from  the  antibodies  and G.C. Smithm and J.N. Sofos, 2006. Impact of inoculum
washed three times with sterile distilled water. Channels preparation and storage conditions on the response
were examined under EpiFluorescence microscope using of Escherichia coli O157:H7 populations to
20x lens undercooking and simulated exposure to gastric
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