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Antibiofilm Effect of Poly(Vinyl Alcohol-
co-Ethylene) Halamine Film against
Listeria innocua and Escherichia coli
O157:H7

Andrea Cossu,a Yang Si,b Gang Sun,b Nitin Nitina,c

Department of Food Science and Technology, University of California, Davis, Davis, California, USAa; Division of
Textile and Clothing, University of California, Davis, Davis, California, USAb; Department of Biological and
Agricultural Engineering, University of California, Davis, Davis, California, USAc

ABSTRACT Bacterial biofilm formation is linked to several infections and foodborne
disease outbreaks. To address this challenge, there is an unmet need to develop re-
chargeable antimicrobial materials that can provide continuous sanitation of contact
surfaces, especially in the food industry. This study was aimed at evaluating a novel re-
chargeable antimicrobial polymer formed using poly(vinyl alcohol-co-ethylene) (PVA-co-
PE) with halamine functionality to prevent biofilm formation with repeated exposure to
high loads of bacteria and organic content and also to aid in inactivation of preformed
biofilms upon contact with this novel material. The antibiofilm activity of this recharge-
able antimicrobial material was evaluated using a combination of fluorescence and
scanning electron microscopy techniques and biofilm metabolic activity analyses.
The results determined on the basis of imaging and metabolic activity measurements
demonstrated that halamine-functionalized polymer films significantly reduced Listeria
innocua and Escherichia coli O157:H7 biofilm formation. This novel polymeric material
maintained its antibiofilm activity with repeated cycles of extended exposure to high
levels of bacterial load. These polymeric films were recharged using bleach and cleaned
using mechanical sonication after each cycle of extended incubation with bacteria.
Halamine-functionalized polymeric material also exhibited significant antibacterial activity
against preformed biofilms on a model surface. In summary, our results demonstrate the
potential of this antimicrobial material to provide continuous sanitation of surfaces and
applications for inactivating preformed biofilms without extensive use of resources, in-
cluding water and heat. This polymeric material may be used as a replacement for exist-
ing polymeric materials or as a coating on diverse materials.

IMPORTANCE Conventional sanitizers can have limited efficacy in inactivating biofilms
in areas with limited accessibility and buildup of organic biomass. Furthermore, none of
the current approaches provide continuous sanitation of surfaces. There is a significant
unmet need to develop and validate materials that can prevent biofilm formation as
well as inactivate preformed biofilms. In this study, the efficacy of a copolymer film con-
taining N-halamine against biofilms of L. innocua and E. coli O157:H7 was evaluated. The
polymer film showed strong inhibitory activity against pregrown biofilm or prevented
the growth of a new biofilm. The polymer film also maintained its antibiofilm activity af-
ter multiple cycles of exposure to high titers of bacterial load with recharging of the
polymer film using bleach at intermediate steps between the cycles. Overall, the results
demonstrate the potential of a novel antimicrobial material to inhibit and treat biofilms
in food industry applications.
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Foodborne pathogens are linked to several million illnesses and hundreds of deaths
each year in the United States alone (1). Biofilm formation has been suggested to

be one of the main sources for cross-contamination in the food industry (2). Conveyor
belts (3) and tanks and knives (4) are often identified as high-risk food contact surfaces
with respect to contamination of food products. Currently, the disinfection of surfaces
susceptible to biofilm contamination is carried out by employing conventional disin-
fectant agents such as sodium hypochlorite, sodium hydroxide, and benzalkonium
chloride after a certain period of contact with nonsterile environments. In some cases,
these conventional sanitizers can have limited efficacy for inactivation and eradication
of biofilms due to the complexity of biophysical environments such as areas with
limited accessibility and with buildup of organic biomass (5). Furthermore, none of the
current approaches provide continuous sanitation of surfaces to reduce buildup of
biofilms during the use of equipment and materials. Thus, there is a significant unmet
need to develop and validate materials that can prevent biofilm formation during use
as well as to inactivate preformed biofilms. Such materials can aid in both continuous
sanitation of materials during their use in food and nonfood environments and
improvement of current sanitation practices for inactivation and removal of biofilms.

Among diverse approaches designed to aid in sanitation and in reducing biofilm
formation, significant research effort has been made to develop antimicrobial surfaces.
In many of these approaches, antimicrobial functionalities are attached to or coated on
the surface of selected materials such as polymeric materials. The examples of these
antimicrobial functionalities include low-molecular-weight organic antimicrobials such
as nisin (6, 7) and halamines (8), antimicrobial coatings based on metal ions such as
copper and silver ions (9, 10), and coatings based on large biomacromolecules such
as lysozyme or chitosan coatings (11, 12). Among these different approaches, the
halamine-based antimicrobial coating is unique as the antimicrobial functionality can
be easily regenerated upon treatment with bleach and halamine functionality can be
introduced in diverse materials, including plastics (13) and metal surfaces (14), both in
the form of surface coating and integrated with the bulk polymeric material (15).

In a recent study, we developed a novel copolymer of poly(vinyl alcohol-co-
ethylene) (PVA-co-PE) with halamine functionality integrated within the polymer matrix
(16). Our initial tests performed with this material achieved 3 to 5 log CFU reductions
in the microbial plate count of planktonic cells in the presence of organic content
within an hour of incubation. The material also exhibited excellent mechanical prop-
erties such as long-term durability and optical transparency (16).

It is widely recognized that formation of biofilms can significantly increase the
antimicrobial resistance of bacterial cells and thus enhance the persistence of bacteria
in complex biofilm structures (17). Thus, such biofilms represent the leading cause of
cross-contamination of food and nonfood materials upon contact with contaminated
surfaces. The focus of this study was to evaluate the efficacy of the novel copolymer
film containing halamine against two bacterial biofilm models. The biofilms were
formed with the Gram-positive species Listeria innocua (as a surrogate for Listeria
monocytogenes) (18) and Gram-negative Escherichia coli strain O157:H7, which are two
representative pathogens responsible for a significant fraction of food-related disease
outbreaks originating from inanimate surfaces (19).

The efficacy of the antimicrobial material was evaluated based on inactivation of the
preformed biofilms as well as prevention of biofilm formation upon extended exposure
to target bacteria. The efficacy of the antimicrobial treatment was evaluated using a
combination of metabolic activity assays and multimodal microscopy. The multimodal
microscopy approach used was based on a combination of fluorescence microscopy
and scanning electron microscopy (SEM) to characterize macroscale (millimeter-scale)
and microscale (micrometer-scale) changes in biofilm ultrastructures. The ultrastructure
was measured using staining of the extracellular matrix by calcofluor and fluorescence
microscopy, and the ultrastructure was visualized using palladium coating of the fixed
biofilm slides and SEM. Furthermore, the results of this study were also used to evaluate
the rechargeability of the surface upon repeated exposure to biofilms. In summary, this
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study aimed to investigate the potential of this novel antimicrobial material to control,
prevent, and treat biofilms under conditions of repeated exposure to bacteria and their
biofilms. Successful demonstration of antimicrobial activity against preformed biofilms
and active sanitation of surfaces to prevent biofilm formation can lead to multiple
relevant applications in the food industry.

RESULTS
Assessment of biofilm formation on PVA-co-PE films by fluorescence micros-

copy. Figure 1 shows calcofluor staining of biofilms formed on the surface of control
(CTRL) or N-halamine-charged (HALA) films with three different thickness levels upon
extended exposure to L. innocua or E. coli O157:H7. Increasing the thickness levels of
the halamine-modified polymer corresponds to increasing total loading of activated
chlorine (approximately equivalent to 200 ppm/g) in these materials while maintaining
the same exposed surface for bacterial attachment. The imaging results reveal intense
fluorescence signal based on calcofluor staining that indicates the formation of bacte-
rial biofilm on the control surfaces. The mean fluorescence intensities corresponding to
staining of biofilm on three different thicknesses of the control polymer films were
81.29 � 5.93, 87.7 � 7.18, and 106.05 � 7.23 for L. innocua and 114.09 � 4.56, 99.17 �

16.54, and 99.98 � 15.91 for E. coli O157:H7. In the case of the halamine-modified films,
significant decreases in fluorescent intensity were observed. With increasing thickness
levels of the halamine films, the mean fluorescence intensities were reduced by
11.11-fold, 18.5-fold, and 374.69-fold for L. innocua and by 30.15-fold, 28.47-fold, and
79.71-fold for E. coli O157:H7 compared to the fluorescence intensity observed for the
CTRL films. These fold reductions indicate that neither a L. innocua biofilm nor an E. coli
O157:H7 biofilm was sufficiently able to grow on the modified surfaces after 1 day of

FIG 1 Fluorescence microscopy of bacterial biofilm growth on PVA-co-PE films. (A and B) Images show
calcofluor staining of L. innocua (A) and E. coli O157:H7 (B) biofilms after 24 h of biofilm growth on the
surface of control films (CTRL FILM; not charged) or N-halamine-charged films (HALA FILM) of 0.1-, 0.5-,
or 1-mm thickness. Bright field (BF) and fluorescence (FL) images are shown for each sample. (C) Images
of the 1-mm-thick films without biofilms and without calcofluor.
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continuous exposure. The reduction in fluorescence intensity increased with increases
in the thickness of the halamine films.

Metabolic activity of biofilm formed on PVA-co-PE films by resazurin reduction
assay. To complement fluorescence imaging measurements, the metabolic activity of
L. innocua and E. coli O157:H7 biofilms on both the CTRL and the HALA films with three
different thickness levels was measured using the resazurin assay after 1 day of biofilm
growth. The biofilm metabolic activity status on these selected control and halamine-
modified surfaces was assessed based on the time lag required to achieve peak
fluorescence intensity. The extent of time lag in this assay is related to the antimicrobial
properties of the selected surface for a biofilm. The results of this measurement (Fig. 2)
illustrate that the halamine-modified surface showed an increase in the time lag
required for the peak fluorescence intensity for all the selected thicknesses of the
polymer films. The time lag increased by at least 2 orders of magnitude compared to
the CTRL films for all halamine-modified films with a thickness of �0.5 mm (Fig. 2).

Antibiofilm properties of recharged HALA films with multiple cycles of biofilm
growth. One of the key distinct advantages of halamine-modified surfaces is the ability
to recharge the antimicrobial properties of the polymer surface upon exposure to
bleach. To demonstrate the recharging potential of halamine-modified surfaces with
repeated growth of biofilms on the polymer surfaces, this study evaluated both the
metabolic activity of the biofilm and the structural properties. The metabolic activity in

FIG 2 Resazurin metabolic activity assay of bacterial biofilm on PVA-co-PE films. Graphs show the fluorescent intensity curves of
resazurin reduction as a function of the time (in minutes) for L. innocua biofilms grown on CTRL (blue) or HALA (red) films of 0.1
(A)-, 0.5 (B)-, and 1 (C)-mm thickness and E. coli O157:H7 biofilms grown on CTRL or HALA films of 0.1 (D)-, 0.5 (E)-, and 1 (F)-mm
thickness. Curves for HALA films without biofilm (green) are also shown. The numbers on the curves indicate the times (in minutes)
required to reach the peak fluorescence signal intensity corresponding to resazurin reduction.
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this part of the study was assessed based on the permeation and deesterification of
fluorescein diacetate (FDA) dye. This approach is more suitable for rapid analysis of
metabolic activity of biofilm than the resazurin assay, thus enabling repeat testing
of biofilm growth on the same substrate. The results demonstrated significant reduc-
tions in metabolic activity of L. innocua and E. coli biofilms with repeated growth of
biofilms on halamine-treated surfaces compared to control surfaces. In the case of L.
innocua, the biofilm activity was reduced to levels of 13.4% � 1.7%, 28.8% � 5.2%, and
25.3% � 6.1%, respectively, after the first, second, and third cycles of biofilm growth on
a halamine-modified surface with recharging of the polymer films after each cycle of
biofilm growth (Fig. 3).

E. coli O157:H7 biofilm activity was also reduced by 50% to 70% during the three
cycles of biofilm growth and recharging of the films (Fig. 3). The results showing the
reductions in metabolic activity in the repeated biofilm growth assay on a surface were
also validated using fluorescence staining as well as SEM imaging. The results of
fluorescence staining of the films after each cycle of growth of biofilm and recharging
of the polymer film surface with bleach demonstrate the lack of deposition of biofilm
on the halamine-modified surfaces compared to the control (Fig. 4). Similarly, the
results of SEM imaging reveal the lack of significant formation of biofilm after the 3
charging cycles of HALA films (Fig. 5).

Inhibition of the activity of biofilm on a plastic surface by contact with the
HALA film. The activity of biofilm grown on a polystyrene surface and treated by
contact with HALA film for 1 h was assessed based on the enzymatic activity assay using
FDA dye (Fig. 6). The results showed that for L. innocua biofilms, contact with CTRL films
of three different levels of thickness did not result in a significant reduction in the
enzymatic activity of the biofilm. With HALA films of 0.1-mm thickness, the enzymatic
activity of L. innocua biofilms was reduced to 20.6% � 2.78% of that seen with the
untreated biofilm. Similarly, contact with the HALA films with 0.5- and 1-mm thick-
nesses resulted in a reduction of over 90% in the enzymatic activity of L. innocua
biofilms. In the case of E. coli O157:H7 biofilms, treatment with 0.1-mm-thick HALA film
showed an approximately 20% reduction in enzymatic activity compared to the un-
treated control, while treatment with the 0.5- and 1-mm-thick HALA films reduced the

FIG 3 Antibiofilm properties of recharged HALA films with multiple cycles of biofilm growth assessed using
the FDA enzymatic activity assay. Graphs show the relative fluorescent intensities (expressed as percent-
ages) of the FDA deesterification product after 30 min of incubation to assess the enzymatic activity of
bacterial cells in a biofilm. These measurements were conducted for three cycles of L. innocua (left) and E.
coli O157:H7 (right) biofilm growth on CTRL (blue) or HALA (red) films of 1-mm thickness. The films were
recharged with bleach after each cycle and reinoculated to grow biofilms. Percentages were calculated
based on the fluorescence intensity corresponding to the enzymatic activity of the biofilm on the CTRL film
for each cycle. Curves for HALA films without biofilm (green) are also shown, to report the background
noise of the assay. Statistical significance was determined (*, P � 0.05; **, P � 0.01).
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enzymatic activity of the treated biofilms by approximately 75% compared to the
control.

The SEM imaging analysis of treated biofilms (Fig. 7) showed that L. innocua biofilm
on plastic surface was not affected by contact for 1 h with both the 0.1- and 1-mm-thick
CTRL films. Contact with HALA 0.1-mm-thick film and with 1-mm-thick HALA film did
not result in a morphological modification of the L. innocua biofilms. The SEM analysis

FIG 4 Fluorescence microscopy of bacterial biofilm growth on recharged HALA films with multiple cycles
of biofilm growth. The calcofluor staining of L. innocua (A) and E. coli O157:H7 (B) biofilms after 24 h of
biofilm growth on the surface of CTRL or recharged HALA film of 1-mm thickness is shown. Bright field
(BF) and fluorescence (FL) images are shown for each sample.

FIG 5 SEM images of bacterial biofilm growth on recharged HALA films with multiple cycles of biofilm
growth. The figure shows images of L. innocua (A) and E. coli O157:H7 (B) biofilms on the surface of CTRL
or recharged HALA film of 1-mm thickness.
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of E. coli O157:H7-treated biofilm showed similar results in the cases of the biofilm
contact with the 0.1- and 1-mm-thick CTRL films and with the HALA 0.1-mm-thick film,
which did not dramatically affect the biofilm morphology. However, in the case of the
E. coli O157:H7 biofilm in contact with the HALA 1-mm-thick film, the images showed
morphological changes in the biofilm but without a removal of the biofilm matrix after
washing steps were performed before fixation. In summary, these results demonstrate
that N-halamine-modified polymer films can effectively inactive bacteria in a biofilm
environment upon contact.

DISCUSSION

Using a combination of structural and biochemical approaches, this study demon-
strated efficacy of the HALA films for inhibition of biofilm formation. The extent of
inhibition was observed to be dependent on the overall thickness of the polymer film.
The films with thickness greater than 0.5 mm were significantly more effective in
reducing biofilm formation than films of 0.1-mm thickness. This trend indicates that
biofilm inhibitory activity is dependent on the total fraction of halamine groups in the
polymer film, including the modified groups on the surface as well as within the
polymer matrix. The bacteria can be quickly inactivated once they come in contact with
the HALA film and the active chlorine on the film surface is consumed. However, the
chlorine bonded inside the polymer film would be further slowly released according to
its dissociation mechanism and would be diffused to the surface to achieve an
extended contact-killing effect (20). This sustained action of release of chlorine would
also be enhanced by increasing the film thickness.

These results indicate that during charging of the films, the halamine groups present
on both the surface and the inner side of the polymer matrix can be charged with
chlorine. These activated chlorine molecules may be passively released from the inner
side of the film or may diffuse to the surface as a function of time. Previous studies have
already showed the efficacy of films containing halamine groups against bacterial
biofilm in polyester paints (21) or against the biofilm growth of bacteria and fungi in
polyurethane polymer (22). In our study, the PVA associate N-halamine showed similar
results in achieving an antimicrobial effect against biofilm. Fluorinated N-halamine has
already been shown to be poorly effective against bacteria, especially because of lack

FIG 6 Inhibition of the enzymatic activity of biofilm on a plastic surface by contact with HALA films. Graphs show the relative fluorescent
intensities (expressed as percentages) of the FDA deesterification product after 30 min of incubation of the L. innocua (left) and E. coli
O157:H7 (right) biofilms on a plastic surface upon contact with CTRL or HALA films of 3 different thickness levels (0.1, 0.5, and 1 mm) for
1 h. Percentages were calculated on the basis of the fluorescence intensity corresponding to the enzymatic activity of the biofilm on a
plastic surface not treated with any film contact. Statistically significant differences relative to the positive-control sample (BIO� FDA�)
were determined (**, P � 0.01).
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of compatibility with polymer matrices (23); for this reason, chlorinated N-halamine
polymers have been extensively used for antimicrobial purposes (24). The stability of
the N-halamine structure depends notably on the amine halamine structure in the
polymer, which has the lowest dissociation constant in water (20), thus implying the
good stability of the resultant HALA film (16). Further studies are needed to characterize
dynamics of halamine groups in the polymer films and their influence on the release of
chlorine. In summary, the results of this study demonstrate that films of greater
thickness (equal to or greater than 0.5 mm) can be more effective in reducing biofilm
formation.

Inhibition of biofilms can be assessed based on multiple biological parameters. In
this study, biofilm inhibition was characterized based on calcofluor staining and the
metabolic activity of the cells. Calcofluor staining indicates the presence of biofilm
matrix based on staining of glucans that have beta-glycosidic bonds (25). The results of
calcofluor staining were assessed based on wide-field fluorescence microscopy. Meta-
bolic activity indicates the presence of viable bacteria on the surface. This measurement
was based on reduction of resazurin or on intracellular uptake and activation of the FDA
dye in cells. The combination of fluorescence staining and metabolic activity assess-
ment can be a comprehensive approach to independently detect the presence of

FIG 7 SEM images of bacterial biofilm on a plastic surface after contact with HALA film. The figure shows
images of L. innocua (A) and E. coli O157:H7 (B) biofilms on a plastic surface after contact with CTRL or
HALA films of 0.1- and 1-mm thickness for 1 h. Insets show zoomed sections of the images.

Cossu et al. Applied and Environmental Microbiology

October 2017 Volume 83 Issue 19 e00975-17 aem.asm.org 8

http://aem.asm.org


biofilm matrix and of viable cells. This combination of approaches also enables us to
compare the relative sensitivities of the biochemical assays. The results of calcofluor
staining demonstrated the lack of presence of biofilm matrix on all the HALA-modified
films, while significant calcofluor staining was detected on the control films, indicating
the formation of biofilm matrix. This indicates that biofilm formation was significantly
reduced on HALA-modified films.

The results of the metabolic activity measurements indicate a similar trend for the
inhibition of biofilm growth in the case of HALA film compared to controls, but the
extent of inhibition was observed to be dependent on the thickness of the polymer
film. Together, these results indicate that even though biofilm matrix deposition is
significantly reduced by HALA films, certain fractions of bacterial cells can be viable on
HALA polymers with thickness less than 0.5 mm. These results also indicate the relative
differences in sensitivity of the biochemical assays in detecting the presence of viable
bacteria and the extracellular matrix.

Ability to inhibit biofilm formation during multiple cycles of use is a critical unmet
need. The key issues include the challenge of maintaining antimicrobial potential with
multiple recharging of the polymer films and inhibiting deposition of biopolymers that
can interfere with recharging of the polymer films as well as promoting binding and
deposition of microbes. Some recent studies have evaluated the potential of halamine-
based coatings to inhibit biofilm formation (26, 27); however, to the best of our
knowledge, none of the prior studies evaluated the efficacy of this approach with
multiple cycles of exposure to bacteria. This is a realistic simulation of the environmen-
tal conditions in food facilities where the contact surfaces are repeatedly exposed to
microbes and are repeatedly sanitized with bleach or other sanitizers. In previous
experiments performed with planktonic cells, HALA film of the type described in this
report was able to inactivate bacteria after multiple charging (16).

The results of this study demonstrate the significant potential of the HALA polymers
to inhibit the formation of biofilms under conditions of multiple cycles of exposure to
biofilm formation and recharging of the polymer films. We also observed that although
HALA polymers inhibited biofilm formation, the deposition of inactivated cells on the
polymer surface restricted recharging of the polymer films with bleach (data not
shown). This was expected, as the organic content of the inactivated cells can scavenge
bleach and can also inhibit the chargeability of the halamine groups on the polymer
surface. As already stated in the literature, bacterial cells in biofilm can be killed but not
removed by most disinfection procedures, potentially leading to recolonization of
surfaces (28). To overcome this limitation, sonication in the presence of surfactant (SDS)
was used before recharging of the polymer films. The efficacy of this mechanical
approach to remove cell debris was validated by SEM imaging. These results indicated
that the current design of HALA-modified films may need to be further modified with
polymer functionalities that reduce adhesion of biomass to the surface. In future work,
the effect of antibiofilm deposition would be enhanced also by the use of antifouling
components which might effectively reduce the bacterial attachment, as already
demonstrated in other studies (29–31).

The food process industry currently uses significant amounts of water and sanitizers
to inactivate and remove biofilms from contact surfaces. This leads to a significant
waste of water resources as well as contamination of discharge water with excessive
concentrations of sanitizers that can influence the ecosystem (32). This study evaluated
the potential of using HALA films for contact-mediated inhibition of preformed biofilms
on contact surfaces. Success in this approach would reduce the consumption of
resources, particularly of the water used for sanitation of food contact surfaces. The
results demonstrate that 1-mm-thick HALA film was able to achieve around 90%
inactivation of the metabolic activity of L. innocua biofilm and 70% inactivation of the
metabolic activity of E. coli O157:H7 biofilm. However, the biofilm structure was not
removed after the washing step before fixation. It is possible that mechanical agitation
approaches such as ultrasound or shear stress generated with circulation of water
without sanitizers may aid in further removal of the inactivated biofilms.
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The results of this study demonstrate a novel approach to prevent biofilm formation
upon exposure to high concentrations of bacteria for extended periods of time. Using
a combination of imaging and metabolic assays, the results illustrate that halamine-
functionalized polymer films with thickness greater than or equal to 0.5 mm can
effectively inhibit biofilm formation. The results also highlight the potential of this
approach to maintain continuous sanitation of contact surfaces upon repeated expo-
sure to bacteria. To maintain continuous sanitation, the halamine-functionalized poly-
mer films need to be cleaned using a mechanical method and recharged with bleach.
This study also demonstrated that halamine-functionalized polymer films can inactivate
bacterial cells within biofilms upon contact. Overall, the antibiofilm activity of these
novel polymeric materials is desirable for several applications in the food industry.

MATERIALS AND METHODS
Antimicrobial N-halamine films. An uncharged polymerized high-strength poly(vinyl alcohol-co-

ethylene) (PVA-co-PE) grafting film was prepared as previously described (16) in 3 different thicknesses
of 0.1, 0.5, and 1 mm and used as a negative-control (CTRL) film for the following experiments
examining antimicrobial activity. The CTRL films of different thicknesses were then chlorinated to achieve
a N-halamine-incorporated poly(vinyl alcohol-co-ethylene) (HALA) film as already described (16), assess-
ing a 200-ppm concentration of active chlorine per g of film for all the three type of films. The films were
then cut to form 1-by-1-cm samples and were used for the following antibacterial assays.

Bacterial cultures. A rifampin (RIF)-resistant induced Escherichia coli strain, O157:H7 (ATCC 700728;
ATCC, Manassas, VA) (33), was cultured in tryptic soy broth (TSB) (Sigma-Aldrich, St. Louis, MO, USA) with
RIF (50 �g/ml) and grown at 37°C at 150 rpm. A bacterial culture with an absorbance at 600 nm of 1.5
(7 � 108 CFU/ml assessed by plate count) was used for the further experiments. A RIF-resistant Listeria
innocua mutant (ATCC 33090; ATCC, Manassas, VA, USA) provided by Trevor Suslow’s laboratory
(University of California, Davis) was grown as described above until it reached a level of absorbance at
600 nm of 1.5 (1 � 109 CFU/ml assessed by plate count) and was used for the following experiments.

Biofilm growth inhibition assays on N-halamine-incorporated poly(vinyl alcohol-co-ethylene)
film. A 1-by-1-cm sample of film (CTRL or HALA film) representative of each of the three thicknesses was
inserted into a well of a sterile 24-well polystyrene plate (Corning, Corning, NY, USA). A culture of Listeria
innocua or E. coli O157:H7 was diluted to a final concentration of 1 � 107 CFU/ml in 10% (vol/vol)
water–1� M9 medium with minimal salts (Sigma-Aldrich, St. Louis, MO, USA)– 0.4% glucose (Fisher
Scientific, Hampton, NH, USA)– 0.4% tryptone (Sigma-Aldrich, St. Louis, MO, USA). The bacterial suspen-
sion was then aliquoted as a 1-ml volume for each well containing each film, and the film was allowed
to sink to the bottom of the well. The plate was then incubated for 24 h at room temperature under dark
conditions. The film was then recovered from the well and washed by 3 pulses of vortex mixing in 25 ml
of sterile phosphate-buffered saline (PBS) (USB Co. Ltd., Cleveland, OH, USA) to remove planktonic cells.

The washed film was then incubated in 1 ml of 1:100 calcofluor white stain (Sigma-Aldrich, St. Louis,
MO, USA)–water for 30 min under dark conditions at room temperature. After incubation, the film was
washed in 25 ml of PBS, positioned on a microscope slide, and covered by a coverslip glass. The slide
containing the film was observed on a fluorescence microscope (Olympus IX-7) to visualize with a 4�
objective the fluorescence images with DAPI (4=,6-diamidino-2-phenylindole) filters (excitation, 358 nm;
emission, 461 nm) using an exposure of 100-ms duration. Slides containing CTRL or HALA films
representative of all the three thicknesses tested were observed. Image intensity was quantified by
measuring the mean fluorescence intensity in the selected region of interest with NIH ImageJ software.
To avoid contributions from scattering of light at the edge of the films, the selected regions of interest
were 3 squares with a size of 250 �m2, with each on one corner of an equilateral triangle at the center
of the image frame.

Alternatively, the washed film with planktonic cells removed was inserted in a new sterile 24-well
polystyrene plate with the addition of 1 ml of TSB–50 �M resazurin sodium salt (Sigma-Aldrich, St. Louis,
MO, USA) to measure the metabolic activity of the biofilm formed on the film surface. The fluorescence
intensity of the solution was then recorded with readings every 5 min for 16 h at room temperature using
an excitation filter at 530 nm and an emission filter at 580 nm in a fluorescence reader (Spectrafluor Plus;
Tecan, Durham, NC, USA).

Biofilm inactivation assay by contact with N-halamine-incorporated poly(vinyl alcohol-co-
ethylene) film. Bacterial biofilms were preformed on plastic surface and then inactivated upon contact
with the HALA films. The culture of Listeria innocua or E. coli O157:H7 was diluted 1:100 in 1� M9 medium
with minimal salts (Sigma-Aldrich, St. Louis, MO, USA) with the addition of 0.4% glucose and 0.4%
tryptone, and 1 ml of each bacterial suspension was divided into aliquots, applied to the wells of a
24-well transparent polystyrene plate, and incubated at room temperature. The plate containing Listeria
innocua was incubated for 24 h in the dark. The plate containing E. coli O157:H7 was incubated for 3 days;
the medium was then removed, and 1 ml of fresh medium was divided into aliquots, applied to each
well, and allowed to incubate for an additional 3 days. After incubation, the medium in the plates
inoculated with Listeria innocua or E. coli O157:H7 was discarded and each well was washed twice with
2 ml of PBS. A 1-by-1-cm sample of each film was positioned on the bottom of each well containing the
bacterial biofilm and incubated in the dark at room temperature for 1 h. After incubation, the film was
carefully removed and discarded and the wells were washed once with 1 ml of PBS. The PBS was
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removed, and 1 ml of water containing 50 �M fluorescein diacetate (FDA) (Alfa Aesar, Ward Hill, MA, USA)
was divided into aliquots and applied to each well.

The enzymatic activity of bacterial esterases was assessed by the permeation and deesterification of
the nonfluorescent FDA to the fluorescent compound fluorescein. The plate was incubated for 30 min
inside a fluorescence reader to record the fluorescence signal intensity from each well with the use of an
excitation filter of 488 nm and an emission filter of 520 nm. Control experiments using biofilm without
incubation with films and control experiments using films on the bottom of the well without biofilm were
also carried out.

Recharging cycles of the N-halamine-incorporated poly(vinyl alcohol-co-ethylene) film. A
charged HALA film sample was incubated with Listeria innocua or E. coli O157:H7 in 10% (vol/vol)
water–1� M9 medium with minimal salts– 00.4% glucose– 0.4% tryptone for 24 h as previously de-
scribed. After washing, the film was incubated for 30 min with 1 ml of 50 �M FDA and the fluorescence
signal intensities were recorded as described above. Then, the film was washed twice in water and
incubated for 2 h in a volume of 20 ml with 1% NaOCl– 0.05% SDS (pH 5). In addition, the film was
subjected three times to 1 min of tip sonication using a Q55 sonicator (QSonica, Newtown, CT, USA) at
50% power before being washed twice in 50 ml water to remove the excess of NaOCl. The CTRL film was
incubated in a 0.05% SDS solution at pH 5 without chlorine added. After charging, the HALA film and the
CTRL film were placed on the wells of a 24-well polystyrene plate for incubation with Listeria innocua or
E. coli O157:H7 for additional biofilm growth of 24 h. The entire procedure was repeated three times to
achieve 3 cycles of biofilm growth assay/recharging of the HALA film.

Scanning electron microscopy (SEM) of biofilm after contact with N-halamine-incorporated
poly(vinyl alcohol-co-ethylene) film. Following contact treatment, the bottoms of the wells were
washed with PBS and removed from the plate, and the biofilm on the surface was fixed at 4°C overnight
with 2.5% glutaraldehyde–water. The following day, the plastic disks were soaked in 95% ethanol until
processing was performed with SEM fixation. Subsequently, the plastic disks were soaked in a 1% OsO4

solution for 30 min and washed three times with 95% ethanol. Finally, the disk samples were placed on
copper tape and coated with palladium prior to SEM analysis. The same fixation procedure was followed
for the HALA films with biofilm on their surfaces.

Statistical analysis. The means of results of triplicate biological experiments � standard deviations
are shown for data sets from the enzymatic activity assays. The Student t test from the GraphPad
software was used to assess the significance of differences between means of the data from coupled data
series or from the corresponding control at a confidence interval of 95% or 99%.
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