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ABSTRACT

Increasing consumer demand for microbiologically safer foods, greater convenience, smaller packages, and longer product
shelf life is forcing the industry to develop new food-processing, cooking, handling, and packaging strategies. Nonfluid ready-
to-eat foods are frequently exposed to postprocess surface contamination, leading to a reduction in shelf life. The food industry
has at its disposal a wide range of nonedible polypropylene- and polyethylene-basad packaging materials and various biode-
gradable protein- and polysaccharide-based edible films that can potentially serve as packaging materials. Research on the use
of edible films as packaging materials continues because of the potential for these films to enhance food quality, food safety,
and product shelf life. Besides acting as a barrier against mass diffusion (moisture, gases, and volatiles), edible films can serve
as carriers for a wide range of food additives, including flavoring agents, antioxidants, vitamins, and colorants. When anti-
microbial agents such as benzoic acid, sorbic acid, propionic acid, lactic acid, nisin, and lysozyme have been incorporated
into edible films, such films retarded surface growth of bacteria, yeasts, and molds on a wide range of products, including
meats and cheeses. Various antimicrobial edible films have been developed to minimize growth of spoilage and pathogenic
microorganisms, including Listeria monocytogenes, which may contaminate the surface of cooked ready-to-eat foods after
processing. Here, we review the various types of protein-based (wheat gluten, collagen, corn zein, soy, casein, and whey
protein), polysaccharide-bagd (cellulose, chitosan, alginate, starch, pectin, and dextrin), and lipid-based (waxes, acylglycerols,
and fatty acids) edible films and a wide range of antimicrobial agents that have been or could potentially be incorporated into
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such films during manufacture to enhance the safety and shelf life of ready-to-eat foods.

Quality, safety, and shelf life of ready-to-eat (RTE)
foods is dictated by the type and numbers of pathogenic
and spoilage bacteria present on the food surface. Approx-
imately two-thirds of all microbiologically related class I
recalls in the United States result from postprocessing con-
tamination during subsequent handling and packaging rath-
er than from underprocessing. Most of these recalls are
prompted by contamination with Listeria monocytogenes,
for which the United States has maintained its policy of
zero tolerance since 1985. From January 1998 to February
2003, over 130 Listeria-related class I recalls involving
more than 80 million pounds of cooked RTE meats were
issued (20). More than 35 million pounds of hot dogs and
luncheon meats were voluntarily recalled in 1998 by one
Michigan manufacturer in response to an outbreak that re-
sulted in 101 cases of listeriosis (including 21 fatalities) in
22 states (26). Two years later, another listeriosis outbreak
involving 29 cases in 10 states (including seven fatalities)
prompted the recall of approximately 14.5 million pounds
of turkey and chicken delicatessen meat; again, the product
became contaminated with L. monocytogenes after process-
ing (191). Most recently, the largest product recall ever is-
sued, 27.4 million pounds of fresh and frozen RTE turkey
and chicken products, was linked to another major outbreak
of listeriosis emanating from a manufacturer in Pennsyl-
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vania. Each year, approximately 2,300 cases of foodborne
listeriosis have been reported in the United States at an
estimated cost of $2.33 billion (~$1 million per case), mak-
ing L. monocytogenes the second most costly foodborne
pathogen after Salmonella ($2.38 billion) (191).

Product slicing and packaging operations are major
points at which both pathogenic and spoilage organisms can
be introduced into cooked RTE foods. In commercial man-
ufacturing facilities, slicing of RTE meat products can eas-
ily increase microbial populations 100-fold or greater (150).
Antimicrobial edible films can be used to minimize growth
of surface contaminants during refrigerated storage (39,
139). Such edible films and coatings also can be used to
inhibit microbial growth on the surface of processed fresh
produce and nutmeats, thereby extending product shelf life.

Postprocessing pasteurization is one means of inacti-
vating surface contaminants on cooked RTE meat products.
Using this strategy, vacuum-packaged foods are individu-
ally pasteurized by heat (106) or other means, such as high
pressure or UV irradiation (114, 129, 171, 208). Alterna-
tively, microbial growth can be minimized by the applica-
tion of various antimicrobial dips and sprays (142, 157,
162). However, the effectiveness of these applications over
time is limited because of continued diffusion into the food,
allowing surface organisms to grow. One strategy for re-
ducing the rate of diffusion is to entrap the antimicrobial
or other food additive in an edible film matrix (71, 80, 81).
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TABLE 1. Edible films
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Type

Formulation

Additive or treatment to improve film*

Protein based
Casein

Collagen

Aqueous solution and glycerol or sorbitol

Dry process: alkaline treatment of hide cori-
um, acidification, shredding, mixing, addi-
tion of plasticizing and cross-linking
agents, pumping, extrusion, drying, neu-

Lipids, lactic acid, tannic acid, or exposure to UV and
y-irradiation improve WVP (20, 82, 87, 108, 154)

Glyceraldehyde and alkyl diols improve mechanical
properties (18, 97, 113); UV irradiation increases
strength (124); proteolytic enzymes improve uniformi-
ty in diameter and wall thickness (1/88); formaldehyde

tralizing (91)

and chrome tanning reduce gas permeability (1/3)

Wet process: acid or alkaline dehairing of
hides, deacidification, grinding, mixing,

homogenization, extrusion, addition of

plasticizing and cross-linking agent (91)

Corn zein
oleic acid, or lactic acid
Gelatin Aqueous solution and glycerol
Wheat gluten
alkaline conditions
Whey protein
alkaline conditions
Soy protein
alkaline conditions

Carbohydrate based
Alginate Aqueous solutions, calcium ions, glycerol,
heating under alkaline conditions
Cellulose Aqueous solutions, slowly adding, agitation
Chitosan Acidified aqueous solutions, glycerol
Starch Aqueous solutions, glycerol, heating

Alcohol or acetone solutions and glycerol,

Ethanol solution and glycerol, heating under
Aqueous solution and glycerol, heating under

Aqueous solution and glycerin, heating under

Aldehydes improve WVP and TS (177)

Lactic and tannic acid improve WVP (79)

Keratin improves OP, WVP, and TS (199); corn zein, soy
protein, and cystein improve TS (69)

Heat curing improves TS, WVP, OP (125); lipids im-
prove WVP (164)

UV or vy-irradiation increases TS (161); heat curing im-
proves WVP, TS, OP (174); calcium chloride and cal-
cium sulfate improve TS (70)

Immersion in multivalent cation solutions improves TS
(102)

Lipids improve WVP (144)

Lipids improve WVP (200)

Suspending in NaOH decreases CO,, O,, and WVP (66,
67)

@ WVP, water vapor permeability; TS, tensile strength; OP, oxygen permeability.

Definition and historical background of edible film.
Edible films or coatings are defined as continuous matrices
that can be prepared from proteins, polysaccharides, and
lipids. Yuba, the first free-standing edible film, was devel-
oped in Japan from soymilk during the 15th century and
was used for food preservation (/7). Edible coatings for
food products date back even further; during the 12th cen-
tury in China, waxes were applied to oranges and lemons
to retard water loss (86). During the 16th century, food
products were coated with fat (e.g., lard) to control moisture
loss (110). Hot-melt paraffin waxes have been used to coat
citrus fruits in the United States since the 1930s, and car-
nauba wax and oil-in-water emulsions have been used for
coating fresh fruits and vegetables since the 1950s (103).
Currently, edible films and coatings are used in various ap-
plications, including casings for sausages and chocolate
coatings for nuts and fruits.

Components of edible films. Edible films typically
contain three major components: proteins, polysaccharides,
and lipids. Proteins used in edible film include wheat glu-
ten, collagen, corn zein, soy, casein, and whey protein (Ta-
ble 1) (104). Alginate, dextrin, pectin, and cellulose deriv-
atives are used in polysaccharide-based films (104). Suit-
able lipids for use in films include waxes, acylglycerols,
and fatty acids (47, 144). Composite films containing both

lipid and hydrocolloid components also have been devel-
oped.

Plasticizers are often added to film-forming solutions
to enhance properties of the final film. These film additives
are typically small molecules of low molecular weight and
high boiling point that are highly compatible with the
polymers (8). Common food-grade plasticizers such as
sorbitol, glycerol, mannitol, sucrose, and polyethylene
glycol decrease brittleness and increase flexibility of the
film, which is important in packaging applications. Plas-
ticizers used for protein-based edible films decrease pro-
tein interactions and increase both polymer chain mobility
and intermolecular spacing (/13). The type and concen-
tration of plasticizer influences the properties of protein
films (41, 76); mechanical strength, barrier properties, and
elasticity decrease when high levels of plasticizer are used
(30, 64, 73). Water is another important plasticizer for pro-
tein films (/07), but moisture content affects film prop-
erties.

Common covalent cross-linking agents such as glu-
taraldehyde, calcium chloride, tannic acid, and lactic acid
are used to improve water resistance, cohesiveness, rigid-
ity, mechanical strength, and barrier properties (77, 116).
Exposure to UV light will increase the cohesiveness of
protein films by forming cross-links (20). Alternatively,
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TABLE 2. Application of edible films on foods
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Films

Foods

Benefits

Casein

Casein, acetylated monoglycer-
ides

Sodium caseinate

Collagen

Corn zein

Wheat gluten

Whey protein

Whey protein, acetylated mono-
glycerides

Whey protein

Soy protein

Alginate

Cellulose

Chitosan

Starch

Starch, alginate, stearic acid

Starch, alginate, stearic acid, to-
copherol

Dextrin

Xanthan gum

Wax or fatty acids

Acetylated monoglyceride

Peeled carrots
Celery sticks
Green bell peppers

Hot dogs, sausage
Nuts
Tomatoes

Eggshells

Frozen King salmon
Nuts

Eggshells

“Fuji” and “Golden 95 delicious” ap-
ples
Eggshells

Fresh meat, poultry, precooked ground
pork patties
Bell peppers

Fried chicken
Fried foods
Eggshells

Bell peppers and cucumbers

Strawberries
Tomatoes

Prunes

Nuts

Precooked beef patties
Precooked beef patties

Apples

Carrots

Fruits and vegetables

Cheese

Frozen King salmon and frozen silver
salmon

Reduced dehydration and white blush formation (4,
5)
Reduced dehydration (109)

Reduced oxygen and carbon dioxide permeation
(112)

Reduced cost and increased uniformity

Delayed rancidity (176)

Delayed color change, loss of firmness, and weight
loss (143)

Improved shell strength, reduced microbial contami-
nation (203)

Reduced moisture loss and oxidation (175)

Delayed rancidity (117-119)

Improved shell strength, reduced microbial contami-
nation (203)

Retarded changes in firmness, color, and acidity
(112)

Improved shell strength, reduced microbial contami-
nation (203)

Reduced shrinkage, oxidative rancidity, moisture
migration, and oil absorption (104, 120, 197)

Reduced oxygen and carbon dioxide permeability
(112)

Reduced oil degradation, moisture loss

Reduced fat absorption (89, 90)

Improved shell strength, reduced microbial contami-
nation (203)

Reduced respiration, color loss, wilting, and fungal
infection (55)

Delayed spoilage (56)

Retarded ripening and extended shelf life (57)

Extended shelf life (95)

Delayed rancidity (65)

Controlled moisture loss (202)

Controlled lipid oxidation (202)

Reduced oxidative browning (1/30)

Improved surface color (122)

Delayed spoilage, reduced water loss (84, 85)
Prevent mold growth (104)

Reduced moisture loss and lipid oxidation (68, 175)

enzymatic cross-linking treatments with transglutaminases
or peroxidases can be used to stabilize films.

Film-forming techniques. Several different tech-
niques including solvent removal, thermal gelation, and
solidification of melt have been developed for forming ed-
ible films. Solvent removal is typically used to produce
hydrocolloid edible films. In this process, a continuous
structure is formed and stabilized by chemical and phys-
ical interactions between molecules. Macromolecules in
the film-forming solution are dissolved in a solvent, such
as water, ethanol, or acetic acid, that contains several ad-
ditives (plasticizers, cross-linking agents, solutes). The

film-forming solution is then cast in a thin layer, dried,
and peeled from the surface.

In preparing some types of protein films (whey protein,
casein, soy protein, wheat gluten), the solution is heated for
protein gelation and coagulation, which involves denatur-
ation, gelification, or precipitation followed by rapid cool-
ing. Intramolecular and intermolecular disulfide bonds in
the protein complex are cleaved and reduced to sulthydryl
groups during protein denaturation (/34). When the film-
forming solution is cast, reformed disulfide bonds link the
polypeptide chains together to produce the film structure,
with the aid of hydrogen and hydrophobic bonding.

Melting followed by solidification is another common
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TABLE 3. Selected potential antimicrobial agents
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Microorganisms affected

Agent pH Food applications

Benzoate <6.0 Dairy products, baked goods, vegetables, fruits,
meat, fish, beverages (115)

Sorbate <6.0 Dairy products, baked goods, vegetables, fruits
(dried fruits, fruit drinks, jams, jellies, wine),
fermented sausage, fish, mayonnaise, marga-
rine, salad dressing (115)

Parabens 2-10 Butter, margarine, ices, soy sauce, maple syr-
up, meats (10, 156)

Propionate <6.0 Baked goods, cheese (156)

Fatty acids

NaCl Meats, fish, vegetables (19)

Lactic acid Jam, jellies, sherbet, beverages, pickles, olives,
apple slices, fruit, and baked goods (/9)

Acetic acid Baked goods, mustard, salad dressing, mayon-
naise, pickles, cheeses, dairy product ana-
logs, fats and oils, gravies and sauces,
meats, cereals, gelatin, candy, jams, jellies,
soup mixes (10)

Nitrite <7.0 Meat products (158)

Nisin <6.0 Cheese, fermented meat products (19)

Pediocin 3-9 Fermented meat products (19)

Lysozyme 2-11 Seafood, kimchi, Chinese noodles, potato sal-

ad, custard, hard cheeses (19)

L. monocytogenes (92), Escherichia coli (182),
Bacillus cereus, Salmonella Typhimurium
(182), yeast and mold (115)

Bacillus, E. coli, L. monocytogenes (58, 92),
Pseudomonas (170), Salmonella (189), Clos-
tridium botulinum (163), Staphylococcus au-
reus (111), yeast and mold (187)

L. monocytogenes (147), E. coli (127), S. aure-
us, C. botulinum (53, 150, 151), B. cereus
(10), Bacillus megaterium, Lactobacillus
lactis, Streptococcus faecalis, Sarcina lutea
(156), Salmonella Typhimurium (54), Salmo-
nella Typhosa, Yersinia enterocolitica (127),
Vibrio parahaemolyticus, Pseudomonas (43),
Candida albicans, Fusarium oxysporum,
Penicillium citrinum, Penicillium chrysogen-
um, Saccharomyces cerevisiae (94, 99), Tor-
ula utilis, Zygosaccharomyces (1), Aspergil-
lus (183)

E. coli (31), S. aureus, S. lutea, Salmonella
(32, 33), Proteus vulgaris, Lactobacillus, L.
monocytogenes (59, 92), Bacillus subtilis,
Aspergillus, Candida, S. cerevisiae (54)

L. monocytogenes (173), E. coli, Salmonella,
Clostridium (132), yeasts and mold (10)

Gram-negative bacteria, gram-positive bacteria
(9, 172), yeasts and molds (39)

L. monocytogenes, Salmonella, E. coli (32, 50),
S. aureus, Clostridium (19)

L. monocytogenes (92), Bacillus, E. coli O157:
H7 (13, 52), Salmonella, Staphylococcus (2),
Salmonella Newport, Salmonella Typhimu-
rium, Campylobacter jejuni (135)

Clostridium (201), S. aureus, E. coli, Achro-
mobacter, Enterobacter, Flavobacterium,
Micrococcus (158), Pseudomonas (204), L.
monocytogenes (148)

L. monocytogenes, Bacillus, Clostridium, Cory-
nebacterium, Lactobacillus, Leuconostoc,
Micrococcus, Pediococcus, Streptococcus
(35, 133)

L. monocytogenes (207), B. cereus, S. aureus,
Lactobacillus brevis, Lactobacillus plantar-
um, L. lactis, C. botulinum, Clostridium per-
fringens, Clostridium sporogenes, Micrococ-
cus luteus, Enterococcus faecalis

L. monocytogenes (207)

means for producing lipid-based films. Casting molten wax
on dried methylcellulose films followed by solubilization

of the methylcellulose can also be used to form wax films
(51).

APPLICATIONS OF EDIBLE FILMS

Heightened consumer demand for enhanced keeping
quality and freshness of RTE foods has given rise to the
concept of active packaging—a type of packaging that al-

ters conditions surrounding the food to maintain product
quality and freshness, improve sensory properties, or en-
hance product safety and shelf life. Specific functions of
active packaging may include scavenging of oxygen, mois-
ture, or ethylene, emission of ethanol and flavors, and the
maintenance of antimicrobial activity through controlled
diffusion of one or more antimicrobial agents from the
packaging material into the product. Many of the edible
films listed in Table 1 can potentially serve as active food
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TABLE 3. Continued

ANTIMICROBIAL EDIBLE FILMS 837

Agent pH

Food applications

Microorganisms affected

Essential oils

Lactoferrin

Meat, vegetable products (15)

E. coli (100), B. cereus (190), S. aureus, Sal-
monella Typhimurium (1/81), Salmonella En-
teriditis, L. monocytogenes (7, 48), Y. enter-
ocolitica (44), Streptococcus mutans,
Lactobacillus viridescens, Leuconostoc mes-
enteroides, Enterobacter aerogenes, Erwinia
carotovora, Pseudomonas aeruginosa, Pro-
teus vulgarus, C. albicans, Rhodotorula glut,
Cryptococcus laurentii, Aspergillus niger
(178, 179)

B. subtilis, Bacillus stearothermophilus L.
monocytogenes (195), Micrococcus, Klebsi-
ella, Salmonella Typhimurium, Pseudomo-
nas fluorescens, E. coli O157:H7, Shigella,
Candida, Y. enterocolitica, C. jejuni, S. mu-
tans, Corynebacterium, P. aeruginosa, P.
vulgaris, S. aureus, C. perfringens (38, 96,
136, 145, 146, 153)

packaging materials by altering permeability to water vapor
and oxygen. Table 2 lists potential benefits of the protein-,
polysaccharide-, and lipid-based films for preserving the
quality and safety of nuts, fish, meats, fruits and vegetables,
and deep-fried foods.

ANTIMICROBIALS USED IN EDIBLE FILMS AND
COATINGS

Edible films can serve as carriers for a wide range of
food additives, including various antimicrobials that can
extend product shelf life and reduce the risk of pathogen
growth on food surfaces. Some of the more commonly
used preservatives and antimicrobials (Table 3) include
benzoates, propionates, sorbates, parabens, acidifying
agents (e.g., acetic and lactic acids), curing agents (e.g.,
sodium chloride and sodium nitrite), bacteriocins, and nat-
ural preservatives (e.g., essential oils, lysozyme, liquid
smoke). These agents are discussed here in the context of
their use or potential use in protein-, polysaccharide-, and
lipid-based edible films.

Benzoic acid and sodium benzoate. Sodium benzo-
ate was among the first chemical preservatives permitted
in foods by the Food and Drug Administration. In the
United States, benzoic acid and sodium benzoate are gen-
erally regarded as safe preservatives (34) at levels up to
0.1%. Although typically used as a mold and yeast inhib-
itor, sodium benzoate and benzoic acid are also inhibitory
to pathogenic and psychrotrophic spoilage bacteria (Table
3).

Sodium benzoate is one of the most commonly used
antimicrobials in edible films because it is soluble in most
film solutions and remains active after film preparation. The
antimicrobial activity of sodium benzoate is related to pH.
Like many other food antimicrobials, sodium benzoate (pK,
= 4.20) is most effective in its undissociated form; 60% of
the compound is undissociated at pH 4.0. Therefore, meth-
ycellulose, chitosan, and collagen films, all of which have

a relatively low pH, are good candidates for this antimicro-
bial. Given these restrictions, edible films containing ben-
zoic acid and its sodium salt are best suited for acidic foods
such as cheeses and fermented meat products (115).

Sorbic acid and potassium sorbate. Sorbic acid is a
straight chain o,3-unsaturated monocarboxylic acid with
the carboxyl group reacting to form calcium, sodium, or
potassium salts and esters (169). Potassium sorbate, the
commonly used salt of sorbic acid, is highly soluble in wa-
ter (58.2% at 20°C). Increased antimicrobial activity of po-
tassium sorbate at low pH has been reported for a wide
range of microorganisms (Table 3). Therefore, edible films
containing potassium sorbate are typically most effective at
pH values less than 6.0.

Sorbic acid salts have been among the most studied
antimicrobial agents in carbohydrate- and protein-based
edible films such as methylcellulose, whey protein isolate
(WPI), and chitosan because the sorbates are widely used
and remain chemically active in the film matrix. The car-
boxyl group (the active site in sorbates) forms hydrogen
bonds with carbohydrate or protein chains in films. Edible
films containing sorbates have been tested against a wide
variety of microorganisms (i.e., spoilage bacteria, patho-
genic bacteria, yeast and molds) in laboratory media using
film disc diffusion assays (Table 4).

Propionic acid. Propionic acid or its salts are com-
monly used food preservatives because of their wide spec-
trum of activity. Propionic acid, a monocarboxylic acid, is
produced by Propionibacterium freudenreichii subsp. sher-
manii. Swiss cheese contains up to 1% propionic acid from
the growth of propionibacteria, which gives it a character-
istic flavor and prevents mold growth (44).

Antimicrobial activity of the propionates is again pH
dependent, with the undissociated form showing 45 times
more inhibitory activity than the dissociated form (54).
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TABLE 4. Antimicrobial edible films
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Films Antimicrobial agents Medium/food Microorganisms Reference(s)
MC? Benzoic acid Taiwanese-style Zygosaccharomyces rouxii, Zygosac- 28
fruit preserves charomyces mellis
Benzoic acid, sorbic acid Culture medium Penicillium notatum, Rhodotorula 29
Potassium sorbate with fatty acid Culture medium NT? 194
Nisin Culture medium Micrococcus luteus 27
Potassium sorbate with palmitic acid Culture medium NT 155
MC/chitosan Benzoic acid, sorbic acid Culture medium P. notatum, Rhodotorula 29
HPMC¢ Potassium sorbate with fatty acid Culture medium NT 194
Nisin Culture medium M. luteus 27
Potassium sorbate, acetic acid Tomatoes Salmonella Montevideo 210
Nisin Culture medium Listeria innocua, S. aureus 37
Cellulose Pediocin Cooked meats L. monocytogenes 126
Chitosan Acetic, propionic, lauric acids Processed meats Lactobacillus sakei, Serratia liquefa- 139
ciens
Acetic, propionic acids Water NT 140
Lactic, citric acids Culture medium NT 12
Acetic acid Culture medium L. monocytogenes 36
Starch Potassium sorbate Chicken breast E. coli O157:H7, Salmonella Typhi- 11
murium
Alginate Lactic acid Lean beef muscle  E. coli O157:H7, Salmonella Typhi- 165
murium, L. monocytogenes
Glucose oxidase Fish NT 61
Casein Sorbic acid Papaya cubes Staphylococcus rouxii, A. niger 78
WPI p-Aminobenzoic acid with lactic acid, Culture media, bo- L. monocytogenes, E. coli O157:H7, 21-23
potassium sorbate with lactic acid, ace-  logna and sum- Salmonella Typhimurium DT104
tic acid, lactic acid mer sausage slic-
es, hot dogs
Nisin Phosphate buffer L. monocytogenes 105
Nisin with EDTA, lysozyme with EDTA, Culture medium Brochothrix thermosphacta, Salmo- 159, 160
propyl paraben nella Typhimurium, E. coli, L.
monocytogenes, S. aureus
Soy protein Nisin Culture medium L. plantarum 141
isolate
Corn zein Nisin Milk L. monocytogenes 138
Nisin RTE chicken L. monocytogenes 93
Potassium sorbate Cheese S. aureus 185
Lauric acid Culture medium L. plantarum 46
Nisin with lauric acid and EDTA Culture medium Salmonella Enteritidis, L. monocyto- 88
genes
Sorbic acid Cooked sweet corn L. monocytogenes 24
Nisin, lysozyme Culture medium L. plantarum 141
Nisin Dibasic sodium NT 180
phosphate
Wheat gluten  Sorbic acid Culture medium NT 152
Sorbic acid Model food P. notatum 79
Sorbic acid Cooked sweet corn L. monocytogenes 24
Nisin Dibasic sodium NT 180
phosphate
Nisin Phosphate medium L. monocytogenes 105

4 MC, methylcellulose.
b NT, not tested for antimicrobial activity.

¢ HPMC, hydropropylmethykellulose.

Therefore, it is most effective in low pH edible films such
as those containing collagen and chitosan. Although this
acid is primarily active against molds, some yeasts and
bacteria are also inhibited (Table 3). Amounts of propio-
nate used in foods are generally less than 0.4% (156).

Parabens. Esterification of the carboxyl group of ben-
zoic acid produces parabens. Because they remain undis-
sociated at pH values up to 8.5, most parabens are active
at pH 3.0 to 8.0. The methyl, propyl, and heptyl parabens
can be used as food preservatives in most countries, but
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the ethyl and butyl esters are more restricted. Parabens can
be used effectively in a wide range of foods (Table 3).

Parabens with a longer alkyl chain possess more anti-
microbial activity than do those with a shorter alkyl chain
(1), which are more inhibitory to gram-positive than to
gram-negative bacteria because of their decreased polarity.
Methyl, ethyl, propyl, and butyl parabens completely inhib-
it the growth of gram-positive and gram-negative bacteria
at concentrations of 40 to 2,000 and 50 to 4,000 wg/ml,
respectively (Table 3). However, parabens are generally
more active against molds and yeasts than against bacteria.
Using esters of p-hydroxybenzoic acid, concentrations of
32 to 1,000 wg/ml are normally needed for complete inhi-
bition of bacteria and fungi (Table 3).

Free fatty acids and their esters. Low concentrations
of long-chain fatty acids are inhibitory to microorganisms,
especially gram-positive bacteria and yeasts (/01). Saturat-
ed fatty acids with chain lengths of C;, to C;¢ and Cy to
C, possess the most antimicrobial activity against bacteria
and yeasts, respectively (101). Decreasing effectiveness of
longer chain fatty acids may be related to increased hydro-
phobicity and decreased solubility (/96). Fatty acids are
also more active at low pH (<5.0). Both fatty acids and
monoglycerides are inhibitory to many bacterial species
(Table 3). Monoesters of glycerols and the esters of sucrose
are more antimicrobial than their corresponding free acids.

Monolaurin (lauricin), the most effective of the glyc-
erol monoesters, is inhibitory to various gram-positive bac-
teria and some fungi at 5 to 100 ppm (3) but are most
effective at pH values between 5.0 and 8.0. Use of mono-
laurin as a food preservative is limited by the production
of off-flavors and loss of activity from interaction with li-
pophilic proteins, fat globules, and starch. Fatty acids and
polyglycerides are added to edible films and coatings to
decrease water vapor permeability. Long-chain alcohols
(e.g., stearyl alcohol) and fatty acids (e.g., stearic, palmitic)
are commonly used as additives in edible coatings because
of their high melting points and hydrophobicity (83). Voj-
dani and Torres (194) developed composite films with
methylcellulose and fatty acids of different chain lengths to
decrease the diffusion of preservatives such as potassium
sorbate from the surface of cheese.

Acetic acid. Acetic acid (CH;COOH), the primary
component of vinegar, is produced by Acetobacter species.
Acetic acid and sodium diacetate are active against various
spoilage and pathogenic bacteria and have been used in
many foods (Table 3). Like other organic acids, acetic acid
can be used to acidify edible films prepared from chitosan,
alginate, collagen, and WPI. Addition of acetic acid also
increases the activity of other antimicrobial agents such as
sorbic acid and benzoic acid that can be incorporated into
edible films.

Lactic acid. Lactic acid (CH;CHOHCOOH), produced
naturally by lactic acid bacteria during fermentation, is pri-
marily used for improving and controlling the quality and
microbial stability of foods. Lactic acid sprays (1 to 3%
solutions) have been widely used to sanitize meat carcass

ANTIMICROBIAL EDIBLE FILMS 839

surfaces (31, 50, 168), with gram-negative psychrotrophs
generally being more sensitive than gram-positive organ-
isms to this treatment.

Like other organic acids, lactic acid can be used as an
acidulant in chitosan and collagen films and can be used to
modify both the tensile strength and antimicrobial proper-
ties of collagen casings.

Nisin. As the first bacteriocin to be used in the food
industry, nisin was recognized as a safe biological food
preservative by a joint Food and Agriculture Organization/
World Health Organization commission on food additives
in 1968 (62) and accepted 20 years later by the Food and
Drug Administration (63). Nisin is effective against out-
growth of and toxin production by Clostridium botulinum
in cheese products, particularly processed cheeses and cold-
pack cheese spreads (49). Consequently, a legal precedent
for use of nisin in U.S. foods was set with pasteurized
cheese spreads (900 IU/mg) (63).

Nisin is a protein of 34 amino acids produced by Lac-
tococcus lactis subsp. lactis (98). This protein possesses
amphiphilic characteristics due to clusters of hydrophobic
and hydrophilic residues at the N and C termini, respec-
tively. Nisin is inhibitory to a wide range of gram-positive
bacteria, including L. monocytogenes, and when combined
with a chelating agent it is also effective against some
gram-negative organisms (Table 3).

Nisin is one of the most heavily investigated bacterio-
cins in antimicrobial edible film studies. This protein can
be incorporated into the film solution or applied directly to
the film surface after casting. Various nisin-containing pro-
tein-based films (e.g., whey protein, corn zein, wheat pro-
tein, soy protein) have been assessed for antimicrobial ac-
tivity against gram-positive bacteria such as L. monocyto-
genes and lactic acid bacteria (88, 93, 180). Because nisin
is more active in hydrophilic environments, WPI films that
contain higher numbers of hydrophilic residues than do zein
or wheat protein films reportedly produce larger inhibition
zones against L. monocytogenes. Teerakar et al. (180) in-
vestigated the effects of protein film type (cast corn zein,
heat-pressed corn zein, cast wheat gluten, heat-pressed
wheat gluten) on nisin diffusivity. Nisin retention was high-
est in cast corn-zein films, but diffusivities in heat-pressed
corn zein, cast wheat gluten, and heat-pressed wheat-gluten
films were not significantly different. An active packaging
film that releases an additive would address the limitation
of rapid loss of preservatives applied directly to food sur-
faces. Protein packaging films could act as reservoirs and
release antimicrobial agents to maintain a relatively high
and constant inhibitory effect at the food surface.

Pediocin. The pediocins, produced by Pediococcus
acidilactici, are another commonly studied group of bac-
teriocins for edible film use because of their wide spectrum
of antimicrobial activity and their effectiveness over a wide
range of pH values and temperatures (Table 3). Among the
pediocins isolated from different strains, only pediocin PA1
(P. acidilactici PAC 1.0) and pediocin AcH (P. acidilactici
LB42-923) have been well characterized, the latter having
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62 amino acids, two disulfide bonds, and a molecular mass
of ~2,700 Da (16).

Antimicrobial activity of pediocin is retained at 100°C,
reduced at 121°C, and most evident at pH values between
4 and 7, with substantial losses at pH <3 or >9. Pediocin
remains active following treatment with lipase, phospholi-
pase C, lysozyme, DNase, or RNase, but its activity is de-
stroyed by protease, papain, and a-chymotrypsin (74). Al-
though pediocin activity was reportedly not affected during
6 months of frozen storage, more than 50% of the activity
was lost after 12 weeks at ambient temperature (149).

Lysozyme. Another popular choice for the production
of antimicrobial films is lysozyme, an enzyme comprising
129 amino acids cross-linked by four disulfide bonds. Dried
egg white, the commercial source for lysozyme, contains
about 3.5% lysozyme. It is heat stable (100°C) at pH <5.3
but is inactivated at lower temperatures when the pH is
increased (/67). Lysozyme is most active against gram-pos-
itive bacteria.

Plasticizers such as glycerol and sorbitol that are used
in edible films help stabilize lysozyme against heat through
hydrophobic interactions that reduce the complete transfer
of hydrophobic groups from an aqueous to a nonpolar en-
vironment (6, 205). Therefore, lysozyme is highly suited
for heat-processed films such as those prepared from corn
zein (45, 141).

Spices, herbs, and essential oils. Essential oils are re-
sponsible for the odor, aroma, and flavor of spices and
herbs. These compounds can be added to edible films to
modify flavor, aroma, and odor and to introduce antimicro-
bial properties. Films containing these ethanol-soluble com-
pounds show activity against both gram-negative and gram-
positive bacteria (Table 3). Essential oils of angelica, anise,
carrot, cardamom, cinnamon, cloves, coriander, dill weed,
fennel, garlic, nutmeg, oregano, parsley, rosemary, sage,
and thymol are inhibitory to various spoilage or pathogenic
bacteria, molds, and yeasts (Table 3). Antimicrobial activ-
ities of various plant essential oils have been recognized for
centuries. However, the use of these oils as food additives
is limited by their strong flavor. These extracts contain
mostly phenolic compounds such as abietane diterpenes
(128), carnosol, and ursolic acid, which presumably are re-
sponsible for their antimicrobial action.

Lactoferrin. Lactoferrin (lactotransferrin), an iron-
binding glycoprotein, is present in bovine milk and can
bind two iron atoms per molecule (153). Although this pro-
tein effectively inhibits the growth of some bacteria (Table
3), other bacteria may be lactoferrin resistant because of the
presence of siderophores that aid in adaptation to low-iron
environments (40). Bacteria with low iron requirements,
such as lactic acid bacteria, would not be adversely im-
pacted by lactoferrin (153).

Lactoferricin B, the active region of lactoferrin, was
isolated by acid-pepsin hydrolysis from the N-terminal re-
gion of the molecule (/4) and contains 25 amino acid res-
idues. Bellamy et al. (/4) and Jones et al. (96) determined
that lactoferricin was inhibitory to bacteria at concentra-
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tions of 0.3 to 150 pg/ml (Table 4). Pseudomonas fluore-
scens, Enterococcus faecalis, and Bifidobacterium bifidum
strains were highly resistant to this peptide; these results
confirm and expand on those of earlier inhibition studies
with lactoferricin B (184, 195). Although the mode of ac-
tion has not been fully elucidated, lactoferricin presumably

alters membrane permeability because of its cationic nature
(38, 96).

Liquid smoke. Liquid smoke is a solution of natural
wood smoke flavors prepared by burning wood (e.g., hick-
ory, maple) and capturing the flavors in water. Commercial
liquid smoke products used in processed meats, sausages,
and cheeses contain phenols and acetic acid, which are bac-
tericidal at relatively low concentrations. Liquid smoke can
inactivate common foodborne pathogens, including E. coli,
Salmonella, Staphylococcus aureus, and L. monocytogenes
(60, 198).

Based on these findings, liquid smoke, which possesses
antimicrobial, antioxidant, color, and flavor properties, is a
potentially attractive edible film additive. However, incor-
poration of liquid smoke has only been studied for edible
collagen casings, with liquid smoke introduced into the
acid-swollen collagen mass before extrusion as a casing or
film (123). Because liquid smoke is generally very acidic
(pH 2.5 or less), it is compatible with the gel system and
can replace a portion of the acid normally added to induce
swelling. The resultant edible collagen casings with uni-
formly dispersed liquid smoke reportedly had increased ten-
sile strength and improved film clarity.

Sodium chloride. Sodium chloride (salt) has been rec-
ognized as a food preservative since ancient times and can
be used alone or in combination with other preservation
techniques such as pasteurization or fermentation. Most
bacterial foodborne pathogens are susceptible to elevated
concentrations of salt, particularly in the presence of other
preservatives. However, the salt tolerance of S. aureus is
well recognized (121), and L. monocytogenes is resistant to
10% NaCl, surviving for months in saturated brine solu-
tions. Yeasts and molds are also more tolerant to low water
activity than are bacteria. Xerotolerant fungi can grow at
water activity values as low as 0.61 (39).

Incorporation of salt into protein-based films (e.g.,
whey protein) as an antimicrobial agent is of limited use
because physical properties of protein films are altered with
increasing ionic strength of the film solution. At high ionic
strength, proteins aggregate to form turbid opaque gels with
high water-holding capacity (166).

Nitrites. Sodium nitrite (NaNO,) and potassium nitrite
(KNO,) are primarily used to inhibit C. botulinium growth
and toxin production in cured meats. Nitrite is also inhib-
itory to other bacteria (Table 3). However, Gibson and Rob-
erts (72) found that enteropathogenic E. coli, Salmonella
spp., fecal streptococci, Lactobacillus (25), and Bacillus
(75) were resistant to 400 wg/g nitrite when used with 6%
salt.

Nitrite has not yet been studied as an edible film ad-
ditive, although it appears to be suitable for production of
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antimicrobial edible films. In this regard, application of
films containing nitrite to RTE meat products may help pre-
vent growth of L. monocytogenes and spoilage bacteria that
can contaminate such products after processing, with the
potential benefit of also improving surface color.

POTENTIAL APPLICATIONS OF
ANTIMICROBIAL EDIBLE FILMS

Various antimicrobial edible films have been developed
to control the growth of spoilage and pathogenic microor-
ganisms that may contaminate the surface of foods after
processing. In most solid foods, contamination and micro-
bial growth occurs on the food surface, which leads to a
reduction in product shelf life. Edible films containing var-
ious antimicrobials such as benzoic acid, sorbic acid, pro-
pionic acid, lactic acid, nisin, and lysozyme have been used
to retard the growth of bacteria, yeasts, and molds on dif-
ferent product surfaces (Table 4).

The primary advantage of antimicrobial edible films is
that the inhibitory agents in these films can be specifically
targeted to postprocessing contaminants on the food sur-
face, with the diffusion rate of the antimicrobial into the
product partially controlled by agents incorporated into the
film. Two teams of researchers (71, 80) evaluated diffusiv-
ity of sorbic acid from casein films using a different model
system. Lactic acid-treated casein films containing sorbic
acid were tested on the surface of intermediately moist pa-
paya cubes inoculated with Staphylococcus rouxii and As-
pergillus niger (78). Casein films retained 30% of their
original sorbic acid content after 30 days of storage at 95%
relative humidity, with no growth of either test organism
observed. However, complete diffusion of sorbic acid was
observed in the absence of film in control samples after 24
h of storage, confirming that the edible film matrix en-
trapped the antimicrobial and reduced diffusion during stor-
age.

Diffusion of antimicrobials through an edible film is
influenced by the film, (type, manufacturing procedure),
food (pH, water activity), hydrophilic characteristics, and
storage conditions (temperature, duration). In another study
of casein film, low temperatures (10°C) decreased the dif-
fusivity of sorbic acid; however, lower water activity had
no effect. The researchers theorized that at higher levels,
increased networking within the gel restricted the move-
ment of sorbic acid. In subsequent work, Vojdani and Tor-
res (192-194) also assessed permeability of several poly-
saccharide-based films prepared both with and without var-
ious combinations of lipids and potassium sorbate. Using
permeability cells, methylcellulose-palmitic acid films ap-
peared most promising, with permeability of the film to
sorbic acid decreasing from 10-8 to 1010 mg/s/cm? as pH
increased from 3 to 7 and water activity decreased from 0.8
to 0.65 (155). Based on these findings, practical antimicro-
bial film applications are limited to intermediate moisture
food products with high pH at low temperature because of
higher retention of sorbic acid. Increased retention of sorbic
acid at higher pH also helps balance the lowering of sorbic
acid effectiveness as pH is increased.

Controlling the antimicrobial release from edible films
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is very important. Release of antimicrobial substances from
edible film is dependent on many factors, including elec-
trostatic interactions between the antimicrobial agent and
polymer chains, ionic osmosis, and structural changes in-
duced by the presence of antimicrobial and environmental
conditions. Several studies have provided some insight into
the diffusion of antimicrobials. Ouattara et al. (/40) tested
the impact of temperature (4 to 24°C) and pH (5.7 to 7.0)
on diffusion of acetic and propionic acid from chitosan
films immersed in water. Whereas diffusion was unaffected
by pH, a decrease in temperature from 24 to 4°C decreased
the diffusion coefficients for acetic and propionic acid from
2.59 X 10712 t0 1.19 X 1072 m?/s and 1.87 X 1012 to
0.91 X 10-!2 m?%s, respectively. The dependency of dif-
fusion on temperature is explained by effects on solubility
of the diffusing molecule, the nature of adhesive forces at
interfaces, and molecular mobility (131, 194).

The effect of the film-forming material such as fatty
acids on antimicrobial diffusion also has been investigated
for various edible films. For example, Ouattara et al. (140)
found that addition of lauric acid (1%) or essential oils
(0.5%, cinnemaldehyde or eugenol) decreased diffusion of
propionic acid because these additives increased film hy-
drophobicity-based chitosan and modified pore construction
of the film, thereby impairing water uptake and molecular
transformation. Redl et al. (/52) also evaluated diffusion of
sorbic acid from gluten films immersed in an aqueous me-
dium using high-pressure liquid chromatography. They
claimed that the diffusion coefficient of sorbic acid in glu-
ten-based film was 7.6 X 10712 m2/s, and the addition of
a lipid component such as acetylated monoglyceride re-
duced diffusivity by 50%.

Methylcellulose, hydroxypropyl methylcellulose
(HPMC), hydroxypropylcellulose, and carboxymethylcel-
lulose are water-soluble ethers possessing film-forming
properties. Films prepared from methylcellulose, HPMC,
and hydroxypropylcellulose are generally tough, flexible,
transparent, and good carriers of antimicrobials. Cha et al.
(27) reported that nisin-containing k-carrageenan, methyl-
cellulose, and HPMC films prepared by heat press or a cast-
ing method were inhibitory to Micrococcus luteus in an
agar well diffusion assay. Nisin reportedly diffused faster
from methylcellulose than from k-carrageenan or HPMC
films. Not surprisingly, the heat-pressed films had lower
antimicrobial activity than did the cast films. Coma et al.
(37) also demonstrated that edible cellulose films with
HPMC containing nisin inhibited Listeria innocua and S.
aureus on laboratory media. However, use of stearic acid
in film formation reduced the inhibitory activity of nisin
against both test organisms because of electrostatic inter-
actions between cationic nisin and anionic stearic acid.

Protein-based edible films are also very good carriers
of food additives, including antimicrobial and flavor agents,
because of their encapsulated nature. Zein and wheat gluten
(the protein fractions from corn and wheat protein, respec-
tively) have been used to produce antimicrobial edible
films. Both of these proteins are soluble in aqueous ethanol
and insoluble in water because of their high hydrophobicity.
Zein films have been used in conjunction with potassium
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sorbate to control surface microbial growth. The diffusion
barrier properties of zein films were confirmed in microbial
tests using a model food system and S. aureus as the chal-
lenge organism. A reduced preservative diffusion rate due
to barrier properties of zein films was identified as the
mechanism for product shelf life enhancement (185, 186).
Diffusion of sorbic acid from various wheat gluten films
into a model food was also measured and modeled. When
Penicillium notatum was used as the test organism, simple
gluten-based films had no fungicidal effect. However, the
gluten- and lipid-based films showed strong sorbic acid re-
tention and marked fungicidal activity at 30 and 40°C, de-
laying P. notatum growth for more than 21 days (82).

Chitosan, like other polysaccharides, forms a strong
film that can carry high levels of antimicrobials. Chitosan
is a good choice for antimicrobial films because of its su-
perior film-forming properties, ability to adsorb nutrients
used by bacteria (42), and capacity to bind water and inhibit
various bacterial enzyme systems (206). However, neutral-
ized chitosan alone has no effect on bacterial growth when
applied to the surface of meat products. Antimicrobial chi-
tosan films have been prepared by dissolving chitosan in
solutions of hydrochloric, formic, acetic, lactic, and citric
acids. Films containing hydrochloric, formic, and acetic ac-
ids were hard and brittle, whereas those containing lactic
or citric acids were soft and elastic, making them suitable
for use in multilayer films and coatings. The same research
group designed antimicrobial chitosan films containing ace-
tic acid or propionic acid, with or without addition of lauric
acid or cinnemaldehyde, to improve the refrigerated shelf
life of vacuum-packaged processed meats (/40). They in-
dicated that film application delayed or completely inhib-
ited enteric bacteria, Lactobacillus sakei, and Serratia li-
quefaciens on meat products. Films prepared with propionic
acid were more effective than films containing acetic acid
for reducing growth of L. sakei, with the opposite result
observed for S. liquefaciens. Diffusion of acetic acid from
the film matrix was limited by addition of lauric acid, with
2 to 22% of the acetic acid remaining in chitosan after 7
days of storage at 4°C. However, virtually all propionic acid
diffused from the film after 48 h of storage. Coma et al.
(36) also demonstrated that antimicrobial chitosan films
containing 1% acid inhibited L. monocytogenes and L. in-
nocua on laboratory media and cheese samples, respective-
ly. L. innocua populations were 10-fold higher in chitosan-
free than in chitosan-coated cheese samples. However, an-
timicrobial activity of chitosan films decreased over time
because of decreased availability of amino groups on chi-
tosan.

Fatty acids, essential oils, sorbate, and benzoate also
have been tested in methylcellulose and chitosan films. In
one study, Chen et al. (29) developed antimicrobial meth-
ylcellulose, chitosan, and methylcellulose-chitosan films (3:
2) containing 2, 4, or 5% sodium benzoate or potassium
sorbate. Methylcellulose films containing 2% sorbate or
benzoate yielded clear inhibition zones for Rhodotorula
rubra and P. notatum on potato dextrose agar, whereas chi-
tosan films containing 2% sorbate or benzoate produced no
zones of inhibition because high affinity between chitosan
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and the preservatives prevented diffusion. Incorporating
both potassium sorbate and sodium benzoate into methyl-
cellulose-chitosan films did not change the tensile strength
or percent elongation. In a glycerol-water model system
(water activity of 0.8), 40% and 50 to 60% of both anti-
microbial agents were released from the films after 6 h at
4 and 25°C, respectively. Although the rate of preservative
release from the film is too high to maintain an effective
concentration at the food surface, the remaining preserva-
tives in the film would extend product shelf life. High-
moisture foods will increase the release of preservatives
from the film because water migration for equilibration
helps dissolve preservatives. Thus, such films may only be
suitable for low-moisture foods. Another research group
from Taiwan evaluated antimicrobial activity of methylcel-
lulose coatings containing benzoic and palmitic or stearic
acid against two osmophilic yeasts (Zygosaccharomyces
rouxii and Zygosaccharomyces mellis) on Taiwanese-style
fruit preserves made from plums (28). Coatings containing
50 to 100 wg/g benzoic acid inhibited Z. rouxii and Z. mel-
lis at room temperature, and sensory characteristics of the
preserves such as flavor, texture, appearance, and overall
acceptability were not affected by the coating.

Antimicrobial soy- and corn protein-based films were
developed by Dawson and his lab group at Clemson Uni-
versity. When prepared to contain nisin and lysozyme, these
films were inhibitory to gram-positive bacteria in both solid
and liquid media (45, 46, 138, 141), and addition of EDTA
resulted in inhibition of gram-negative organisms (137).
Modifying the water permeability by incorporating short-
chain fatty acids (lauric acid) reduced the effectiveness of
nisin on a solid medium, whereas films with lauric acid
were as effective as nisin against gram-positive bacteria in
a liquid medium (46). Padgett et al. (/41) incorporated nisin
and lysozyme into soy protein and corn zein films using
the heat press and casting methods. Both antimicrobial
films containing lysozyme (10 to 133 mg/g film) or nisin
(0.1 to 6.0 mg/g film) inhibited Lactobacillus plantarum on
deMan Rogosa Sharpe medium. Orr et al. (138) found that
corn zein films containing 150 mg of nisin reduced L. mon-
ocytogenes populations in milk by 1.3 to 2.2 log after 72
h at 4°C, with no inhibition observed for nisin-free films.
Use of zein film coatings containing nisin (1,000 IU/g) or
calcium propionate (1%) also reportedly reduced L. mon-
ocytogenes populations by 1 to 5 log on RTE chicken dur-
ing 30 days of refrigerated storage (93). Zein film coatings
with nisin show promise in the control of L. monocytogenes
on the surface of RTE poultry products.

In other work, gluten, corn zein, myvacet, coconut oil,
palm oil, or milk stream-based edible film coatings con-
taining sorbic acid (I mg/g of sweet corn) were tested
against L. monocytogenes on sweet corn (24). Only zein
produced a uniform coat with good adhesion and acceptable
sensory properties. Growth of L. monocytogenes was 10-
fold lower on zein-coated sweet corn. However, when in-
corporated into zein coatings, sorbic acid had no additional
inhibitory effect.

Rodrigues and Han (159) also evaluated alternative an-
timicrobial films produced from WPI against L. monocy-



J. Food Prot., Vol. 67, No. 4

togenes growth. When incorporated into WPI films, lyso-
zyme and nisin effectively inhibited Brochothrix thermos-
phacta but not L. monocytogenes. Addition of EDTA in-
creased the inhibitory effect of these films against E. coli
and L. monocytogenes on trypticase soy agar. Subsequently,
they showed that antimicrobial WPI films containing nisin
inhibited Bacillus thermosphacta, nisin-lysozyme inhibited
Salmonella Typhimurium, nisin and nisin-EDTA inhibited
S. aureus, and propyl paraben, nisin, and lysozyme—propyl
paraben inhibited L. monocytogenes (160). Ko et al. (105)
also tested the antilisterial activity of nisin (200 to 8,000
IU/g film) when incorporated into WPI, soy protein isolate,
egg albumin, and wheat gluten films. All of these films
inhibited Listeria, with greatest activity observed at low pH
(2.0 or 3.0). WPI films containing nisin were most effective
against L. monocytogenes because of their increased hydro-
phobicity, and their mechanical properties remained un-
changed by the addition of nisin. Nisin may interact dif-
ferently with proteins of different films. Edible films with
higher hydrophobicities and added nisin in an acidic envi-
ronment are more inhibitory to L. monocytogenes.

Other antimicrobial films based on WPI containing sor-
bic acid or p-aminobenzoic acid were developed by Cagri
et al. (22). Both of these films reportedly inhibited L. mon-
ocytogenes, E. coli O157:H7, and Salmonella Typhimurium
DT104 on a nonselective plating medium. Subsequently,
these films were tested with beef bologna and summer sau-
sage slices that were surface inoculated with the same path-
ogens at a level of 10 CFU/g (21, 23). WPI films contain-
ing sorbic or p-aminobenzoic acid decreased Listeria, E.
coli O157:H7, and Salmonella Typhimurium DT104 pop-
ulations 3.4 to 4.1, 3.1 to 3.6, and 3.1 to 4.1 log on bologna
and sausage after 21 days of aerobic storage at 4°C, re-
spectively. Growth of mesophilic aerobic bacteria, lactic
acid bacteria, and mold or yeast on slices was also inhibited
with WPI films containing sorbic or p-aminobenzoic acid
compared with antimicrobial-free control films. In the same
study, film tensile strength decreased but percentage of
elongation remained unchanged following 72 h of product
contact.

The same research group subsequently developed heat-
sealed WPI casings containing sorbic acid, p-aminobenzoic
acid, or sorbic acid—p-aminobenzoic acid (1:1) for hot dog
manufacture, with these casings compared to commercial
collagen and natural casings (27). WPI casings containing
p-aminobenzoic acid inhibited L. monocytogenes on hot
dogs during 42 days of refrigerated storage; however, films
containing sorbic acid or sorbic acid—p-aminobenzoic acid
were less effective. Sensory (texture, flavor, juiciness, over-
all acceptability), chemical (thiobarbituric acid, pH, mois-
ture, fat, protein), physical (purge, color), and mechanical
(shear force) characteristics of hot dogs with WPI casings
containing p-aminobenzoic acid were comparable to those
of hot dogs prepared with collagen and natural casings.
WPI casings containing p-aminobenzoic acid may eventu-
ally provide a viable alternative to postprocess pasteuriza-
tion for minimizing the risk of Listeria growth on hot dogs.

Various edible antimicrobial films also have been used
to prevent growth of spoilage and pathogenic bacteria on
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vegetables. Zhuang et al. (209) investigated the ability of
antimicrobial cellulose-based edible films containing citric
acid, acetic acid, or sorbic acid (0.2 to 0.6%) to inactivate
Salmonella Montevideo on inoculated tomatoes. Although
coating with an HPMC solution reduced Salmonella pop-
ulations by 4.5 log on the surface of tomatoes; a reduction
of only 2.0 log was achieved in core tissue. Salmonella
Montevideo cells penetrating into the core tissue when to-
matoes were dipped in the 30°C bacterial suspension were
likely protected from inactivation during coating (210).
Among the antimicrobials tested in HPMC films, only 0.4%
sorbic acid enhanced inactivation of Salmonella Montevi-
deo (~1.0 log) on the surface of tomatoes. However, to-
matoes coated with HPMC containing 0.4% sorbic acid ap-
peared chalky and less firm and exhibited color changes
that may limit possible commercial applications.

The use of edible films or coatings on various food
products continues to expand. The many potential benefits
of edible films as carriers of antimicrobial agents, flavors,
antioxidants, coloring agents, vitamins, probiotics, and nu-
traceuticals justify continued research in this field of active
packaging. Edible films containing antimicrobial agents can
effectively inhibit both pathogenic and spoilage organisms
on a wide variety of RTE foods. These films have the abil-
ity to control the diffusion rate of antimicrobial agents and
also serve as strong barriers against oxygen and water va-
por transmission. Antimicrobial edible films provide a vi-
able microbial reduction strategy for reducing the incidence
of pathogens such as L. monocytogenes on RTE foods, even
when these packaged products have been opened and re-
contaminated by the consumer. Although some of these an-
timicrobial edible films have received consumer acceptance,
further research is needed to develop cost-effective produc-
tion methods for continuous extrusion of these films as flat
sheets or casings.
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