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Antimicrobial polymeric materials for packaging applications: A review
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In recent years, antimicrobial packaging has attracted much attention from the food industry because of the increase in
consumer demand for minimally processed, preservative-free products. Antimicrobial packaging can be considered an
emerging technology that could have a significant impact on shelf life extension and food safety. Many classes of
antimicrobial compounds have been evaluated in film structures, synthetic polymers and edible films. New antimicrobial
packaging materials are continually being developed. Many of them exploit natural agents to control common food-borne
microorganisms. The present review will be restricted to food packaging applications only, including a brief outline of
some antimicrobial polymeric packaging systems, recent developments and future prospects.
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1. Introduction
The microbial contaminated polymeric materials could serve as important sources of cross-infections, causing a variety
of serious consequences in medical devices, hospital equipment, water purification and delivery systems, bio-protective
equipment. Even though they cannot be directly assimilated by microorganisms, microbes can grow and propagate
using bioassimilable contaminants on the surface of the polymeric materials. One possible way to avoid microbial
contamination is to develop them that possess antimicrobial activities [1-8]. The polymeric materials with resistance to
microbial colonization and pathogenic microorganism spreading (antimicrobial polymers) have been one of the
examples of the active material functionality. The antimicrobial polymers are expected to protect against negative
impact of the pathogenic microorganisms, which can seriously affect the society from the viewpoint of both health
damages and unwanted economical loads connected with that. They have usually been prepared by compounding
antimicrobial agents into ordinary synthetic polymers. However, many of the antimicrobial agents steadily permeate out
from the polymer matrices, giving rise to poisonous influences on the human body. Covalent bonding of antimicrobial
pharmacophores to polymer matrices would reduce or eliminate the permeation problems, which can be done either by
polymerization of monomers possessing antimicrobial activity or by direct chemical anchoring of pharmacophores onto
functional groups of the ordinary synthetic polymers [3]. Moreover, increased efficiency, selectivity, and handling
safety are additional benefits which may be realized [4]. Many novel antimicrobial agents have been synthesized by
chemical means [9] or by microbial fermentation [10] and wait to be compounded or chemically anchored to polymers
[9, 10]. Antimicrobial agents used in antimicrobial-processed products are classified into organic, inorganic and natural
organic compounds. Organic antimicrobial agents raise health concerns and many of them do not have sufficient
antimicrobial activity. Polymeric antibacterial agents can significantly reduce loss of antimicrobial activity associated
with volatilization, photolytic decomposition, dissolution, and permeation [4]. On the other hand, inorganic
antimicrobial agents employ Ag, Cu, and Zn compounds and are excellent in safety and antimicrobial activity. These
metalic compounds are used in many types of household and medical products due to their good balance between
antimicrobial activity and endurance. However, patients with metal allergy due to Cu or Zn have been reported [11].
Antimicrobial polymeric materials could find a successful application such as coating on glassy polymers, food
packaging, sanitary, or medical application, antimicrobial agents are prepared by introducing antimicrobial functional
groups into the polymer molecules to protect the polymeric materials against harmful microorganisms in spite of the
lower antimicrobial activity compared to the respective monomers. This chapter reviews the different types of
antimicrobial polymeric materials developed for packaging applications, recent developments and future prospects.
Special emphasis will be on the advantages/disadvantages of each technology.

2. Antibacterial polymeric packaging
Polymeric packaging fulfils the diverse role from protecting products, preventing spoilage, contamination, extending
shelf life, ensuring safe storage thereby helping to make them readily available to consumers in our day to day life. The
term antimicrobial packaging encompasses any packaging techniques used to control microbial growth in a food
product. These include packaging materials and edible films and coatings that contain antimicrobial agents and also
techniques that modify the atmosphere within the package [12]. In this section, a brief description of polymeric
packaging material, food-borne pathogen and antimicrobial polymer-based food packaging material is presented.
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2.1Polymeric packaging material
Packaging materials provide a means to preserve, protect, merchandise, market and distribute foods. They play a
significant role in how these products reach the consumers in a safe and wholesome form without compromising quality.
The relationship between the food and contact with the packaging material continuously interact and contribute to
changes that can occur over time in these products [13]. It is therefore important that several factors are considered
when choosing the right package for a particular food product. Generally, the packaging material may either be rigid or
flexible. Rigid containers include glass and plastic bottles and jars, cans, pottery, wood boxes, drums, tins, plastic pots
and tubes. They give physical protection to the food inside that is not provided by flexible packaging. Flexible
packaging is a major group of materials that includes polymer films, papers, foil and some types of vegetable fibres and
cloths that can be used to make wrappings, sacks and sealed or unsealed bags [13].
The polymers are made up of large, organic molecules that can be formed into a variety of useful products, they are
fluid, moldable, heat sealable, easy to print, and can be integrated into production processes where the package is
formed, filled, and sealed in the same production line [14]. Flexible and semi-rigid containers made of polymers are
gradually replacing the traditional metal cans and glass jars for packaged shelf-stable foods. Unlike metal cans and glass
jars, they are relatively permeable to gases, water vapour, and other small penetrate molecules. Therefore, polymer
materials used for packaging oxygen sensitive foods should possess low oxygen permeability [14]. In addition to the
high barrier requirement, materials for polymeric packages should possess various other characteristics such as
mechanical strength, heat resistance, puncture resistance, chemical resistance, transparency, gloss, printability and
compliance with relevant food contact legislation [15].
The packaging industry is the largest user of polymers; more than 90 % of flexible packaging is made of them,
compared to only 17 % of rigid packaging. Barrier resins are generally being employed for polymer containers by
modifications to improve product protection and make them more cost effective [13]. Polymer films are mainly used as
packaging materials for food products, consumer goods, and liquid and bulk chemical and petrochemical products, as
well as for household purposes. Typical polymer film production technologies are blown and cast extrusion. Blown film
manufacturing involves using a jet of air to blow the molten polymer through a circular blown film die. The melted
plastic then forms a continuous tube, which is inflated, flattened by rollers, and cut to length-resulting in doublethickness film. Cast film is manufactured by extruding the melted polymer through a flat die or slot-forming a thin sheet
or film. After extrusion, it is attached to the surface of a chilled (rotating) roller so that it is cooled extremely fast. It is
the surface of the rotating roller that gives cast film its characteristic smooth and clear appearance. While cast film can
be produced at much higher line speeds, there is higher waste along with little orientation in the cross direction [16].
Barrier packaging would not be what it is today had it not been for the discovery of the multilayer structure. Prior to the
development of co-extrusion technology, multilayer films were produced by laminating thin polymer layers together.
While this process of lamination worked, it was found to be slow and not very efficient. Co-extrusion involves
combining two or more layers of melted plastic into a single extruded web [16]. Materials used in the production of
packaging films include cellulose and its esters, polyolefins, polyvinyls, polystyrene (PS), polyesters and polyamides.
The plain cellulose is a glossy transparent film that is odourless, tasteless and biodegradable. It is tough and puncture
resistant, although it tears easily. It has dead-folding properties that make it suitable for twist-wrapping (e.g. sugar
confectionery). However, it is not heat sealable and the dimensions and permeability of the film vary with changes in
humidity. It is used for foods that do not require a complete moisture or gas barrier, including fresh bread and some
types of sugar confectionery [17]. Cellulose acetate is a clear, glossy transparent, sparkling film that is permeable to
water vapour, odours and gases and is mainly used as a window material for paperboard cartons [18].
The most widely used commercial polyolefins are polyethylene (PE), polypropylene (PP), and poly(ethylene-covinyl acetate) (EVA). PE is classified according to its density as low density PE (LDPE), linear low density PE
(LLDPE), medium density PE (MDPE), and high density PE (HDPE). LDPE film is heat sealable, inert, odour free and
shrinks when heated. It is a good moisture barrier but is relatively permeable to oxygen and is a poor odour barrier. It is
less expensive than most films and is therefore widely used for bags, for coating papers or boards and as a component in
laminates. LDPE is also used for shrink- or stretch wrapping. Stretch wrapping uses thinner LDPE (25 - 38 m) than
shrink-wrapping (45 - 75 m), or alternatively, LLDPE is used at thicknesses of 17 - 24 m [17]. The cling properties of
both films are adjusted to increase adhesion between layers of the film and to reduce adhesion between adjacent
packages [19]. HDPE is stronger, thicker, less flexible and more brittle than LDPE and a better barrier to gases and
moisture. Sacks made from HDPE have high tear and puncture resistance and have good seal strength. They are
waterproof and chemically resistant and are increasingly used instead of paper or sisal sacks. PP is a clear glossy film
with a high strength and puncture resistance. It has a moderate barrier to moisture, gases and odours, which is not
affected by changes in humidity. It stretches, although less than PE. It is used in similar applications to LDPE. Oriented
PP is a clear glossy film with good optical properties and a high tensile strength and puncture resistance [20]. It has
moderate permeability to gases and odours and a higher barrier to water vapour, which is not affected by changes in
humidity. It is widely used to pack biscuits, snack foods and dried foods [21].
Poly(ethylene-co-vinyl alcohol) (EVOH) has one of the lowest oxygen permeability reported among polymers
commonly used in packaging. EVOH is a semi-crystalline copolymer of ethylene and vinyl alcohol monomer units.
Commercial production of EVOH is generally a two-step process involving free radical polymerization of ethylene and
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vinyl acetate followed by saponification. The acetate functional groups in EVA copolymers are converted into hydroxyl
groups during a saponification process. Only polyvinyl alcohol (PVOH) has oxygen permeability lower than that of
EVOH. However, PVOH is soluble in water and difficult to process by melt extrusion because its melting point is close
to its heat degradation temperature. The melting point of PVOH is about 180 - 190 °C, while it thermally degrades at
temperatures around 150 °C [22]. Therefore PVOH has limited use in food packaging. Data from EVAL Americas
(Houston, TX) indicates that oxygen permeability of EVOH (EVAL® resin with 27 mol% ethylene) is about 0.006
cc⋅mil/100 in2⋅day⋅atm at 23 °C. It is especially important for refrigerated and shelf-stable foods where oxygen
deteriorates the quality of packaged products and reduces their shelf life. EVOH accounts for a majority of
thermoplastic barrier materials used for rigid or semi-rigid retortable food containers. However it is of limited use in
flexible packages or lid films for rigid trays used for packaging thermally processed shelf-stable low acid foods due to
its moisture sensitivity [23]. EVOH is hydrophilic, absorbing a significant amount of moisture when directly exposed to
humid conditions, leading to an increase in its oxygen permeability. Thus the performance of EVOH as a barrier
material in food packages depends upon the processing and storage conditions to which the packages are exposed.
Despite the problems of moisture sensitivity, EVOH is still a preferred barrier material for various packaging
applications, accounting for about 70 - 75 % of barrier resin used for retortable rigid containers [24].
Two most important polyvinyl polymers for food packaging applications are poly(vinyl chloride) (PVC) and
poly(vinylidene chloride) (PVDC). PVC is most commonly used for clear wrapping because of its cheap cost and
stretching capabilities as well as being easy to extrude into sheets. It exhibits excellent thermoformability, high flexural
strength, good chemical resistance and low permeability to oils. These properties make PVC the material of choice for
blister packaging [25]. PVC film can be found in stretch wrap for industrial and pallet wrap, shrink wrap, some bags
and liners, labels and blood bags. It also is used exclusively to package fresh red meats. That is because it is semipermeable, which, as mentioned earlier, means that just enough oxygen can pass through the film to keep the meat fresh
and maintain its bright red colour. PVDC is a synthetic resin produced by the polymerization of vinylidene chloride. It
is used principally in clear, flexible, and impermeable polymer food wrap. The oxygen permeability of high barrier
PVDC is about 0.08 cc⋅mil/100 in2⋅day⋅atm at 23 °C [26]. PVDC is very strong and is therefore used in thin films. It has
a high barrier to gas and water vapour and is heat shrinkable and heat sealable. The gas barrier properties of PVDC are
not affected by moisture, and PVDC itself has relatively low water vapour transmission rate. The thickness normalized
water vapour transmission rate of saran XU-32024 PVDC is 0.06 g⋅mil/100 in2⋅day. However, the use of PVDC is
challenged by several issues that include cost, processing difficulties, and environmental concerns. PVDC
homopolymer has a melting point of 198 - 205 °C and decomposes at around 210 °C, which makes the polymer difficult
to process [27]. On the other hand, copolymers of PVDC have lower melting points of about 140 - 175 °C, making melt
processing feasible. Because of the fairly narrow range of feasible processing temperatures for PVDC, its co-extrusion
with polymers that require high processing temperatures such as nylon 6 (260 - 290 °C) and polyethylene terephthalate
(PET) (280 - 310 °C) becomes difficult [28].
PET is a strong, lightweight synthetic resin and the most common type of polyester. PET is becoming the package of
choice for many food products, particularly beverages and mineral waters. The main reasons for its popularity are the
properties of glass-like transparency coupled with adequate gas barrier properties for retention of carbonation. The three
major packaging applications of PET are as containers (bottles, jars and tubs), semi-rigid sheet for thermoforming (trays
and blisters) and thin oriented films (bags and snack food wrappers). PET bottles and jars are manufactured by the
process of injection stretch blow moulding [29]. Semi-rigid transparent PET sheet, the precursor for thermoforming
PET articles, is made by extruding a ribbon of molten PET polymer onto a series of cooling and compressing rolls. The
cooled sheet is then stored before feeding through a thermoforming line, which heats the sheet, stamps, forms, and cuts
out the article all in one process. Manufacture of thin, biaxially oriented PET film is a much more demanding operation,
which develops fully the properties of the PET [30]. The excellent thermal properties of PET film allow it to be
processed and used over a wider temperature range (-70 to +150 °C) than most common packaging films. They can be
used in the demanding sterilisation processes based on steam, ethylene oxide and radiation. These are ideal for retort
packaging, dual ovenable lidding and ‘boil in the bag’ applications [29].
Polyamides are clear, strong films over a wide temperature range (from -60 to 200 °C) that have low permeability to
gases and are grease proof. However, the films are expensive to produce, require high temperatures to heat seal, and the
permeability changes at different storage moistures. They are used with other polymers to make them heat sealable at
lower temperatures and to improve the barrier properties, and are used to pack meats and cheeses [31]. They may be
processed into film by blown or cast film process, oriented or non-oriented. Nylon 6 is a widely used polyamide for the
production of flexible packaging film, in most cases combined with polyolefins as a component of a multilayer structure.
Furthermore multilayer films are coated with other polymers or aluminum to improve their barrier properties or to
impart heat sealability. For example a nitrocellulose coating on both sides of cellulose film improves the barrier to
oxygen, moisture and odors, and enables the film to be heat sealed when broad seals are used. Package films made from
cellulose that has a coating of vinyl acetate are tough, stretchable and permeable to air, smoke and moisture. They are
used for packaging meats before smoking and cooking. A thin coating of aluminum (metallization) produces a very
good barrier to oils, gases, moisture, odors and light. This metallized film is less expensive and more flexible than
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plastic/aluminum foil laminates [32]. Common films on the market are polymer multilayer films which combine PE, PP,
nylon, EVOH and PET.
2.2Food-borne pathogen
In general, infectious pathogens may enter the body and invade or colonize host tissues. This requires some time usually
greater than 8 h for onset of illness. Toxigenic pathogens create food “poisoning” situations by producing an
enterotoxin in the food. Incubation times for onset of disease from toxigenic microbes are often shorter than for invasive
pathogens and can be as little as 1 h, as in the case of staphylococcal enterotoxin-induced illness. The short incubation
time in comparison to the infectious pathogens results because the agent of illness, the toxin, is pre-formed in the food
and ingested. Illness is not contingent upon the organism migrating to the intestinal tract implanting and growing [33].
Selected examples of food-borne pathogens in various foods as follow.
Salmonella species are gram-negative rod-shaped bacteria of the Enterobacteriaceae family. Despite great advances
in molecular genetic approaches to identification and characterization these organisms are still serologically defined, i.e.,
by their somatic (O) and (usually) flagellar (H) and sometimes capsular (Vi) antigens. Over approximately 2,400
different serotypes are known to exist. Salmonella can cause a number of disease syndromes including typhoid fever
from Salmonella typhi. However, other strains of Salmonella cause gastroenteritis, bacteremia, and enteric or
paratyphoid fever [34]. Symptoms include abdominal pain, diarrhea, occasionally with mucous or blood. Nausea and
vomiting often occur but are rarely severe or protracted. A fever of 38 - 39 °C is common, often after a chill. In many
instances the disease resolves within 48 h. However, it can last with diarrhea and low-grade fever for 10 - 14 days. In
severe cases dehydration may lead to hypotension, cramps, oliguria, and uremia. Symptoms are often more severe in
infants and adults over 60 years of age. Fatalities rarely exceed 1 % of the affected population and are generally limited
to infants, elderly, and debilitated individuals [34].
Listeria monocytogenes (L. monocytogenes) is a Gram-positive rod-shaped bacterium. It is the agent of listeriosis, a
serious infection caused by eating food contaminated with the bacteria. The very widespread distribution of this
organism in the natural environment coupled with its resistance to freezing, growth in the presence of 10 % salt,
survival in concentrated brine solutions, and its ability to grow at 1 - 45 °C (optimum at 35 - 37 °C) makes control of
this organism in the processing environment challenging. Eradication of this organism from ready-to-eat meat and
poultry processing environments is unlikely given current technology [35]. Hence, implementation of rigorous controls
is essential to prevent processed food contamination. Two types of listeriosis are recognized - (a) an invasive form that
can be life threatening in newborn infants, the elderly, and immunocompromised adults and (b) a less common selflimiting gastrointestinal illness. In the gastrointestinal form, flu-like symptoms such like diarrhea, vomiting, fever, may
occur 18 - 24 h after ingestion of the contaminated food [33].
Campylobacter species are gram-negative, spiral-shaped rods and typically motile. The Campylobacter genus
consists of 14 species. The most common food-borne species are Campylobacter jejuni and Campylobacter coli.
Members of the genus are susceptible to environmental stresses and are considered to be relatively fragile. Because of
these concerns, this organism can be difficult to isolate in the laboratory. The most common type of illness caused by
Campylobacter spp. is gastroenteritis referred to as campylobacteriosis. Enteric symptoms are caused by a thermolabile
toxin [35]. Infections are usually self-limiting, and treatments typically include fluid and electrolyte replacement.
Antibiotic treatments may be used in severe cases [36].
Staphylococcus aureus (S. aureus) is a common bacterial pathogen causing staphylococcal food poisoning a leading
cause of food-borne intoxication worldwide. Staphylococcal food poisoning is not attributed to ingestion of live
bacterial cells but rather acquired from ingesting one or more heatstable pre-formed staphylococcal enterotoxins in
foods contaminated with enterotoxin producing strains of staphylococci, principally, S. aureus. This type of food
poisoning is classified as intoxication since it does not require growth of the bacterium in the host. Indeed, numerous
outbreaks have been caused by foods in which the organism has been killed but the heat-stable toxin remained.
Staphylococcal enterotoxins are unique because they are not destroyed by heating including canning. S. aureus causes
food poisoning by releasing enterotoxins into the food and toxic shock syndrome by release of superantigens into the
bloodstream. In humans, S aureus causes various suppurative (pus-forming) infections including superficial skin lesions,
boils, styes, and furunculosis as well as more serious infections such as pneumonia, mastitis, phlebitis, meningitis, and
urinary tract infections; and deep-seated infections, such as osteomyelitis and endocarditis [33].
Bacillus cereus (B. cereus) is a gram-positive, spore-forming rod-shaped microorganism. The spores of B. cereus can
survive most cooking processes. Mainly prolific as an aerobic vegetative cell, survival in anaerobic conditions is also
possible. Germination of spores to high populations of viable cells may produce a toxin in foods or in human intestines,
causing gastrointestinal illness. Fried rice is a common source of illness caused by B. cereus. It is frequently present in
uncooked rice, their heat-resistant spores can survive and germinate after cooking and a heat-stable enterotoxin may be
produced that can survive further heating such as stir frying. Toxin production is enhanced by the presence of protein
such as eggs or meat [33]. Foods with high fat content may also have a protective effect. Therefore, the enterotoxin may
be present in the food or it may be produced after ingestion within the small intestine. B. cereus strains can produce two
types of food-borne illness: diarrheal and emetic. The diarrheal illness is often associated with meat products, soups,
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potatoes and other starchy vegetables, puddings, and sauces. Onset times may occur 8 - 16 h after ingestion of food
containing the microorganisms and/or toxin. Abdominal pain, diarrhea, and possibly nausea and vomiting may ensue.
Illness usually lasts for 12 - 14 h and complications are rare [33].
Clostridium botulinum (C. botulinum), a gram-positive, anaerobic, rod-shaped bacterium, consists of four
physiological diverse groups (groups I - IV) that share the common feature of producing the extremely potent botulinum
neurotoxins. Food-borne botulism is an intoxication involving the consumption of food containing botulinal toxin
produced during the growth of these organisms in food. Groups responsible for food-borne botulism in humans include
group I and group II whereas groups III and IV affect primarily non-human animal hosts. Botulinal intoxication can
range from a mild illness, that may be disregarded or misdiagnosed, to a serious disease that can be fatal within 24 h.
Rapidity of onset and severity of disease depend on the rate and amount of toxin absorbed with roughly half the annual
cases of food-borne botulism being attributed to type [33].
Escherichia coli (E. coli) is a gram-negative, non-spore-forming short rod-shaped bacterium capable of growth and
gas production at 45.5 °C in lactose-containing medium. E. coli produce a toxin(s) after it implants in the colon and
colonizes it resulting in illness. Pre-formed toxins have not been shown to occur in foods or cause human disease. It is a
difficult organism to manage from a public health standpoint, because of its low infectious dose which may be, in part,
related to its substantial acid tolerance and ability to survive low pHs sometimes found in the stomach. [33]. Despite the
relatively low number of illnesses compared to other food-borne microbes, there are an estimated 2,100 hospitalizations
and 61 deaths, putting it fourth in the number of annual food-borne illness related deaths below non-typhoidal
Salmonella (553 deaths), L. monocytogenes (499 deaths), and Campylobacter (99 deaths) [37].
Clostridium perfringens (C. perfringens) is a mesophilic bacterium. The lowest temperature for growth is around 20
°C and the highest is around 50G °C. The optimum growth temperatures are between 37 and 45 °C. The organism’s
generation time at 45G°C under optimal conditions can be as rapid as 7 min allowing C. perfringens to quickly multiply
in foods where it may form discrete microscopic colonies of high population. The organism’s ability to form heatresistant spores also contributes to its ability to cause food poisoning. The illness occurs when people swallow these
bacteria or their spores which then multiply and produce toxin in the small intestine. Symptoms of C. perfringens type
A food poisoning appear between 6 and 24 h (usually 8 - 12 h) after eating contaminated food and then resolve
spontaneously within the next 12 - 24 h. The symptoms consist of the sudden onset of acute abdominal pain followed by
diarrhea. Nausea is common, but fever and vomiting are usually absent. Death rates from C. perfringens type A food
poisoning are low, however, fatalities do occur in elderly or in debilitated persons [37].
Enterobacter sakazakii (E. sakazakii) is a gram-negative, non-sporulating, rod-shaped, opportunistic bacterium that
has been historically distinguished from E. cloacae based on its ability to produce yellow pigment, and, as of 1980,
comprised a distinct species within the genus Enterobacteriaceae family. Enterobacteriaceae based on DNA-DNA
hybridization and phenotypic characteristics [38]. The pathogen has been reported as growing between 4 and 47 °C [38]
and has been implicated in sporadic cases of neonatal sepsis and meningitis, associated with necrotizing enterocolitis in
infants and, in rare instances, has been implicated in infections in immunocompromised adults [39].
2.3Antimicrobial polymer-based food packaging material
Foods contamination leading to spoilage and growth of pathogenic microorganisms can happen when exposed to
environment during slaughtering, processing, packaging and shipping. Although traditional food preservation methods
such as drying, heating, freezing, fermentation and salting can extend food shelf life, it is not consummate especially to
inhibit the growth of pathogenic microorganisms that may endanger consumers' health. Even fresh produce, which is
displayed unpackaged at the store, must be transported out of the store in some type of container. Packaging provides
protection of food from adulteration by water, gases, microorganisms, dust, and punctures, to name a few [40]. Most
food packaging systems represent either a package/food system or a package/headspace/food system. A package/food
system is a solid food product in contact with the packaging material, or a low-viscosity or liquid food without
headspace. Diffusion between the packaging material and the food and partitioning at the interface are the main
migration phenomena involved in this system. Package/headspace/food systems are represented by foods packed in
flexible packages, cups, and cartons. Evaporation or equilibrated distribution of a substance among the headspace,
packaging material and/or food has to be considered as a part of main migration mechanisms to estimate the interfacial
distribution of the substance [41].
The active and intelligent food packaging category is a novel type of packaging compared with traditional methods.
Active packaging systems are developed with the goal of extending shelf life for foods and increasing the period of time
that the food is high quality. Active packaging technologies include some physical, chemical, or biological action which
changes interactions between a package, product, and/or headspace of the package in order to get a desired outcome
[42]. In general, the intelligent aspect of food packaging refers to the concept of monitoring information about the
quality of the packed food. The purpose of the intelligent system could be to improve the quality or value of a product,
to provide more convenience, or to provide tamper or theft resistance [43]. Antimicrobial packaging is a type of active
packaging that goes beyond the traditional passive packaging role of protecting and marketing a food product. It
interacts with the food in a desirable way to reduce or inhibit microorganism growth on food surfaces [44]. It can take
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different forms, including: the addition of sachets or pads containing volatile antimicrobials into packages, the
incorporation of antimicrobial agents directly into polymers, antimicrobial coatings on polymer surfaces, the
immobilization of antimicrobials to polymers by ion or covalent bonds and use of polymers that are inherently
antimicrobial activity [45].
In order to absorb or emit gases to a package or headspace, sachets and pads are very commonly used. Sachets or
pads within the container have been a successful application of passive technology. Oxygen absorbers, moisture
absorbers and ethanol vapour generators are the main types of sachets [46]. Oxygen absorbers are usually made of
powdered iron or ascorbic acid. Oxygen absorbers in sachets are commonly found in meat and poultry products, coffee,
pizzas, baked goods and dried foods. Water absorbent pads may be used in packages containing meats that are likely to
leak after temperature fluctuations. These pads prevent the growth of molds or bacteria by absorbing water into super
absorbent polymer granules placed between two layers of micro-porous non-woven polymer [45]. Some sachets are
capable of emitting ethanol as an antimicrobial agent to extend the shelf life of high moisture bakery products. However
sachets cannot be used in liquid foods. They may not be used in a package made of flexible film, as the film will cling
to the sachet and prevent it from performing its function.
The incorporation of antimicrobials direct into polymer is receiving considerable attention as a means of extending
the bacterial lag phase, slowing the growth rate of microorganisms and maintaining food quality and safety. This is
assumed to control growth of undesirable microorganisms. There are two ways of incorporation of antimicrobials into
the packaging materials. One way is the addition of antimicrobial agents into the melt form of polymer and the other is
the addition into the wet polymer solution. Many chemical antimicrobial agents can be employed in antimicrobial film
systems including organic acids and their salts (sorbates, benzoates, and propionates), parabens, sulfites, nitrites,
chlorides, phosphates, epoxides, alcohols, ozone, hydrogen peroxide, diethyl pyrocarbonate, antiobiotics, and
bacteriocins [47].
Coating or adsorbing antimicrobials onto polymer surfaces technique is generally used for the antimicrobials which
are sensitive to high temperature, such as enzymes, and cannot be used in polymer film processing. Enzymes with
antimicrobial activity, such as lysozyme, have low heat tolerance which restricts the application of these compounds to
their sorption into the polymer surface, or coating or casting from solutions [47]. Antimicrobial coatings may be
developed by incorporating nisin, lactoferrin, sodium diacetate, sorbic acid, and potassium sorbate into a coating
material. Films containing nisin, sorbic acid, and potassium sorbate have the ability to inhibit the food-borne pathogen L.
monocytogenes. Nisin has also been shown to inhibit microorganisms, including Listeria sp., when coated onto methyl
cellulose or hydroxypropyl methyl cellulose on LDPE package film [48]. Nisin is a polypeptide produced by
microbiological fermentation that remains a prohibitively expensive active ingredient [48].
A rapid release of the antimicrobial compound from the film to the food surface causes its fast consumption in a short
period of time, after which the minimum concentration required for the inhibition of microbial growth is not maintained
on the food surface. On the other hand, spoilage reactions on the food surface may start if the release rate of the
antimicrobial agent from the film is slow. Thus, the controlled release of the active agent for a long period of time is
necessary to maintain its minimum inhibitory concentration on the food surfaces. Lysozyme is a naturally occurring
antimicrobial that has been incorporated into both monolayer cross-linked PVOH film and a multilayer structure of
cross-linked PVOH [49]. The release rate of lysozyme can be controlled through the degree of cross-linking of the
polymer matrix with no loss of antimicrobial effectiveness [50]. Antimycotics and antimicrobials have been added to
food packaging films to delay outgrowth of mold. Potassium sorbate release from LDPE and HDPE films has been
studied in food systems, including American processed and mozzarella cheeses [51]. Sorbate-release from HDPE
packaging has enabled processed American cheese to be free of microbial contamination for 5 months at room
temperature storage. In other system, known as BioSwitch [52], an antimicrobial is released on command when
bacterial growth occurs. The basic concept is that a change in the environment such as pH, temperature, or UV light
occurs and the antimicrobial responds accordingly. The external stimulus results in a release of the antimicrobial
component of the package. In this system, the antimicrobial is released on command, and the system is active only at
specific conditions. This system could potentially increase the stability and specificity of preservation and reduce the
amount of chemicals needed in foods. A common example of release on command antimicrobials in food packaging is
the inclusion of polysaccharide particles that encapsulate antimicrobial compounds. Many bacteria will digest
polysaccharide when they grow, and so if a bacterial contamination occurs, the growth of bacteria will release the
antimicrobial compounds and should inhibit subsequent microbial growth [40].
Currently, the majority of antimicrobial polymer materials are produced by either polymer compounding with
inorganic or organic antimicrobial agents or by coating polymer surfaces with antimicrobials. However, the general
problems with the additive approach are poor compatibility, decrease in mechanical and physical properties, loss of
antimicrobial activity and health and environment risk [53]. In addition the use of conventional antimicrobials is
associated with the problems of residual toxicity of these agents which can cause more serious problems to the
environment. For example, in the case of using these antimicrobial agents in food packaging, there is a risk of diffusion
of these agents into the food causing various problems [54, 55]. In water treatment, the most popular treatment method
to disinfect and sterilize water is to use chlorine and other related chemicals. However, their residues can become
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concentrated in the food chain and in the environment as well as the possible formation of halomethane analogues that
are suspected of being carcinogenic should lead to the avoidance of their use [54].
Due to the associated problems result from the use of conventional antimicrobial agents; the idea of polymeric
antimicrobial agents appeared to be an attractive alternative. Nowadays, there is an increasing interest in selective
antimicrobial polymers whose potency against bacteria and non-toxicity towards mammalian cells distinguishes them
from most polymeric antimicrobials that are broadly poisonous [56-58]. This technology can be divided into two types:
immobilization of antimicrobials to polymers by ion or covalent linkages or use of polymers that are inherently
antimicrobial. Some polymers containing an antimicrobial pharmacophore can be prepared by the ionic or covalent
bonding of the pharmacophore to polymers. This would require a molecular structure large enough to retain activity on
the microbial cell wall even though bound to the polymer. Methyl 2-benzimidazolecarbamate is known to inhibit the
growth of fungi very effectively. Park et al. [2] introduced a 2-benzimidazolecarbamoyl moiety to EVOH, imbuing the
polymer with antifungal activity. Park et al. [6] also synthesized a polymeric antimicrobial agents by reacting three
antimicrobial agents, 4-aminobenzoic acid (ABA), salicylic acid (SA), and 4-hydroxy benzoic acid (HBA) with EVOH.
S. aureus was more susceptible to the synthesized polymeric antimicrobial agents than P. aeruginesa. The antimicrobial
activity increased in the order of EVOH-HBA < EVOH-ABA < EVOH-SA. These synthesized antimicrobial polymers
can be used to flexible packaging film.
Cationic polymers such as chitosan and poly-L-lysine are inherently antimicrobial and have been used in films and
coatings. These polymers interact with negative charges on the cell membrane and cause the leakage of their
intracellular components [44]. Synthetic antimicrobial macromolecules which include antimicrobial peptids, polymers
and peptide polymer hybrids represent a huge class of molecules which can be used in effective antimicrobial polymer
due to their unique biochemical properties. The use of these antimicrobial macromolecules which target the cytoplasmic
membrane of microbes is a promising approach to lower the propensity of pathogen resistant development.
Antimicrobial N-halamine polymers and coating have been studied extensively to their numerous qualities such as
effectiveness toward a broad spectrum of microorganism, long-term stability, regenerability, safety to human and
environment and low cost [53].
Nanotechnologies are expected to play a major role here, taking into account all additional safety considerations and
filling the presently existing gap in knowledge. The potential of polymer nanocomposites as food packaging materials is
largely due to the enhanced gas and moisture barrier properties, increased stiffness with lighter weight, strength and
thermal stability [59]. The concept of polymer nanocomposites was developed in the late 1980s. Toyota was the first
company to commercialise these nanocomposites and to use nanocomposite parts in one of its popular models for
several years [60]. Polymer nanocomposites are a class of hybrid materials made from nanoscale particles such as metal
oxides, semiconductors, clay minerals, and carbon materials. Several potential applications have been identified so far
in various industrial sectors, for example automobiles, construction, aerospace, electronics and electrical, food
packaging, and coatings and pigments [59]. Several of these studies are targeted specifically at food or food packaging
applications, and a recent publication reviewed the numerous classes of nanomaterial antimicrobials targeted for use in
drinking water sterilization [61]. Antimicrobial nanocomposite systems are particularly effective, because of the high
surface-to-volume ratio and enhanced surface reactivity of the nanosized antimicrobial agents, making them able to
inactivate microorganisms more effectively than their micro- or macro-scale counterparts. They too provide improved
strength and barrier properties that are desirable for food packaging. One of the biggest advantages of inorganic
nanoparticles (NPs) over molecular antimicrobials is the ease with which the former can be incorporated into polymers
to form functional antimicrobial materials [62]. Commonly used or tested antimicrobial nano and nanocomposite
materials include metal ions (silver, copper, gold, platinum), metal oxide [titanium dioxide (TiO2), zinc oxide (ZnO),
calcium oxide (CaO), magnesium oxide (MgO)], and modified nanoclays.
Silver has been long known to have microbial inhibition. It has been in use since time immemorial in the form of
metallic silver, silver nitrate, silver sulfadiazine for the treatment of burns, wounds and several bacterial infections. But
due to the emergence of several antibiotics the use of these silver compounds has been declined remarkably.
Nanotechnology is gaining tremendous impetus in the present century due to its capability of modulating metals into
their nanosize, which drastically changes the chemical, physical and optical properties of metals. Metallic silver in the
form of silver NPs has made a remarkable comeback as a potential antimicrobial agent. The use of silver NPs is also
important, as several pathogenic bacteria have developed resistance against various antibiotics. This is especially true
due to the controlled release properties of silver NPs [63], which can be engineered to remain potent antimicrobial
agents for long periods of time. Thus, silver NP/polymer nanocomposites are attractive materials for use in food
packaging materials to preserve shelf life. The antimicrobial activity of these NPs may be related to several mechanisms
including, induction of oxidative stress due to generation of reactive oxygen species (ROS) which may cause the
degradation of the membrane structure of the cell, release of ions from the surface of NPs that has been reported to
cause bacterial death due to binding to cell membrane. However, the mechanism of toxicity is still only partially
understood [64]. Silver NPs can damage cell membranes of microorganisms by forming “pits” on their surfaces.
Moreover, they may penetrate into the cells to cause DNA damage [65]. Silver ions released from the surface of these
NPs can interact with thiol groups in protein to induce bacterial inactivation, condensation of DNA molecules, and loss
of their replication ability [64]. Copper is of natural occurrence in plant and animal tissues where it participates in a
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number of important roles. To certain limits, the human body has mechanisms available for protection against copper
toxicity at the cellular, tissue, and organ levels. Although only a few studies have reported the antibacterial properties of
copper NPs, they show copper NPs have a significant promise as bactericidal agent [66]. In contrast other NPs, such as
platinum, gold, iron oxide, silica and its oxides, and nickel have not shown bactericidal effects in studies with E. coli
[67, 88]. Yoon et al. [69] reported the antibacterial effects of silver and copper NPs using single representative strains of
E. coli and B. subtilis, where the copper NPs demonstrated superior antibacterial activity compared to the silver NPs.
However gold, silver and platinum are prohibitively expensive to be used on industrial scale. Therefore, current
research work focuses metal oxides like titanium dioxide (TiO2) as effective antibacterial agents for coating on the
polymer films [70-72]. TiO2 is non-toxic and has been approved by the FDA for use in human food, drugs, cosmetics
and food contact materials. Unlike silver NPs, the antimicrobial activity of TiO2 NPs is photocatalyzed and thus TiO2based antimicrobials are only active in the presence of UV light. The greater inhibition in the presence of light supports
the notion that the antibacterial activity of TiO2 was related to photocatalytic reactive oxygen species (ROS) production.
While cell death with TiO2 was less pronounced in the dark, it still occurred, indicating that an additional mechanism is
involved. Similar results have been reported from mammalian cytotoxicity studies, where TiO2 exerted oxidative stress
in the dark under non-photocatalytic conditions [73]. Currently there is considerable interest in the self-disinfecting
property of TiO2 for meeting hygienic design requirements in food processing and packaging surfaces. For instance,
TiO2 NPs have been found to be effective against common food-borne pathogens including Salmonella choleraesuis,
Vibrio parahaemolyticus, and L. monocytogenes under UV illumination but not in the dark [70]. Specifically targeting
food-packaging materials, Cerrada et al. ultrasonically dispersed TiO2 NPs throughout EVOH films and observed their
effective photo-activated biocidal properties against nine microorganisms (bacteria and yeasts) cited to be involved in
food poisoning and spoilage [74]. Another food packaging study showed that PP films coated with TiO2 NPs inhibited
E. coli growth on fresh cut lettuce [75]. In principle, food packaging films incorporating TiO2 NPs may have the
additional benefit of protecting food content from the oxidizing effects of UV irradiation while maintaining good
optical clarity, as TiO2 NPs are efficient short-wavelength light absorbers with high photostability.
Other metal oxide nanopowders of ZnO, CaO and MgO were found to show marked antibacterial activity [76]. The
advantage of using these inorganic oxides as antimicrobial agents is that they contain mineral elements essential to
humans and exhibit strong activity even when administered in small amounts [77]. Jin et al. [78] studied several
approaches (powder, film, PVP capped and coating) for the application of nano-ZnO in food systems and concluded
that nano-ZnO exhibits antimicrobial effects against L.monocytogenes and S.enteritidis in liquid egg white and in
culture media. ZnO has found many applications in daily life such as in drug delivery, cosmetics, and medical devices
due to its strong antimicrobial effect on a board spectrum of microorganisms. Moreover, it is currently listed by FDA as
a generally recognized as safe material. However, the toxicity of ZnO NPs is not directly related to their entering into
the cell, rather their intimate contact onto the cell causes changes in the microenvironment in the vicinity of the
organism-particle contact area to either increase metal solubilization or to generate ROS that may ultimately damage
cell membrane. Moreover, the toxicity of ZnO NPs is not only affected by the light via ROS production, but may also
happen in the dark although its mechanism is not yet defined [79]. The antimicrobial properties of MgO NPs were
studied and they were found to be highly effective against bacteria. The interaction of MgO NPs with bacteria,
subsequently damaging the bacterial surface, has been proposed to explain the antibacterial activity of MgO NPs.
Stoimenov et al. [80] suggested that the cell death was caused by the electrostatic interaction between the bacteria
surface and MgO NPs. Makhluf et al. [81] demonstrated that nano-MgO exhibited high activity against bacteria due to
the interaction of particles and bacteria. MgO NPs could take up halogen gases due to the defect nature of their surface
and its positive charge, which resulted in a strong interaction with bacteria, which are negatively charged [80].
Nanoclays have been the most studied nanofillers, due to their high availability, low cost, good performance and
good processability. The first publications about applications of polymer/nanoclays composites to food packaging date
from the 1990's [59]. The clays for nanocomposites usually are bidimensional platelets with very tiny thicknesses
(frequently around 1 nm) and several micrometers in length. Most of the research that has been published so far
involved the use of montmorillonite (MMT) clay as the nanocomponent. A wide range of synthetic polymers such as
PE, nylon and PVC, and biopolymers such as starch, have been investigated [82]. Barrier properties against oxygen,
carbon dioxide, ultraviolet, moisture and volatiles are perhaps the most important properties that a nanocomposite food
packaging can offer. Akkapeddi et al. [83] observed significant improvement in the gas barrier properties of nylon 6 in
which ultra-thin, nanoscale silicate platelets of high aspect ratio were incorporated via an in-situ polymerisation process.
The oxygen barrier properties of nylons were further enhanced by a novel active barrier approach where proprietary
polymeric oxygen scavengers were melt blended into nanoscale dispersions of high oxygen scavenging efficiency. In
another system, researchers replaced the sodium ions of MMT nanoclays with silver ions and showed antimicrobial
activity of these silver nanoclays when dispersed in poly(ε-caprolactone) [84]; nanoclays modified with silver have also
been dispersed in poly(lactic acid) to similar effect [85].
CNTs are some of the most attractive nanomaterials because of their unusual physicochemical, mechanical, and
electrical properties as well as their broad range of potential applications [86]. Early studies indicated that the CNT size
and surface area are important material characteristics from a toxicological perspective [88, 88]. As the size of CNTs
decreases, the specific surface area increases, leading to increased opportunity for interaction and uptake by living cells.
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This characteristic could result in adverse biological effects that otherwise would not be possible with the same material
in a larger form [87, 88]. Kang et. al. [86] provide the evidence that the size (diameter) of CNTs is a key factor
governing their antibacterial effects and that the likely main CNT-cytotoxicity mechanism is cell membrane damage by
direct contact with CNTs. Experiments with well-characterized single-walled CNTs (SWNTs) and multi-walled CNTs
(MWNTs) demonstrate that SWNTs are much more toxic to bacteria than MWNTs. Gene expression data show that in
the presence of both MWNTs and SWNTs, E. coli expresses high levels of stress-related gene products, with the
quantity and magnitude of expression being much higher in the presence of SWNTs.
Complex nanoscale architectures with antibacterial activity have also been developed; for example, Ho et al.
covalently attached vancomycin molecules to the surface of gold NPs and showed that they have killing power more
potent than vancomycin on its own, even against vancomycin-resistant bacterial strains [89], and Yang et al. [90]
functionalized lysozyme-coated PS NPs with selective antibodies and demonstrated efficient bactericidicity against the
common food pathogen L. monocytogenes. Bi et al. [91] loaded carbohydrate (phytoglycogen) NPs with nisin and
showed that they exhibit sustained antimicrobial activity against plated L. monocytogenes with efficacy that lasts
several times longer than free nisin.

3. Future prospects
Future trends and safety issues research and development in the field of polymeric packaging materials are very
dynamic and develop in relation with the search for producing safer materials and environment friendly food packaging
solutions. Looking to the future of flexible films, there are already foreseen consumer and development trends as well
as continuing innovations in the field. The greater need for materials that fight infection will give incentive for
discovery and use of antimicrobial polymer.
Nanotechnology has demonstrated a great potential to provide important changes in the food packaging sector. An
on-going trend in the packaging market is the development of materials which possess high barrier properties. Due to
the excellent barrier properties, polymer nanocomposite has major applications in food packaging industries for
processed meats, cheese, confectionary and cereals as it enhances the shelf life of food materials. Consumer demands
are also driving research and development for alternatives to petroleum-based packaging materials including those with
recyclable or edible properties, as well as those materials made from renewable/sustainable agricultural products.
Antimicrobial nanocomposites are promising to expand the use of biodegradable polymers, since the addition of
antimicrobial nanoreinforcements has been related to improvements in overall performance of biopolymers, making
them more competitive in a market dominated by non-biodegradable materials. Novel biodegradable biopolymer based
nanocomposite films are also developed as environmentally friendly material to reduce polymer waste. The application
of biopolymers, bio-based polymers, edible gels, films, or coatings incorporated with nanosized antimicrobials have the
potential to find practical applications in the food industry. There is continuing research regarding biodegradable/
compostable films and the push to make them more widely available and utilized.
Furthermore several nanostructures can be useful to provide active and/or intelligent properties to food packaging
systems, as exemplified by antimicrobial properties, oxygen scavenging ability, enzyme immobilization, or indication
of the degree of exposure to some detrimental factor such as inadequate temperatures or oxygen levels. So,
nanocomposites may not only be used to passively protect foods against environmental factors, but also to incorporate
desirable properties to the packaging system so it may actually enhance stability of foods, or at least to indicate their
eventual inadequation to be consumed. They can also be designed to incorporate and deliver active substances into
biological systems, at low cost and with limited environmental impact. For example, create a bacteria-repellent surface
in packaging film which changes colour in the presence of harmful microorganism or toxins [92]. These types of unique
characteristics could be used for a wide range of minimally processed and processed food products. Moreover polymer
nanotechnology is the future for the global packaging industry. Once production and material costs are reduced,
companies will be using this technology to increase their product’s stability and shelf life so that higher quality products
can be delivered to their customers while saving money. Research continues into other types of antimicrobial nanofillers,
allowing new nanocomposite structures with different improved properties that will further advance the use of them in
many antimicrobial packaging applications.

4. Conclusions
Food quality and safety are major concerns in the food industry. In many food industrial processes, food is packaged
prior to the application of the preservation technology in order to optimize preservation processes and minimize product
manipulation. Therefore, the package is incorporated in the same production line and the preservation technologies are
applied to the already packaged product. Antimicrobial packaging can be considered an emerging technology that could
have a significant impact on shelf life extension and food safety. Use of antimicrobial agents in food packaging can
control the microbial population and target specific microorganisms to provide higher safety and quality products.
Many classes of antimicrobial compounds have been evaluated in film structures, synthetic polymers and edible films.
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The characteristics of some antimicrobial polymeric packaging systems are reviewed in this chapter. The need to
package foods in a versatile manner for transportation and storage, along with the increasing consumer demand for
fresh, convenient, and safe food products presages a bright future for antimicrobial polymeric packaging.
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