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Summary 

In the food industry, constantly increasing demands are being placed on food packag-

ing and packed products. The protection of food against pathogenic or spoilage micro-

organisms is becoming increasingly important. Antimicrobial packaging, a form of ac-

tive packaging, could be an option to fulfill this demand. Since silver is antimicrobially 

effective against a wide range of microorganisms and stable at the high temperatures 

required for processing polymers into packaging, it is increasingly being researched 

for incorporating into food contact polymers. Especially for beverages, antimicrobial 

packaging has not often been used and the question arises whether an antimicrobial 

effect in the product can be achieved with a silver concentration leading to a concen-

tration in the food equal to or below the migration limit of 0.05 mg Ag/kg food currently 

discussed in the European Union. 

In this dissertation, antimicrobial experiments were first performed in milk, iced tea, 

and distilled water with the targeted addition of silver ions but without using antimicro-

bial packaging. For milk, required concentrations were far above 0.05 mg Ag/kg food, 

in the range of 5 mg/L, due to the interactions of silver ions with milk constituents. 

Experiments in iced tea were performed using Z. bailii (<10 cfu/mL) and those in dis-

tilled water using E. coli (approx. 106 cfu/mL). Silver concentrations of 0.015 and 

0.05 mg/L Ag were added. 0.05 mg/L Ag reduced Z. bailii in iced tea within 1 h; how-

ever, cells started to grow again within 14 d. E. coli in distilled water was reduced by a 

factor of 105 cfu/mL within 48 h using 0.05 mg/L Ag and by a factor of 103 cfu/mL using 

0.015 mg/L Ag. 

Subsequently, PET bottles were produced containing a bi-layer structure created by 

injection and stretch blow molding. The inner layer incorporated silver phosphate 

(Ag3PO4) glass with a mass fraction of 470 or 1600 mg Ag/kg PET or silver nanoparti-

cles (AgNPs) with a mass fraction of 650 mg Ag/kg PET, which were added as a mas-

terbatch (AgPURE®). The release of silver from these bottles into distilled water, and 

into 0.5 and 3% (w/w) acetic acid, was investigated and quantified by means of induc-

tively coupled plasma mass spectrometry (ICP-MS). Silver amounts released from the 

bottles containing silver phosphate glass ranged from 2 to 72 µg/L after 10 d at either 

21 or 43 °C. The bottles containing AgNPs showed no silver-release at all. Release 

was dependent on the type and percentage of antimicrobial additive in the polymer, 
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temperature, and acidic strength of the filled liquid. The difference in the amount of 

silver released into 0.5 and 3% acetic acid was not significant. The diffusion coefficients 

for the migration of Ag in PET ranged from 3.2x10-17 to 1.7x10-15 cm2/s. The amount of 

silver released into 0.5 or 3% acetic acid within 10 d at a temperature of 43 °C ex-

ceeded 0.05 mg Ag/kg food for the bottles containing 1600 mg Ag/kg PET , but not for 

the bottles containing 470 mg Ag/kg PET. 

The bottles merely filled with distilled water showed an antimicrobial effect, but not 

those filled with iced tea. The antimicrobial effect occurred time-delayed compared to 

direct addition of silver and at a higher silver concentration. This phenomenon is very 

possibly due to interactions of silver ions with residual monomers or other production 

aids released from PET, which can lead to complexation of the first released Ag ions. 

If such an application comes to the market, it would be best suited to preserve water. 

This could especially be useful for astronauts in space, where water should be sterile 

over a long time; for emergency supplies kept on ships at sea; or for soldiers during a 

war mission. Furthermore, points such as choosing the appropriate combination of in-

itial silver concentration in the polymer, the required concentration for antimicrobial 

effectiveness in the intended use medium, and the intended storage temperature have 

to be kept in mind. 
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Zusammenfassung (Summary in German) 

In der Lebensmittelindustrie werden stetig steigende Anforderungen an Lebensmittel-

verpackungen und verpackte Produkte gestellt. Insbesondere der Schutz von Lebens-

mitteln vor Pathogenen oder Mikroorganismen, die einen Verderb herbeiführen kön-

nen, wird immer wichtiger. Antimikrobielle Verpackungen, eine Form von aktiven Ver-

packungen, könnten eine Möglichkeit sein, diese Forderung zu erfüllen. Da Silber ein 

antimikrobielles Mittel ist, das gegen eine Vielzahl von Mikroorganismen wirksam ist 

und bei hohen Temperaturen, die für die Verarbeitung von Polymeren zu Verpackun-

gen erforderlich sind, stabil ist, wird zunehmend die Einarbeitung von Silber in Poly-

mere mit Lebensmittelkontakt erforscht. Insbesondere für Getränke werden antimikro-

bielle Verpackungen bisher selten genutzt und es stellt sich die Frage, ob eine anti-

mikrobielle Wirkung im Produkt mit einer Silberkonzentration erzielt werden kann, die 

zu einer Konzentration im Lebensmittel führt, die dem derzeit in der Europäischen 

Union diskutierten Migrationsgrenzwert von 0,05 mg Ag/kg Lebensmittel entspricht o-

der darunter liegt. 

In dieser Arbeit wurden zuerst antimikrobielle Experimente in Milch, Eistee und destil-

liertem Wasser mit gezielter Zugabe von Silberionen ohne Verwendung einer antimik-

robiellen Verpackung durchgeführt. Bei Milch lagen die geforderten Konzentrationen 

weit über 0,05 mg Ag/kg Lebensmittel, im Bereich von 5 mg/L, bedingt durch Wech-

selwirkungen der Silberionen mit Milchbestandteilen. Die Experimente in Eistee wur-

den mit Z. bailii (< 10 KbE/ml) und die in destilliertem Wasser mit E. coli (ca. 

106 KbE/ml) durchgeführt. Es wurden Silberkonzentrationen von 0,015 und 0,05 mg/l 

Ag zugesetzt. 0,05 mg/l Ag reduzierten Z. bailii in Eistee innerhalb von 1 h, die Zellen 

begannen jedoch innerhalb von 14 d wieder zu wachsen. E. coli wurde in destilliertem 

Wasser mit 0,05 mg/l innerhalb von 48 h um einen Faktor von 105 KbE/ml und mit 

0,015 mg/l Ag um einen Faktor von 103 KbE/ml reduziert.  

Nachfolgend wurden PET-Flaschen mit einer Zweischichtstruktur durch Spritzgießen 

und Streckblasen hergestellt. Die Innenschicht enthielt Silberphosphat (Ag3PO4)-Glas 

mit einem Massenanteil von 470 oder 1600 mg Ag/kg PET bzw. Silber-Nanopartikel 

(AgNPs) mit einem Massenanteil von 650 mg Ag/kg PET, die als Masterbatch 

(AgPURE®) zugegeben wurden. Die Freisetzung von Silber aus diesen Flaschen in 
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destilliertes Wasser, sowie in 0,5 und 3 % (w/w) Essigsäure wurde untersucht und mit-

tels induktiv gekoppelter Plasma-Massenspektrometrie (ICP-MS) quantifiziert. Die frei-

gesetzte Silbermenge für die Flaschen, die Silberphosphatglas enthielten, reichte von 

2 bis 72 µg/l nach 10 d bei 21 bzw. 43 °C. Die Flaschen mit AgNPs zeigten keinerlei 

Silberfreisetzung. Die Freisetzung war abhängig von der Art und dem Anteil des anti-

mikrobiellen Additivs im Polymer, der Temperatur sowie der Säurestärke des abgefüll-

ten Produktes. Der Unterschied der freigesetzten Silbermenge in 0,5 und 3 % Essig-

säure war nicht signifikant. Die Diffusionskoeffizienten für die Migration von Ag in PET 

reichten von 3,2x10-17 bis 1,7x10-15 cm2/s. Die freigesetzte Silbermenge der Flaschen 

mit 1600 mg Ag/kg PET in 0,5 bzw. 3 % (w/w) Essigsäure innerhalb von 10 d bei einer 

Temperatur von 43 °C überschritt 0,05 mg Ag/kg Lebensmittel, aber nicht die freige-

setzte Silbermenge der Flaschen, die 470 mg Ag/kg PET enthielten. 

Die Flaschen, die nur mit destilliertem Wasser gefüllt waren zeigten einen antimikro-

biellen Effekt, aber nicht die Flaschen, die mit Eistee gefüllt waren. Der antimikrobielle 

Effekt trat zeitverzögert im Vergleich zur Direktzugabe von Silber ein und bei einer 

höheren Konzentration. Dieses Phänomen tritt mit hoher Wahrscheinlichkeit aufgrund 

von Wechselwirkungen der Silberionen mit freigesetzten Restmonomeren oder ande-

ren Produktionshilfsmitteln aus PET auf, die zu einer Komplexierung der ersten freige-

setzten Ag-Ionen führen können. Falls eine solche Anwendung auf den Markt kommen 

sollte, wäre sie am besten für die Konservierung von Wasser geeignet. Dies könnte 

vor allem für Astronauten im Weltraum, wo das Wasser über lange Zeit steril sein soll, 

für Notvorräte, die auf Schiffen auf See aufbewahrt werden oder für Soldaten während 

eines Kriegseinsatzes sinnvoll sein. Darüber hinaus müssen Punkte wie die Auswahl 

einer geeigneten Kombination aus anfänglicher Silberkonzentration im Polymer, die 

erforderliche Konzentration für die antimikrobielle Wirksamkeit im vorgesehenen Ein-

satzmedium sowie die vorgesehene Lagertemperatur beachtet werden. 
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1. Introduction 

In the food industry, constantly increasing demands are being placed on food packag-

ing and packed products. In addition to conventional demands for functional properties 

e.g. protection against mechanical influences during transportation, consumer de-

mands for healthy, fresh, and high-quality products have been attracting more and 

more attention. Furthermore, safety demands, i.e., protecting the food against possible 

contamination, are gaining importance. Antimicrobial packaging could fulfill these de-

mands by inhibiting the growth of microorganisms as well as minimizing chemical ad-

ditives in food (Appendini & Hotchkiss, 2002; Balasubramanian et al., 2009; Muriel-

Galet et al., 2012). Therefore, more and more studies focus on the development of 

antimicrobial food packaging. For polymer food packaging, particularly silver is often 

the object of research due to its good antimicrobial effectiveness and its stability at the 

higher temperatures (Llorens at al., 2012) required to produce the packaging. How-

ever, studies in this area of research are partly incomplete, so it is unknown whether it 

is possible to develop antimicrobial food packaging containing silver in compliance with 

the maximum proposed European migration limit of 0.05 mg Ag/kg food (EFSA, 2006 

& EFSA, 2011). Furthermore, there are no studies regarding the possibility of incorpo-

rating silver into PET, although PET is the polymer of choice for bottles. Therefore, 

PET bottles containing silver in different forms (silver phosphate glass and silver na-

noparticles) were developed and their antimicrobial effectiveness, as well as their rate 

of silver-release into food simulants, was investigated. 

 

1.1 Active packaging 

Active packaging is “designed to deliberately incorporate components that would re-

lease or absorb substances into or from the packaged food or the environment sur-

rounding the food” (European Parliament & Council of the European Union, 2004; Eu-

ropean Commission, 2009). The aims of active packaging are prolonging shelf life of 

the product, increasing its quality, and guaranteeing its health safety for the consumer. 

This is achieved by adding active substances or introducing them  into the packaging 

(Appendini & Hotchkiss, 2002; Balasubramanian et al., 2009). The purpose of active 
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packaging is not to mask a possibly spoiled product, as this would be deceiving (Euro-

pean Commission, 2009). Specifically, the purpose of antimicrobial active packaging 

is to inhibit or slow down the growth of microorganisms or prevent the degradation of 

the product, thereby reducing the risk of foodborne illness through food consumption 

(Han et al., 2018).  

Active packaging belongs to the class of non-thermal food technologies (Gavara et al., 

2015). In general, active packaging can be divided into two systems. On the one hand 

are the so-called absorbent systems for oxygen, water vapor, CO2, ethylene or volatile 

compounds. On the other hand are the so-called releasing systems containing CO2, 

ethylene, ethanol, or antimicrobial substances (Pant, 2016). 

 

1.1.1 Antimicrobial packaging  

Antimicrobial packaging is a form of active packaging (Appendini & Hotchkiss, 2002) 

and could contribute especially to the improvement of food safety by inhibiting spoilage 

and the growth of pathogenic microorganisms (Sofi et al. 2018). Antimicrobial packag-

ing can be advantageous over the direct addition of preservatives to the food (Bal-

asubramanian et al., 2009). In most antimicrobial films, the antimicrobial substance is 

incorporated into a coating and migrates to its surface. Through direct contact with the 

product, an antimicrobial effect is achieved. This continuous and controlled effect of 

the antimicrobial substance can also be present in a polymer carrying the antimicrobial 

substance (Muriel-Galet et al., 2012). However, the concentration of the antimicrobial 

substance decreases over time, e.g. by interaction with food constituents, and be-

comes ineffective. As a result, microorganisms that have merely been inhibited slightly 

continue to grow and the possibility of resistant mutants arises.  

This problem of possible resistance can be avoided if the release rate is high enough 

to allow for a sufficiently high concentration of the active substance (Balasubramanian 

et al., 2009). The slow release of the antimicrobial substance leads to a prolongation 

of the lag phase in the growth of the microorganisms and accordingly, the shelf life of 

the product can be extended. This is a big step forward in terms of safety  

(Muriel-Galet et al., 2012). However, the difficulty with antimicrobial packaging lies in 
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finding the appropriate materials and methods to ensure this continuous release of 

antimicrobial substances into the product over time (Balasubramanian et al., 2009). 

Appendini & Hotchkiss (2002) presented five different possibilities for introducing anti-

microbial substances into the packaging (Table 1).  

Table 1: Overview of antimicrobial packaging types (according to Appendini & Hotch-

kiss, 2002) 

Antimicrobial packaging types Forms, examples or prerequi-

sites 

Applications 

1. Addition of volatile antimi-
crobial substances con-
tained in bags or "pads" 
into packaging (enclosed 
loose or attached) 

Ethanol vapor generators � re-
tard molds 

Bakery, dried fish 
products 

2. Incorporation of antimicro-
bial substances into the 
polymer matrix 

Metals such as silver or copper, 
antimicrobial enzymes or pep-
tides, natural phenols, fatty acid 
esters, antibiotics, antimicrobial 
vapors or gases 

Biomedical de-
vices, textiles, 
household goods, 
some food appli-
cations 

3. Coating or adsorbing of the 
antimicrobial substances 
on the surface of the poly-
mer 

For temperature-sensitive anti-
microbial substances 

Fruits, vegetables, 
poultry 

4. Immobilization of the anti-
microbial substance by 
means of ionic or covalent 
bonds 

Prerequisite: Functional groups 
on the antimicrobial substance 
and the polymer 
e.g. peptides, enzymes, polyam-
ines, organic acids 

Medical devices 

5.  Intrinsically antimicrobial 
polymers  

e.g. Chitosan, poly-L-lysine Fruits, vegetables 

 

In addition to the types of antimicrobial packaging, a distinction is also made between 

the types of antimicrobial agents. According to Gavara et al. (2015), the antimicrobial 

agents used for antimicrobial packaging can be classified into eight categories: En-

zymes, bacteriocins, surfactants, bacteriophages, plant extracts, polysaccharides, or-

ganic acids, and inorganic substances.  

A more general categorization of antimicrobial agents is the distinction between or-

ganic and inorganic (Hoseinnejad et al., 2018). The great advantage of inorganic sub-

stances is that these are stable at high temperatures  (Lee et al., 2010a) that occur, for 
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example, during injection molding, at which the antimicrobial substance can be inte-

grated into the polymer. An inorganic antimicrobial substance often used in food pack-

aging applications is silver, especially nanosilver. 

 

1.2 Silver additives for plastics 

Silver is well-known as an antimicrobial agent. Archaeological findings indicate that 

silver had already been used by Egyptians in 3000 B.C. or even earlier. They used 

silver vessels for keeping water safe (Varner et al., 2010) and even nowadays NASA 

uses the antimicrobial effect of silver ions to keep drinking water on spaceships clean 

(Birmele et al., 2011). 

Before the discovery of antibiotics, the effect of silver was often used to disinfect 

wounds and purify drinking water, but the use of silver still continues today. A decisive 

advantage of silver ions over antibiotics is the long shelf life of silver and the possibility 

of simply integrating the metal into solids, such as wound dressings or packaging (Dun-

can, 2011). Furthermore, there is no scientific proof of bacteria becoming resistant to 

silver as they do to antibiotics, despite bacteria having been exposed to sub-inhibitory 

Ag+ concentrations over billions of years (Percival et al., 2005). 

The antimicrobial effect of silver is based on three mechanisms that can occur (Dun-

can, 2011; Figure 1 from Liao et al., 2019): 

1. Silver ions reacting with functional groups of cell membrane proteins or en-

zymes, resulting in protein denaturation (Percival et al., 2005)  

2. Oxygen radicals being formed with the help of silver particles (He et al., 2011), 

leading to oxidative stress (Duncan, 2011) 

3. DNA replication being inhibited (Yakabe et al., 1980) 

Silver ions act against many microorganisms such as gram-positive and gram-negative 

bacteria, viruses, fungi and even methicillin-resistant Staphylococcus aureus (MRSA). 

Gram-negative bacteria, such as E. coli, are more susceptible to cell destruction due 

to their thinner membrane than gram-positive bacteria with their thicker peptidoglycan-

rich membrane (Duncan, 2011; Feng et al., 2000).  
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Recently, nanosilver is increasingly being used in food packaging research (Bumbud-

sanpharoke & Ko, 2015; Chaudhry et al., 2008; Chaudhry & Castle, 2011; Rai & Bai, 

2018). “‘Nanomaterial’ means a natural, incidental or manufactured material containing 

particles, in an unbound state or as an aggregate or as an agglomerate and where, for 

50 % or more of the particles in the number size distribution, one or more external 

dimensions is in the size range 1 nm-100 nm” (European Commission, 2011a). Com-

pared to larger silver particles (>100 nm), the small-size particles release more silver 

ions due to an increase of active surface area, thus resulting in better antimicrobial 

effectiveness by requiring less material. Silver ion release is dependent on the size 

and shape of the silver nanoparticles (AgNPs) (Dallas et al., 2011). 

Due to the continuous formation of new silver ions from AgNPs, a depot of silver ions 

develops, which leads to the good antimicrobial effectiveness of nanosilver. The effect 

of nanosilver on human health and the environment is the object of current research. 

It is discussed whether nanonsilver can accumulate in the human body, and whether 

the higher surface-to-volume ratio might possibly result in additional mechanisms of 

action (Federal Institute for Risk Assessment, 2009). There are indications that na-

nosilver could potentially accumulate in the spleen, liver, and testes, lead to changes 

in the activity of the immune system, and/or lead to genotoxicity (European Commis-

sion & Directorate General for Health & Consumers, 2014). However, this is irrelevant 

for the types of active packaging in which nanoparticles are incorporated into polymers 

and only the ions migrate (Bott et al., 2012).  
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Figure 1: Mode of action of silver and nanosilver (from Liao et al., 2019) 

 

1.3 Antimicrobial packaging for beverages 

Table 2 shows an overview of current research for antimicrobial beverage packaging. 

Media investigated were milk and different kind of juices. Antimicrobial beverage pack-

aging using PET is rare, although Jin et al. (2014) achieved good results by coating 

PET with potassium sorbate and sodium benzoate.  

Antimicrobial packaging containing silver was separately regarded. Table 3 shows an 

overview of current research for antimicrobial beverage packaging containing silver. 

Media investigated were milk, different kinds of juices, and tea. Most polymers used 

were PE-LD and PE. No scientists used PET as packaging material and most of them 

used nanosilver. Until now not many commercial applications have been available 

(Gavara et al., 2015) and most of them exist in the Asian region (Lee & Han, 2010b). 
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In most studies, the silver amounts released into the medium investigated remained un-

clear or were questionable. Bayani Bandpey et al. (2017) provided unclear data on the 

quantities deposited onto the PE-LD films used and the quantity of Ag+ released into wa-

ter. However, based on their data provided in the unit ppm/area, it can be deduced that 

up to 1.18 µg of silver per cm² of film area was applied, of which up to 60 ng (about 5% 

of the applied silver) of Ag+ per cm² of film area was released in water. This apparently 

leads to concentrations of Ag+ of just under 0.05 mg/kg water, i.e., just below the pro-

posed European migration limit of 0.05 mg Ag/kg food (European Food Safety Authority 

(EFSA), 2006 & EFSA, 2011). The actual concentration of Ag+ in the milk, however, can-

not be deduced from their findings. 

Emamifar et al. (2010) provided the amounts of Ag ions released from nanocomposite 

PE-LD films containing 5 % P105 into orange juice. These were 0.1 ± 0.003 µg/L after 

28 d. Based on this dissertation’s investigations, it is highly questionable that this low 

silver amount in the medium is able to cause an antimicrobial effect in beverages. The 

real quantity of silver in orange juice was presumably higher. Possibly, only the free Ag+ 

in the medium was detected and not the total silver content, including Ag which reacted 

with the constituents of the orange juice. 

The maximum silver amount released by Del Nobile et al. (2004) was 0.25 mg/kg at 44 °C 

after 5 d in apple juice, which is higher than the proposed European migration limit of 

0.05 mg/L for Ag (EFSA, 2006 & EFSA, 2011). Furthermore, they used no specific pack-

aging form. They only immersed the active film in the medium investigated. Polat et al. 

(2018) provided silver amounts of 20.46 ± 0.16 µg/kg food simulant released into 3% ace-

tic acid after 10 d at 40 °C. They achieved an antimicrobial effect in lemon juice with bags 

made of polypropylene containing P105, but only a marginal one (max. 0.21 log for total 

aerobic bacteria and 0.36 log for yeasts and molds). 

Brody et al. (2001) and Da Costa Ribeiro et al. (2019) provided no data at all regarding 

silver-release rates. 
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1.4 Production of PET containers 

The basic material of PET bottles is polyethylene terephthalate (PET), which is thermo-

plastic. PET is the polymer of choice for bottles due to its low weight, transparency, recy-

clability, and due to its resistance to breakage (Thielen et al., 2020, pp. 150-151). 

PET bottles are commonly produced in two process steps: 

• Production of PET preforms by injection molding (scheme see Figure 2) 

• Production of PET bottles from the preforms by stretch blow molding (scheme see 

Figure 3; image from Nayak, 2015; Thielen et al., 2020, pp. 140-150) 

To produce lower quantities of hollow bodies, a one-step process can also be carried out 

directly (injection stretch blow molding) (Michaeli & Hopmann, 2017, p. 143). An example 

used in this dissertation is shown in Figure 4. 

 

 

Figure 2: Principle of injection molding with 1: reciprocating screw; 2: hopper; 3: gran-

ules; 4: barrel; 5: heaters; 6: mold (from Cdang & Rockey, 2010) 
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Figure 3: Stretch blow molding from preforms to bottles (from Nayak, 2015) 

 

 

Figure 4: Developed bellows (from left): made of PET, made of PET and containing Ag-

PURE, made of PET and containing silver phosphate glass, made of PP, made of PP and 

containing AgPURE, made of PP and containing silver phosphate glass 

In order to achieve antimicrobial properties, bi-layer bottles could be produced, where 

antimicrobial substances or masterbatches could be integrated into the inner layer and 

additionally colour additives for better light protection or simply optical reasons could be 

integrated into the outer layer. The integration of the antimicrobial substance or mas-

terbatch and the colour additives takes place in the PET granulate before the production 

of the preform. Manufactured bottles used in the experiments for this dissertation are 

shown in Figure 5. The manufacturing procedure can be found in publication 2 (under 

3.2). 
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Figure 5: Developed silver doped preforms and bottles made of PET 

 

1.5 Conformity of packaging with food contact regulations  

1.5.1 Migration 

Migration in the context of food means the transport of a substance from a package into 

the foodstuff. The active force of migration is diffusion during which molecular transport 

of particles occurs due to thermal energy. Particles or molecules may move in non-deter-

minable directions due to a simultaneous movement of the diffusing substance and the 

neighboring polymer chains (Figure 6 from Brandt, 1959). This leads to collisions of the 

particles or molecules and accordingly, to a movement of the particles in another direc-

tion. As the change of direction is random, it is therefore called “random walk”. Despite 

the random movement of the single particles, overall particle transport occurs due to sta-

tistical reasons along a concentration gradient, from areas with high concentration to ar-

eas with low ones (Crank, 1975). 
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Figure 6: Diffusion of a molecule in non-determinable directions occurs due to thermal 

energy which is assumed to consist of (a) an intermolecular term due to the repulsion of 

the polymer chains from their neighbors and (b) an intramolecular term due to their re-

sistance to bending (Brandt, 1959) 

In food packaging which is in direct contact with food, there exists a concentration gradi-

ent between the additives used in the packaging (high concentration) and the food (low 

concentration). Diffusion along the concentration gradient occurs until concentration dif-

ferences are balanced. When the number of particles migrating from the packaging ma-

terial equals the number of particles reabsorbed by the packaging material, we speak of 

a state of equilibrium. 

The net substance transfer per unit time and unit area, J, is vertical to the packaging 

surface in the direction of decreasing substance concentration c, named as x-direction, 

and corresponds to Fick´s first and second law of diffusion (Eq. 1a and 1b).  

� = −	� ����      (1a) ���	 = � �
���
  (1b) 

c: Concentration of the diffusing substance  
t: Time 
x: Space coordinate in vertical direction from the corresponding area along the gradient 
D: Diffusion coefficient 
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For polymer applications, the diffusion coefficient can be determined by Eq. 2, the ap-

proximate solution of Eq. 1b, valid under the condition that the reservoir of the migrating 

substance does not entirely decrease within the measurement time (semi-infinite sub-

strate) (Piringer, 2007). The diffusion coefficient is the time-determining constant for mi-

gration. The higher the diffusion coefficient, the faster the migration of a substance.  

�� = 2��,�������  

m: Mass of the migrated substance into the simulant after time t 
A: Surface area  
cp,o: Initial concentration in the packaging wall at t = 0 �� : Density of the polymer 
D: Diffusion coefficient 
t: Time 

 

The diffusion coefficient describes the mobility of a substance in a polymer matrix under 

the influence of different aspects. The mobility of a substance is dependent on the sur-

rounding polymer matrix. For example, particles can move more easily through a polymer 

with many cavities between its polymer chains (“free-volume model”) (Vrentas et al., 

1985; Vrentas & Duda, 1976). Therefore, the structure of a polymer influences the diffu-

sion of a migrating substance. More branches of the polymer chains means greater elas-

ticity, since such a polymer is less compact than a linear one. This phenomenon can be 

described by the crystallinity of a polymer. Crystalline areas are formed by long molecular 

chains, which show no or only a few short and symmetrically linked side chains. Molecular 

chains can thereby accumulate in parallel and adopt a more compact, denser structure. 

In amorphous areas, however, a polymer branches into many side chains that interact 

with each other. Therefore, no ordered crystal structure can be built. In these areas, the 

polymer has a loose structure and a lower density. 

The diffusion process is temperature dependent. Higher temperature leads, on the one 

hand, to a better mobility of the particles and, on the other hand, to a lower viscosity of 

the polymer, resulting in higher flexibility of the polymer chains. A critical parameter in this 

context is the glass transition temperature. By exceeding the glass-transition temperature 

Tg, which is specific for the polymer used, the polymer chains remain flexible and the 

whole structure acquires rubber-like properties. Below Tg on the other hand, polymers 

have brittle or less flexible properties, since the polymer chains are relatively rigid (Bryd-

son, 1995).  

(2) 
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The diffusion coefficients of larger molecules are lower than those of smaller ones or 

single ions. For example, silver nanoparticles have much lower diffusion coefficients than 

Ag+ ions. For food packaging applications, this means that only Ag+ ions may migrate into 

the food (Bott et al., 2012). Modeling results from Bott et al. (2014a) showed that particles 

up to merely about 3.5 nm in diameter can cause measurable migration (with detection 

limits of 0.09-0.11 µg/kg for 95% ethanol and iso-octane and 0.24 µg/kg for 3% acetic 

acid), if their concentration in the polymer is high. Larger particles have no potential to 

migrate, since their mobility in the polymer decreases exponentially with their size. Usu-

ally, nanoparticles in plastic nanocomposites for food contact materials (FCMs) have a 

diameter starting at 10-20 nm and form much larger aggregated structures and agglom-

erates, up to 1000 nm and more. Bott et al. (2014a) further used TiN nanoparticles, in 

concentrations up to 1000 mg/kg, which showed no migration at all into 95% ethanol or 

3% acetic acid at 60 °C for 10 d. In a later study, Bott & Franz (2019) even showed that 

under thermal, chemical, and mechanical stress conditions, no release of nanoparticles 

occurs. For chemical substances in PET, size dependent mobility has been investigated 

by Welle (2013). 

The distribution of the migrating substance between polymer and food in equilibrium, i.e. 

after infinite time, can be described with the partition coefficient KP, F (Eq. 3): 

��,� = �������� 

KP, F: Partition coefficient of the substance between polymer and food (dimensionless) 
cp: Concentration of the substance in the polymer (e.g. mg/kg) �� : Density of the polymer (e.g. kg/m³) 
cF: Concentration of the substance in the food (e.g. mg/kg) �� : Density of the food (e.g. kg/m³) 

 

KP, F is dependent on the physical-chemical properties of the polymer, the food and the 

migrating substance. Therefore, the migration of a non-polar substance from a non-polar 

polymer into a non-polar food results in a transfer of a larger amount of the migrating 

substance compared to the migration into a polar food. Hence, KP, F is ≤1. In contrast, 

KP, F is higher for the migration of non-polar substances from non-polar polymers into 

more polar foods. For example, pure water has a very low solubility for non-polar sub-

stances, leading to values of KP, F >>1000 for many polymers (Piringer, 2007). Con-

versely, a polar food should have a good solubility for aqueous silver ions migrating from 

PET. However, for migration of substances from PET, KP, F plays a minor role, because, 

(3) 
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due to the generally low diffusion coefficient in PET, equilibrium is not reached during a 

typical shelf-life of beverages. Overall, aside from solubility in food, the migrated amount 

is dependent on temperature, time, initial concentration, and type of substance in the 

polymer (Welle & Franz 2011).  

 

1.5.2 Regulation of silver for use in food contact materials made of plastics 

In the European Union, the general use of materials and articles intended to come into 

contact with food is regulated by Regulation (EC) No 1935/2004 of the European Parlia-

ment and of the council of 27 October 2004 on materials and articles intended to come 

into contact with food and repealing Directives 80/590/EEC and 89/109/EEC (European 

Parliament & Council of the European Union, 2004). The use of active and intelligent 

materials and articles intended to come into contact with food is regulated by Commission 

Regulation (EC) No 450/2009 of 29 May 2009 on active and intelligent materials and 

articles intended to come into contact with food. The application of materials in food con-

tact materials made of plastics is explicitly regulated by European Commission Regula-

tion (EU) No 10/2011 of 14 January 2011 on plastic materials and articles intended to 

come into contact with food . Regarding nanomaterials, Article 9 of the latter regulation 

says that "Substances in nanoform shall only be used if explicitly authorized and men-

tioned in the specifications in Annex I”. For example, the plastic additives titanium nitride 

(TiN), silicon dioxide (SiO2) and zinc oxide (ZnO) are approved in nanoform and listed 

with some specifications and restrictions (European Commission, 2011b).  

Before a specific substance is authorized to be used in food contact materials (FCMs) 

and is included in a positive list, the European Food Safety Authority (EFSA) evaluates 

its safety. For glass that contains silver (silver-magnesium-aluminium-phosphate-silicate) 

and for silver zeolite (silver doped zinc sodium ammonium aluminium silicate), the Euro-

pean Food Safety Authority (EFSA, 2006 & EFSA, 2011) proposed a specific migration 

limit of 0.05 mg Ag/kg food. This value corresponds to less than 13% of the No Observed 

Adverse Effect Level (NOAEL) for silver, which is about 10 g of oral silver intake over the 

entire lifetime of a person (World Health Organization (WHO), 2003). According to the 

WHO (2003), a concentration of 0.1 mg Ag per liter of drinking water over a period of 70 

years is harmless to health. The best described adverse effect of silver consumption is 
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Argyria that causes a permanent bluish-grey discoloration of the skin or eyes, but is con-

sidered relatively harmless (European Commission & Directorate General for Health & 

Consumers, 2014). 

Apart from FCMs, silver is authorized as food additive E174 for coatings of confectionery, 

decoration of pralines and coloring of liqueurs without maximum use levels in Regulation 

(EC) No 1333/2008 of the European Parliament and of the Council of 16 December 2008 

on food additives (European Parliament & Council of the European Union, 2008). The 

European Food Safety Authority (EFSA, 2016) re-evaluated the use of silver (E174) in its 

elemental form regarding human safety. However, data were not enough to assess the 

safety of silver as a food additive. When antimicrobial substances are released in the food 

by active packaging, these become part of the food and therefore, should be approved 

as food additives for their intended use (European Commission, 2009). 

The Food and Drug Administration (FDA, 2009) modified the food additive regulations 

and permitted the direct addition of silver nitrate (AgNO3) into commercially bottled water 

at concentrations not to exceed 17 µg/kg. For the use of nanomaterials in FCMs, the FDA 

has not established specific regulations (Störmer et al., 2017). 

 

1.5.3 Studies on the release of silver from plastics 

An overview of literature for migration studies from silver into food contact polymers is 

given in Table 4. Overall, PE, PE-LD and PP were used. Most authors used AgNPs and 

simulant media such as 3% acetic acid. As the shelf life of many products is longer than 

a reasonable time frame of migration tests, the EU Regulations give testing conditions 

that accelerate the migration processes. According to No 10/2011 EU, 3% acetic acid 

(w/v) is a typical simulant for food that has a pH below 4.5 (European Commission, 

2011b). In some studies the proposed migration limit of 0.05 mg Ag/kg food is exceeded, 

but in most not and some authors used units, which were not comparable with this limit.
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2. Motivation and aims of the dissertation 

In the area of antimicrobial food packaging, there is already a great deal of research, 

especially with silver incorporated into different polymers. Reasons for choosing silver 

are: its great antimicrobial potential in various applications even outside the food sec-

tor, its stability at high temperatures that is needed for the production of antimicrobial 

food packaging, for example by injection molding, and lastly that it is not harmful to 

health in certain concentrations. There is a quantity of studies investigating the release 

of silver ions from food contact polymers such as polyethylene, low density polyeth-

ylene, polypropylene, polyamide or polylactic acid, and most times nanosilver is used 

for incorporation. However, to the best of the author’s knowledge, there are neither 

studies regarding the diffusion from silver out of PET nor studies about antimicrobial 

PET bottles containing silver, although PET being the polymer of choice for bottles. 

Within the European Union, the main reason that those applications are not on the 

market is the unfinished risk assessment for silver. In other countries, mainly in the 

Asian region, such applications already exist on the market (Lee & Han, 2010b). Here, 

nevertheless, the question arises whether these can be antimicrobially effective with a 

silver concentration of 0.1 mg/L, considered as harmless to health for drinking water 

by the WHO, and within the proposed European migration limit of 0.05 mg/L. Studies 

so far were contradictory or questionable, as reported above, in order to evaluate 

whether an antimicrobial effect can be achieved with those silver concentrations. 

The main aim of this dissertation is therefore, to find out whether it is theoretically pos-

sible to develop an antimicrobially effective PET bottle containing silver quantities that 

do not pose a health risk. This would have great market potential, since there are many 

applications where beverages should be protected from spoilage germs or pathogenic 

microorganisms, and common methods for enhancing shelf life are often not sufficient. 

For example, a big market would be milk applications, especially in subtropical or de-

veloping countries, where milk spoils fast due to high temperatures, unhygienic pro-

duction conditions, contamination of filling containers, and interrupted or even absent 

cooling chains. Another extreme application with a high initial cell count could be to 

use the bottle for filling up fresh raw milk at a farm. However, there are also other 

applications, where the initial cell count of microorganisms is much lower and where 

such a bottle would be beneficial. For example, a sterile bottle for the filling up process 
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or conditions where people are longer on the road. This can range from longer trips of 

individuals to soldiers during a war mission, emergency supply at sea or astronauts in 

space.  

Important questions to be answered in this dissertation can be divided into scientific 

questions and questions relevant for applications in practice. 

The scientific questions (no. 1 - 5) are listed as follows. 

1. Can silver achieve an antimicrobial effect in milk? 

Few studies (Bayani Bandpey et al., 2017; Yildiz & Pala, 2012; Kalaiselvi et al., 

2013) suggest that this is possible. However, these studies are incomplete or 

questionable regarding required silver concentrations. In this dissertation, it 

should be evaluated if silver can cause an antimicrobial effect in milk with con-

centrations that are below the proposed use levels. This can be done by per-

forming antimicrobial experiments with silver in milk. 

2. Do silver based additives incorporated into PET release silver ions in measur-

able quantities? 

There is a quantity of studies investigating the release of silver ions from food 

contact polymers such as polyethylene, low density polyethylene, polypropyl-

ene, polyamide or polylactic acid, and in most cases nanosilver is used for in-

corporation (see Table 4). For PET, on the other hand, data are lacking, alt-

hough PET being the most polymer material used for beverage packaging. PET 

is known to be a less diffusive polymer, but does it nevertheless release silver 

ions in food packaging applications within a detection limit of 0.1 µg Ag/L of 

food? To answer this question, silver-release investigations should be per-

formed with silver doped PET bottles produced by injection and stretch blow 

molding under the addition of silver phosphate (Ag3PO4) glass or silver nano-

particles, and the release thereof into food simulants should be evaluated by 

ICP-MS. Investigations from Bott et al. (2014a; 2014b & 2019) already showed 

that only silver ions and not silver nanoparticles migrate from FCMs. Therefore, 

ICP-MS, which does not differentiate between silver ions or silver nanoparticles, 

but measures the total silver content, here with a detection limit of 0.1 µg Ag/L 

of food, is adequate for the investigations. 

3. What would be the active principle of an appropriate container and on what pa-

rameters does the release of silver ions depend? 
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It is expected that the main principle of action is based on a diffusion of the 

antimicrobial substance into the foodstuff. Parameters influencing this mass 

transfer are dependent on factors such as temperature, time, amount of sub-

stance in the polymer, type of substance and solubility in food (Welle & Franz, 

2011). This should be tested and evaluated for the bottles by investigating the 

release of silver from the bottles into food simulants. 

4. Does the quantity of silver released from PET have an antimicrobial effect in 

beverages?  

As shown in section 1.3, studies with other polymers have already shown anti-

microbial effectiveness. Whether this is also possible with PET should be an-

swered by combining the silver-release investigations with the antimicrobial ex-

periments. 

5. Can an antimicrobial effect in beverages be achieved within recommended use 

levels for silver in drinking water given by the WHO and within the proposed 

migration limit for food given by the EFSA? 

From Polat et al. (2018) it can be concluded that this could be possible. Using 

polypropylene bags containing P105 (i.e., 95% TiO2 + 5 % metal nanosilver with 

a particle diameter of about 10 nm), they achieved antimicrobial activity in lemon 

juice, albeit marginally. Silver amounts released into 3% acetic acid after 10 d 

at 40 °C were 0.02046 ± 0.00016 mg/kg food and thereby below the proposed 

migration limit from the EFSA of 0.05 mg Ag/kg food and below the recom-

mended use level of 0.1 mg/L given by the WHO. However, other studies on 

this topic were incomplete (Brody et al., 2001; Da Costa Ribeiro et al., 2019), 

questionable (Emamifar et al., 2010; Bayani Bandpey et al., 2017) or concen-

trations above this levels were needed (Del Nobile et al., 2004) as reported 

above. To answer this question, silver at a concentration of 0.05 mg/L and one 

below should be directly added into a beverage containing a target organism, 

and it should be evaluated if an antimicrobial effect is achievable. 
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The following questions (no. 6 – 8) are relevant for applications in practice: 

6. What problems have to be regarded for practical applications? 

Antimicrobial experiments with the bottles containing silver should be per-

formed and thereof possible limitations for practical applications should be 

evaluated. 

7. Can the silver doped bottles be reused? 

This should be tested by comparing the silver amount released from the bot-

tles at first usage with the silver amount released from those after second 

usage, using the same experimental conditions. 

8. What is the prognosis for applicability? 

Finally, a prognosis for practical applicability should be drawn by combining 

the recognitions gained by the experiments. 
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3. Results - publications 

3.1 Nanosilver in dairy applications – Antimicrobial effects on Streptococ-

cus thermophilus and chemical interactions 

Publication 1 describes the antimicrobial and chemical effects of silver in milk applica-

tions. Special focus was laid on milk spoilage in subtropical or developing countries, 

where milk spoils fast due to unhygienic production conditions, contamination of filling 

containers and interrupted or even missing cooling chains. Therefore, high tempera-

tures (43, 33 and 23 °C) were chosen for the experiments. Streptococcus thermophilus 

was selected as representative of the spoilage flora under tropical conditions and as 

an example germ that can survive short-term heating.  

Antimicrobial experiments were performed by establishing a correlation between acid-

ification (pH decrease) of milk and cell count. Acidification, which is dependent on tem-

perature and concentration, served as indicator for bacterial activity. Chemical interac-

tions between silver ions and milk constituents were investigated by using potentiom-

etric measurements. These revealed interactions of Ag+ with milk constituents, reduc-

ing the antimicrobial activity of the silver ions. Therefore, high silver concentrations 

(100 mg/L for nanosilver and at least 5 mg/L when adding AgNO3) were required for 

obtaining antimicrobial effectiveness. 

Temperature contributed less to antimicrobial effectiveness than silver nanoparticle 

(AgNP) concentration. The minimum inhibiting silver concentration for all microorgan-

isms will be at least 50 mg/L for AgNPs and 5 mg/L for Ag, since the experiments sug-

gested that an antimicrobial effect in milk first occurs when milk proteins have become 

saturated with Ag+. Below these concentrations, merely a small number of free Ag+ will 

be available, while these are in equilibrium with proteins and relatively few could inter-

act with bacterial proteins. The results showed that silver ions or nanosilver can pre-

vent milk spoilage at all temperatures investigated.  

However, the concentrations required for antimicrobial effectiveness are higher than 

the level recommended by the WHO for drinking water (0.1 mg/L Ag). Therefore, prac-

tical use of silver for dairy applications is not expected, neither by direct addition nor 

by incorporation of silver into polymer packaging.  
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3.2 Release of silver from silver doped PET bottles 

Publication 2 describes the incorporation of silver into PET bottles and the release 

thereof. The development of active packaging based on silver incorporated into poly-

mers, for enhancing shelf life, has gained increasing interest. Studies are known in 

which silver is incorporated into polymers such as low density polyethylene, polyeth-

ylene, polypropylene, polyamide or lactic acid. However, studies are lacking in which 

silver is incorporated into polyethylene terephthalate (PET), although it is the most 

common material used for bottles. Data on the release of silver from PET would be 

important for health safety policy and food packaging industry to ensure human health. 

Furthermore, the mechanism of action of the bottles was investigated in terms of the 

parameters: time, temperature, medium (acidity strength), percentage of filler in the 

polymer, and type of antimicrobial filler. Moreover, diffusion coefficients of silver ion in 

PET and the influence of the geometry were investigated.  

Injection and stretch blow molded PET bottles contained silver phosphate glass at 3 

and 10% (w/w) and AgPURE masterbatch at 10% (w/w) which in turn contains 

6500 ppm (w/w) silver nanoparticles (AgNPs). Silver released from these bottles into 

distilled water and into aqueous solutions of 0.5 and 3% (w/w) acetic acid ranged from 

2 to 72 µg/L after 10 d at either 21 or 43 °C. This was quantified by inductively coupled 

plasma mass spectrometry (ICP-MS). The bottles containing AgNPs showed no re-

lease within a detection limit (LOD) of 0.1 µg/L. The parameters time, temperature, 

acidic strength, and antimicrobial filler influenced the release as expected. Diffusion 

coefficients of silver ions in PET lay between 3.2×10-17 and 1.7×10-15 cm2/s. The pro-

posed European migration limit of 0.05 mg Ag/L was partly exceeded by the bottles 

containing 10% (w/w), but not by the bottles containing 3% (w/w) silver phosphate 

glass.  
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3.3 Antimicrobial effectiveness of beverage containers made from silver 

doped PET 

Publication 3 describes the antimicrobial effectiveness of silver incorporated into and 

released from PET bottles. Despite the fact that active packaging has gained increas-

ing interest, applications for beverages are rare. Furthermore, the question remains 

what amount of silver is required for those applications and if this is beyond the pro-

posed European migration limit of 0.05 mg Ag/kg food.  

The experiments were performed in distilled water and iced tea using media with no or 

few constituents, since results from publication 1 showed that those applications are 

not useful for a medium such as milk. The experiments in distilled water were per-

formed with Escherichia coli as a typical indicator for hygienic conditions. For the ex-

periments in iced tea, Zygosaccharomyces bailii was chosen as a typical representa-

tive for a spoilage yeast in the fruit juice industry. Experiments were performed using 

silver doped PET bottles and by adding AgNO3 to the liquid model products. Tested 

AgNO3 concentrations were 0.015 and 0.05 mg/L Ag. 

Results showed that it is possible to develop effective antimicrobial packaging for bev-

erages with those concentrations, thereby being below the proposed European migra-

tion limit. However, this strongly depends on the medium used due to the interactions 

of media constituents with Ag+. For beverages with constituents that can react with 

Ag+, silver concentrations need to be close to the proposed European migration limit 

or even higher. For those applications, there could be an initial silver concentration 

close to the proposed limit of 0.05 mg Ag/kg food, for example in the form of a silver 

reservoir to reduce the initial number of bacteria. Subsequent to this action, the bottle 

could prevent them from growing by continuously delivering Ag+. However, proposed 

migration limits for food applications should be kept in mind. Therefore, another anti-

microbial substance with a higher proposed migration limit other than silver could be 

used. Furthermore, those bottles could be used in other sectors such as cosmetics, 

lacquers, or medicine. 

The best potential for beverage applications is seen for water. In water applications, 

even a high concentration of E. coli (105 cfu/mL) can be reduced by concentrations of 

0.05 mg Ag/kg food. Therefore, such bottles can be useful for astronauts in space for 
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keeping water sterile over longer periods of time, for soldiers during a war or for emer-

gency supply at sea.  
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4. Discussion 

4.1. Scientific questions 

The discussion is based on the following questions. 

 

4.1.1 Can silver achieve an antimicrobial effect in milk? 

Publication 1 showed that silver ions can achieve an antimicrobial effect in milk at all 

investigated temperatures (23, 33 and 43 °C). However, the concentrations required 

were high with at least 5 mg/L for Ag and 50 mg/L for AgNPs and therefore, above 

recommended use levels for Ag. The reason is the interaction of Ag+ with milk constit-

uents. Results suggested that antimicrobial effectiveness does not occur before milk 

proteins are saturated. Below this point only a very small number of free silver ions are 

available while these are in equilibrium with the proteins. Therefore, relatively few 

would be able to interact with bacterial proteins to produce an antimicrobial effect. Dif-

ferences between Ag and AgNPs can be explained by the fact that every silver ion is 

set free upon the addition of AgNO3, whereas only about one in ten silver atoms is 

liberated from nanoparticles to become a free silver ion. Based on these investigations, 

the use of silver for dairy applications is not recommended. 

Few studies showed that an antimicrobial effect in milk can be achieved with AgNPs. 

Yildiz & Pala (2012) tested the antimicrobial effect of AgNP coated metal braids in cow 

milk. They achieved a microbial reduction of 0.71 log cfu/mL after 1 h at 22 °C with a 

silver amount released of 6.1 ± 0.4 µg/L. Based on the results from publication 1, this 

silver amount seems to be very low for achieving an antimicrobial effect in milk. The 

authors, however, did not describe how the sample was prepared for ICP-MS analysis. 

Possibly, they only measured the concentration of free Ag+ in milk and not the part 

which reacted with milk constituents. Bayani Bandpey et al. (2017) achieved a shelf 

life extension of about 9 d for pasteurized milk by pouches made of corona-treated PE-

LD and deposited with AgNPs. They measured a silver amount released into distilled 

water of approximately just under 0.05 mg Ag/kg water as described in 1.3. However, 

the silver concentration actually released into milk remained unclear. Taking into ac-

count that the constituents of milk are able to immobilize significant amounts of Ag+ 

(Braun et al., 2020a), thus leading to a constant depletion of Ag+ in the liquid medium, 
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it is very likely that the total silver concentration in milk was much higher than the 

amount measured in distilled water. 

 

4.1.2 Do silver based additives incorporated into PET release silver ions in measurable 

quantities? 

There is a quantity of studies investigating the release of silver ions from food contact 

polymers such as polyethylene, low density polyethylene, polypropylene, polyamide or 

polylactic acid and most times nanosilver is used for incorporation. For PET data are 

lacking, although PET being the most polymer material used for beverage packaging. 

Those data would be helpful for food packaging industry and further for health safety 

policies. To answer the question if silver compounds incorporated into PET release 

silver ions in measurable quantities, silver phosphate glass and nanosilver were incor-

porated into PET bottles and the release of silver ions into food simulants was detected 

by ICP-MS.  

Results from publication 2 showed that within a detection limit of 0.1 µg Ag/L of food 

simulant, silver ions were released from bottles where silver phosphate glass was in-

corporated, but not from bottles where nanosilver was incorporated. This was observed 

even though the total Ag content in the bottles containing nanosilver (650 mg Ag/kg 

PET) was higher than in the bottles containing silver phosphate glass (470 mg Ag/kg 

PET). The difference between the two materials is that the silver phosphate glass was 

embedded in a special glass matrix, which can retain Ag+ and releases it in the pres-

ence of water. Contrarily, the diffusion of water into polymers containing AgNPs, first, 

has to achieve the oxidation of elemental silver particles (Ag0) from AgNPs to Ag+ ions. 

Then the Ag+ ions should diffuse from the bulk material to the surface (Damm & Mün-

stedt, 2008), while nanoparticles should remain in the plastic (Störmer et al., 2017). 

This process seems to be very slow. This is further underlined by the results shown in 

publication 1, where nanosilver was less effective due to slower or no release of silver 

ions from AgNPs. If silver is released from silver nanoparticles, this occurs in the form 

of silver ions as investigations from Bott et al. (2012) showed. 
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4.1.3 What would be the active principle of an appropriate container and on what param-

eters does the release of silver ions depend? 

The release partly indicated Fickian diffusion behavior as shown in publication 2 (Fig-

ures 5 and 6) and diffusion coefficients of silver ions in PET lay between 3.2x10-17 and 

1.7x10-15 cm2/s. The effective diffusion coefficients obtained from Ag in PET bottles 

filled with distilled water at 43 °C (2.7x10-16 h 9.8x10-16 cm2/s) lay in a similar range as 

those from antimony in PET bottles (1.4x10-16 cm2/s) at 45 °C (Alt et al., 2018). 

The mechanism of action of the bottles is discussed as follows: 

1. The water penetrates into the PET surface 

2. The simulant accumulates around the silver phosphate glass particles and 

forms hydrated Ag ions 

3. These Ag ions diffuse through the PET to the surface, which is the time-deter-

mining step. Only in this step Fickian diffusion behavior is assumed 

4. The Ag ions diffuse from the polymer surface into the contact medium 

It was further investigated whether a higher release rate can be achieved by changing 

the geometry. This was done by producing bellows with a ratio of surface to filling vol-

ume about twice as high as for the bottles. As expected, the release rate was about 

twice as high. This should be kept in mind for future applications, as it could lead to 

better antimicrobial effects. In contrast, the surface-specific release rate was as ex-

pected about the same for the bottles and the bellows, since this depends not on the 

geometry but only on the plastic. 

Welle & Franz (2011) reported that the amount of migrated substance is dependent on 

temperature, time, amount, and type of substance in the polymer and its solubility in 

food. This can be confirmed for the PET bottles containing silver. The release of silver 

from the bottles was dependent on the percentage of antimicrobial filler and tempera-

ture. Higher concentrations, as well as higher temperatures, resulted in higher Ag+ re-

lease rates. The concentrations tested were 3 and 10%, corresponding to 470 and 

1600 mg Ag/kg PET, and the temperatures tested were 21 and 43 °C. Another influ-

ence parameter was the acidic strength of the simulant. Rates released into 0.5 or 3% 

acetic acid, as the simulant for acidic beverages such as fruit juice or iced tea, were 

higher than those into distilled water. The reason is a higher rate of diffusion into the 

polymer film in acidic conditions, since the water sorption capacity of PET exposed to 
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acidic solutions is higher than for pure water (Jokar & Rahman, 2014). Furthermore, a 

higher release rate is expected due to an increased dissolution of ions (Simbine et al., 

2019). However, the difference between 0.5 and 3% acetic acid was not significant. As 

discussed in question 4.1.2, of course the type of silver material used (silver com-

pounds, silver nanoparticles) also plays a role.  

 

4.1.4 Does the quantity of silver released from PET have an antimicrobial effect in bever-

ages? 

For milk applications, the silver content released from PET is too low. As shown in 

publication 1, at least 5 mg/L Ag are required for antimicrobial effectiveness in milk due 

to the interactions of Ag with milk constituents. The amount of silver released from 

silver doped PET bottles was far below 5 mg/L, in the range of some µg/L to approxi-

mately hundred µg/L. Besides the concentration and type of antimicrobial filler, the 

release of silver from PET was dependent on time, temperature, and food simulant. 

The amount of silver released increased with time until an equilibrium was reached. 

Thereafter the release stagnated. Higher temperatures, as well as higher concentra-

tions in the polymer, led to higher silver-release rates. Furthermore, acidic strength and 

therefore, different kinds of food have an impact on the release of silver ions. More 

acidic conditions result in a higher release rate. Small differences of 0.5 pH units in 

acidic strength had no significant influence on the release rate.  

With the knowledge gained from publication 1 and 2, media with few and no constitu-

ents were chosen for further investigations. Iced tea was chosen as the medium with 

few constituents and low pH, since the silver-release rate of the bottle is higher at low 

pH. Distilled water was chosen for being totally independent of any disturbing media 

constituents that could react with Ag. Results showed that silver concentrations re-

leased from silver doped PET bottles are sufficient to produce an antimicrobial effect 

in distilled water. However, for iced tea only the experiments in which Ag ions were 

manually added showed an antimicrobial effect and not those in which Ag ions were 

released from the bottles. E.coli in distilled water was reduced by the release of silver 

from silver doped PET bottles, but the reduction was time-delayed compared to direct 

addition of AgNO3 into distilled water. The bottles require some time to release the 

sufficient silver concentration, since the ions firstly need to go into solution and then 
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diffuse. Furthermore, it was assumed that Ag ions possibly react with residual mono-

mers or other production aids released from the freshly produced PET, since the ex-

periments in which AgNO3 was manually added showed an antimicrobial effect at a 

concentration of 0.15 mg/L, while this concentration had already been exceeded for 

some time through the bottles’ release, until an antimicrobial effect was observable. 

This is supported by Appendini & Hotchkiss (2002). They reported that additives used 

in polymer processing can reduce the activity of antimicrobial substances in polymers 

by directly interacting with them or by changing the conformation, thus altering the 

diffusion. 

 

4.1.5 Can an antimicrobial effect in beverages be achieved within recommended use lev-

els for silver in drinking water given by the WHO and within the proposed migration limit 

for food given by the EFSA? 

It was further investigated whether an antimicrobial effect could be achieved within 

recommended use levels of silver for drinking water given by the WHO and the pro-

posed migration limit for food given by the EFSA, thereby estimating if such a bottle 

could have market application. Results showed that within the recommended use level 

of 0.1 mg/L Ag for drinking water proposed by the WHO and even within the proposed 

European migration limit of 0.05 mg Ag/L food, an antimicrobial effect can be achieved 

in distilled water and in iced tea. This was shown by adding AgNO3 (0.015, 0.05 mg/L) 

directly into water or iced tea. However, one has to be sure not to exceed this limit by 

using antimicrobial packaging where a continuous release of Ag+ ions occurs. Finding 

a suitable setting for the initial silver concentration in the polymer to achieve silver-

release rates high enough for antimicrobial efficacy in the appropriate medium, while 

not exceeding the proposed migration limit, remains a challenge. 
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4.2 Questions relevant for applications in practice: 

4.2.1 What problems have to be regarded for practical applications? 

The experiments in which silver ions were released from PET bottles into distilled water 

showed antimicrobial effectiveness, while the experiments with iced tea demonstrated 

this only when Ag ions were manually added. The problems in using such a bottle 

system are, on the one hand, that not enough Ag+ is initially released from the bottle 

for antimicrobial effectiveness and, on the other hand, cells often grow faster than the 

bottle can be effective. This has to be optimized for the intended application. Before 

using such a bottle in a defined application, it is necessary to know what the minimum 

inhibitory concentration is for the target organism in the medium used, what the ex-

pected initial contamination is and how the corresponding silver-release rate can be 

guaranteed in a time before these microorganisms start to grow. However, since diffu-

sion can hardly be accelerated, such a bottle system is limited to media with few food 

constituents. For further studies, multi-layer bottles, where the inner layer contains a 

higher concentration of antimicrobial substance, could be used. Since the bottle needs 

to be rinsed anyway, these could be treated with a hot, acidic solution and therefore 

more silver ions would be initially available. However, for beverage and food applica-

tions, it further has to be kept in mind that Ag+ release rates should not exceed pro-

posed migration limits for ensuring human health. 

 

4.2.2 Can the silver doped bottles be reused? 

The results from publication 2 showed that the bottles can be reused. A silver-release 

rate is also observed upon reuse. However, this is lower than at first usage. Therefore, 

it is expected that antimicrobial effectiveness is reduced when the bottles are used 

several times. The experiments also indicated that particles near the surface are much 

more active and silver ions in the dry polymer do not move in a way that these would 

be available after a longer period of dry storage. Therefore, costs could be saved in 

the manufacturing process by incorporating Ag particles only in a surface layer or using 

another technique such as coating. Theoretically, as a silver depot, nanosilver could 

be more suitable for reuse, since it releases silver ions gradually over a long period of 

time. However, as results from this dissertation showed, the silver ions must first be 

released, but this process is presumably too slow for such an application.  
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4.2.3 What is the prognosis for applicability? 

In the beverage sector, the best market potential is seen for water applications. Results 

showed that even high concentrations of E. coli in distilled water can be eliminated with 

such a bottle. The experiments showed that by adding 0.05 mg/L Ag directly into dis-

tilled water, the population of E. coli was reduced by 105 cfu/mL and the experiments 

with the silver released from the bottles showed that E. coli was reduced by approxi-

mately 3*104 cfu/mL. This corresponds to highly contaminated water, since typical 

bathing water with good quality, which could be used as drinking water and filled in 

such a bottle, merely contains 10 cfu/mL (Directive 2006/7/EC of the European Parlia-

ment and of the council, 2006). Therefore, such a bottle could be useful for soldiers 

during a war mission, for emergency supply at sea or for astronauts in space, where 

water should be sterile for a long period of time. For other beverages, market applica-

tion is moderate, since required concentrations for antimicrobial effectiveness needs 

to be higher due to interactions with media constituents and therefore, the proposed 

limit of 0.05 mg Ag/L food can be exceeded quickly. 

Good market application is seen in sectors outside food and beverage, where silver 

concentrations released can be higher, for example in the lacquer industry to protect 

colors, in medicine for implants or in the cosmetics industry. For cosmetics, the appli-

cation of the technique in the form of the bellows tested could be interesting, such as 

for the preservation of soaps.  

Furthermore, the use of other polymers such as PE-LD could also be a possibility in 

order to incorporate less silver in the polymer, since PE-LD is a more diffusive polymer 

generally leading to higher releasing rates. 
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5. Conclusions 

The dissertation showed that it is possible to develop PET containers containing silver 

in quantities that do not pose a health risk when released to the filled product. Concen-

trations of silver required for antimicrobial effectiveness were below the currently dis-

cussed limit of 0.05 mg Ag/kg food proposed by the EFSA and far below the tolerable 

limit of 0.1 mg/L for drinking water recommended by the WHO. However, antimicrobial 

effectiveness strongly depends on the food constituents in the medium used. Protein-

rich media and media with many constituents afford much higher silver concentrations 

due to chemical interactions with silver ions and therefore are not suitable for those 

applications. For example, antimicrobial effective silver concentrations found for milk 

lay in the range of 5 mg/L.  

Nanosilver showed lower antimicrobial effectiveness than silver salts, which is very 

likely due to a slower release of Ag ions. Furthermore, the silver-release investigations 

showed no silver-release from bottles containing nanosilver. The results further 

showed that the release of silver from silver doped beverage containers depends on 

the type and percentage of antimicrobial filler in the polymer, temperature, and acidic 

strength of the medium.  

Developing an effective antimicrobial beverage container made of silver doped PET, 

however, still remains a challenge. For further studies, multi-layer bottles, where the 

inner layer contains a higher concentration of antimicrobial substance, could eventually 

be used. Since the bottle needs to be rinsed anyway, these could be treated with a hot, 

acidic solution and thereby more silver ions would be available at the beginning. Fur-

thermore, for beverage and food applications, it has to be kept in mind that Ag+ release 

rates should not exceed proposed migration limits for ensuring human health. 

This dissertation helps industries and researchers in the areas of food and beverage 

packaging to see what might be possible and also reveals more clarity about the limi-

tations of PET bottles containing silver. Furthermore, the results are beneficial as guid-

ance for crafting government health safety policy. 
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