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Abstract Silver nanoparticles (AgNPs) are cur-

rently being used in many different kinds of consumer

products in order to take advantage of their antimi-

crobial properties. However, the potential migration of

silver nanoparticles into food and subsequent con-

sumer exposure has hardly been addressed. In the

current study, we investigated four brands of com-

mercially available plastic food storage containers and

measured the total amount of silver, particle size and

number concentration, and the migration rates into

three different food simulants (Milli-Q grade water,

10 % ethanol, and 3 % acetic acid) for 10 days at

40 �C. The experimental setup was made according to

the European Commission Directive (EU 10/2011) for

articles intended to be in contact with food. The total

amount of silver in plastic containers and migration

solutions was quantified by ICP-MS analysis, and the

size of the migrated particles was investigated by

single particle ICP-MS and TEM-EDS. The total mass

and median size of released particulate Ag were

generally highest in 3 % acetic acid for three out of

four food container brands. The total content of silver

in the containers varied from 13 to 42 lg/g. The

highest migration was observed in the 3 % acetic acid

food simulant for all four brands of containers, with

total silver release up to 3.1 ng/cm2 after 10 days. In

conclusion, the experimental results show that silver

has the potential of migrating into food, especially

when in contact with more acidic substances.
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Introduction

Silver nanoparticles (AgNPs) are used for wide range

of applications, mostly due to their ability to release

silver ions that are proven to be an effective biocide.

Because of their antimicrobial properties, AgNPs are

applied as inner coatings for various food storage

containers, such as plastic bags or boxes, in order to

keep the food fresh longer (The Nanodatabase 2015;

The Project on Emerging Nanotechnologies (PEN)

2013). From a consumer point of view, it is beneficial

to have an antimicrobial agent in the food contact

materials to increase the shelf-life of food and to store

it for a longer time. However, the health risks

associated with the use of such products is a major

knowledge gap, which needs to be addressed.

Quite recently, AgNP-enabled consumer products,

food containers among them, have gained a lot of

attention. The production and use of AgNPs in food

contact materials has not been prohibited in most
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countries, and AgNP-enabled food packaging materi-

als are freely available to consumers. However, as of

March 2014, United States Environmental Protection

Agency (US EPA) has banned the production and sales

of several brands of plastic food containers that

contain silver nanoparticles due to the lack of proper

testing, to ensure consumer safety (US EPA 2014).

Later in 2014, the Center for Food Safety (CFS), a

non-governmental organization, filed a petition

against the U.S. EPA over their inability to regulate

nanoscale pesticides, as a large number of them are

still commercially available (CFS 2014). CFS and

PEN database had identified over 400 products

containing nanosilver on the market as of December

2014 (CFS 2014), whereas on The Nanodatabase,

there are around 300 nanosilver-containing consumer

products identified (The Nanodatabase 2015).

There have been attempts to quantify the total Ag

release rates from various consumer products, includ-

ing food contact materials (von Goetz et al. 2013;

Huang et al. 2011; Hauri and Niece 2011; Song et al.

2011; Bott et al. 2011; Smirnova et al. 2012;

Echegoyen and Nerı́n 2013; Cushen et al. 2014;

Artiaga et al. 2014). One of the first publications

addressing Ag release from food storage containers

was by Huang et al. (2011), who assessed the release

from polyethylene bags incubating themwith different

food simulants, such as deionized water, 4 % acetic

acid, 95 % ethanol, and hexane for 15 days and found

indications of the presence of Ag in the plastic bags,

and analysis by scanning electron microscopy (SEM)

coupled with energy dispersive X-ray spectroscopy

(EDS) confirmed AgNP release. Another study by

Hauri and Niece (2011) used a similar release setup

and tested commercially available plastic food storage

containers advertised as containing AgNPs and found

that acetic acid resulted in higher Ag release rates

compared to ethanol and distilled water. However,

Hauri and Niece (2011) did not quantify the initial Ag

content of the food containers or the Ag release in the

nanoparticulate form. Again, using a similar setup,

experimental studies by von Goetz et al. (2013) and

Artiaga et al. (2014) also chose to test the migration of

AgNPs from commercially available food storage

materials. Instead of using intact food containers, von

Goetz et al. (2013) cut the food containers into pieces

and exposed them to food simulants. Von Goetz et al.

(2013) showed that the release rates per available

surface area were considerably increased if the food

containers from the same brand were kept intact, but

they also noted that containers had an inhomogeneous

distribution of Ag in different parts, as well as

different total Ag concentrations. Furthermore, von

Goetz et al. (2013) found that Ag migration dropped

by a factor up to 10 between the first and subsequent

use of food containers in a multiple use scenario. This

is important as food containers are very often used

more than once. A similar trend was observed in the

study by Echegoyen and Nerı́n (2013) with multiple

uses of containers.

The overall conclusion from the experiments

performed so far is that consumer exposure is negli-

gible, as the amounts leached from the food containers

are found to be very low and are in the magnitudes of

ng/cm2.

All the studies have so far reported Ag migration

in the form of total silver, not going much into size

distributions of the particulate fraction (if any).

Therefore, the question remains whether or not there

is a release of silver in the nanoform, and how the

available analytical methods can be applied to

characterize the particle release. It is well known

that AgNPs have different toxicological properties

compared to ionic and bulk silver, and the release of

AgNPs could have implications for human health

risks exposure and risk assessment. There is a great

need for quantification and characterization of

consumer exposure to Ag nanoparticles, as the

information of the total Ag exposure is not sufficient

to assess the actual risks.

In this study, we aimed at quantifying the Ag

migration from four different commercially available

food container brands that advertise AgNP as an

ingredient in their product. Apart from assessing the

total Ag release, we also investigated the release of Ag

in the nanoparticulate form by transmission electron

microscopy (TEM) and single particle inductively

coupled plasma mass spectrometry (spICP-MS). This

study attempts to go further than just quantifying total

Ag release from food containers, utilizing state of the

art nanoparticle characterization techniques to provide

information on nanoparticulate and dissolved Ag

release. To the best of our knowledge, this is the first

study to present the AgNP release from food contain-

ers in a quantitative manner, including size distribu-

tions of the released particles.
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Materials and methods

Food container samples

Four different commercially available plastic food

containers were purchased through Amazon.com,

where two of them were polyethylene (PE) food

storage boxes (Kinetic Go GreenTM Premium Food

Storage Containers (Kinetic, USA), and The Original

Always Fresh ContainersTM (Gourmet Trends, USA)),

one was PE zipper storage bag (Fresher LongerTM

Miracle Food StorageTM bags (Sharper Image, USA)),

and one was high density polyethylene (HDPE) bag

for breast milk storage (Special Nanosilver Mother’s

milk pack (Jaco, Korea)). All of these products are

listed in The Nanodatabase (The Nanodatabase 2015)

and the product information for all four products

indicated that they contain silver nanoparticles for

antimicrobial and antifungal purposes. The appear-

ance of those products is shown in Fig. 1, and

manufacturer product information can be found in

The Nanodatabase (2015). Kinetic Go GreenTM

Premium has been banned by the US EPA, but it is

still available for purchase in various online shops,

such as amazon.co.uk, as indicated in The Nan-

odatabase (2015).

Pure polyethylene spherical granulates were

obtained from BASF (Germany), and were used as a

control (no Ag added from the manufacturer).

Release testing

The release tests were set up and performed following

the EU regulation 10/2011 for plastic materials and

articles intended to be in contact with food (European

Commission 2011). Three food simulants were

selected for migration testing: Milli-Q water, 3 %

acetic acid, and 10 % ethanol. Food containers with

food simulants were sealed and incubated at 40 �C for

10 days. The volume of added food simulant was

dependent on the size of the container. The main

criterion for the added volume of food simulant was

that it had to completely cover the bottom part for the

food storage boxes, or cover a sufficient surface area

for plastic bags (i.e., around half of total available

volume). For zipper storage bags and milk storage

bags, the added volume was 75 mL, and for Kinetic

Go GreenTM containers 100 mL, whereas for The

Original Always Fresh ContainersTM, where the

containers were with different sizes, the added

volumes were 100 mL (Milli-Q), 50 mL (10 %

ethanol), and 45 mL (3 % acetic acid).

As a silver-free control, two grams of polyethylene

granulates were immersed into 5 mL of the same food

simulants for 10 days at 40 �C in plastic tubes with

stoppers. The tubes were prepared in triplicates for

each food simulant.

Chemical analysis of food containers

The total content ofAg in food containerswas analyzed

by using inductively coupled plasma mass spectrom-

eter (ICP-MS) (7700x, Agilent Technologies). For

sample preparation, the plastic food containers were

frozen with liquid nitrogen and crushed into small

(\2 mm) pieces using cutting mill (Retsch) to obtain a

representative sample. Then, 0.25 g of sample was

digested following a method that has been proven

effective for plastic food packaging that contains silver

(Lin et al. 2011) by using 6 mL of concentrated HNO3

Fig. 1 Plastic food containers used in this study. Starting from left side: special Nanosilver Mother’s milk pack; Fresher LongerTM

Miracle Food StorageTM bags; Kinetic Go GreenTM Premium Food Storage Containers; The Original Always Fresh ContainersTM
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and 2 mL of concentrated H2SO4. Samples were

digested by microwave-assisted digestion (Multiwave

3000, Anton-Paar) at 210 �C for 20 min. Digested

samples were further diluted with Milli-Q water and

analyzed using ICP-MS. As there is no certified

standard reference material available for AgNPs in a

plastic matrix, the validity of the method was tested by

spiking some of the samples with known amounts of

30 nm silver nanoparticles (Cline Scientific, Sweden).

All analyses were performed as triplicates.

Chemical analysis of migration solutions

The total amount of Ag migrated into food simulants

was tested by digesting 3.0 mL of migration solutions

with 1.5 mL of concentrated HNO3 for 24 h at room

temperature. Subsequently, the digested samples were

diluted and total Ag content was measured by ICP-

MS. As above, 30 nm Ag particles was used as

digestion control.

To obtain information about particles that may have

migrated into solutions, samples were analyzed by

single particle ICP-MS (spICP-MS), applying 3 ms

dwell time, 7 mm sample cone depth, and having a

sampling time of 60 s. The calculations of particle size

and number distribution were performed according to

a previously published method (Pace et al. 2011),

assuming that released particles have spherical shape.

Microscopy

To confirm the presence of particles in the migration

solutions and to obtain information on their size and

shape, transmission electron microscopy (TEM) anal-

ysis was performed. After release experiments, food

simulant samples were prepared for TEM analysis by

transferring 1 mL of sample into Eppendorf tubes,

centrifuging them for 30 min at 10,000 rpm, and then

evaporating them in the fume hood for 2 days in order

to obtain a more concentrated sample. Afterwards

4 lL of the remaining sample was deposited on a

copper grid covered with carbon film (Agar Scientific)

and dried for approximately 4 h under a petri dish in a

fume hood. The TEM (Tecnai G2, FEI) was operated

at 200 keV accelerating voltage, and the composition

of the particles found on the grid was investigated

using energy dispersive X-ray spectroscopy (EDS)

detector (Oxford Instruments).

Results and discussion

Determination of total silver content in food

containers

After the microwave-assisted acid digestion, the ICP-

MS analysis of the total Ag content of unused

containers showed that Special Nanosilver Mother’s

milk pack had the highest weight/weight content of Ag

(31.2 ± 4.8 lg/g), whereas The Original Always

Fresh ContainersTM had the highest Ag content per

area (1.4 ± 0.4 lg/cm2). The measured Ag content in

Kinetic Go GreenTM samples was either very close to

the detection limit (1 out of 3 replicates) or below

detection limit of the method. As the containers were

of different thickness, Kinetic Go GreenTM containers

being the thickest, total silver content is presented in

both lg/g and lg/cm2 (Table 2). The detection limit

was calculated from the average of blank samples

(n = 7) and adding 3 standard deviations, and the

recovery for 30 nm Ag NPs that were used to check

the validity of digestion method was 110 ± 1 %.

The total silver content in Fresher LongerTM

Miracle Food StorageTM bags has been tested before

in several studies. Echegoyen and Nerin (2013) found

the Ag content to be 3.3 lg/g (0.02 mg/cm2), whereas

Artiaga et al. (2014) and von Goetz et al. (2013) found

28 lg/g and 37 lg/g, respectively. The Ag content

determined by our analysis resulted in about 22 lg/g,
which is in the same range with two of the three

aforementioned studies (Artiaga et al. 2014; von Goetz

et al. 2013). However, it is difficult to put these studies

in parallel, as they have been using different analytical

methods, e.g., Echegoyen and Nerin (2013) prepared

plastic sample for ICP-MS analysis by weighing 1 g of

sample and calcinating it at 600 �C and digesting the

ashes with HNO3. Artiaga et al. (2014) used only 0.1 g

of sample for microwave digestion with HNO3 and

H2O2. Another reason for different results is the lack

of a reference sample to check for the full recovery of

total Ag content in the sample matrix. Most likely all

of these studies have used different batches of the

product, which might be yet another reason for the

lack of consensus in the measured values.

Determination of silver release into food simulants

Total silver and nano-silver release was measured

using two different techniques—acid digestion
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followed by ICP-MS analysis, and single particle ICP-

MS analysis, respectively. When it comes to total Ag

release, the highest migration from the food containers

was observed in the 3 % acetic acid food simulant for

all four brands of containers. Total silver release was

ranging from 2.0 to 3.1 ng/cm2 after 10 days

(Table 2), the lowest release being for Fresher Long-

erTM bags and the highest for Special Nanosilver

Mother’s milk pack. The silver migration into Milli-Q

water and 10 % ethanol was below detection limit for

all samples (detection limit was calculated from the

average of blank samples and adding 3 standard

deviations). The Special Nanosilver Mother’s milk

pack showed the highest release per cm2, though the

highest concentration in the solution was observed for

The Original Always Fresh ContainersTM. The higher

amounts of Ag released into acetic acid in comparison

to 10 % ethanol or Milli-Q water were expected,

knowing that Ag ion release rates tend to increase with

decreasing pH values (Liu and Hurt 2010).

Comparing total Ag content and total Ag release

both on weight/weight basis and weight/area basis

(Tables 1, 2), there is no apparent pattern regarding

total Ag content and release depending on the food

container brand. That could indicate that the produc-

tion methods might be different, some brands resulting

in more loosely bound particles, or different size and/

or coatings of particles that could facilitate or hinder

the silver ion or particle release. The atomic force

microscopy (AFM) analysis reported by von Goetz

et al. (2013) showed that the surface of food containers

can be quite rough and have up to 10 lm variations in

height, which might have a large effect on the actual

surface area in comparison to the measured surface

area assuming a smooth surface.

The microscopy results (TEM-EDS analysis) indi-

cated AgNP release from all four commercial food

container brands (Fig. 2). The typical EDS spectrum

of the particles is shown in Fig. 3. As shown in the

images, particles can be either freely dispersed in the

suspension (Fig. 2c, e), or agglomerated (Fig. 2a, d),

or still embedded in or attached to the pieces of the

polymer matrix (Fig. 2b, f). The primary particle sizes

of 10–40 nm were found for Fresher LongerTM

Miracle Food StorageTM bags, 10–100 nm for Special

Nanosilver Mother’s milk packs, around 100 nm for

The Original Always Fresh ContainersTM, and

20–30 nm for Kinetic Go GreenTM Premium Food

Storage Containers. Unfortunately, due to the very low

amounts of Ag released, a quantitative indication of

AgNP sizes, shapes, and agglomeration was not

possible. The same goes for indication of whether

the particles tend to occur freely in the food simulants

or stay attached to the polymer matrix. Moreover, it

must be noted that a major limitation of data interpre-

tation from TEM imaging is the possible introduction

of artifacts during sample preparation and drying

(Tiede et al. 2008).

In two of the four brands of food storage containers

(i.e., Fresher LongerTM and Kinetic Go GreenTM)

apart from the AgNPs, there were found also some

particles containing titanium (Figs. 4, 5). It was both

single particles (Fig. 4b, c, e, f) and agglomerates

(Fig. 4a, d) observed in the primary particle sizes

ranging between 50 and 200 nm. It is not uncommon

to have titanium dioxide added as a white pigment for

plastics, or as an additive to absorb UV-light to

prevent discoloration of the plastics and UV-damage

(DuPont 2013). However, the addition of titanium

dioxide (TiO2) in the nanoscale is rarely advertised

and reported in plastic products, and to the best of our

knowledge, there is only one scientific study published

addressing TiO2 release from food packaging (Lin

et al. 2014).

To obtain quantitative information regarding the

amount of released Ag ions and particles, as well as the

size distribution of Ag NPs, spICP-MS measurements

were performed, analyzing the food simulants after

Table 1 Total silver

content in the food

container samples and

reference samples (n = 3)

Product Total Ag content

lg/g lg/cm2

PE granulates (control) \1.0 –

Fresher LongerTM Miracle Food StorageTM bags 22.5 ± 0.4 0.2 ± 0.0

The Original Always Fresh ContainersTM 11.9 ± 3.3 1.4 ± 0.4

Kinetic Go GreenTM Premium \1.0 \0.2

Special Nanosilver Mother’s milk pack 31.2 ± 4.8 0.2 ± 0.0
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Table 2 Total silver

content in the food

simulants after 10 days of

incubation

Product Release medium Total Ag release

lg/L ng/cm2

PE granulates (control) Milli-Q \0.9 –

10 % Ethanol \0.9 –

3 % Acetic acid \0.9 –

Fresher LongerTM Miracle

Food StorageTM bags

Milli-Q \0.9 \0.4

10 % Ethanol \0.9 \0.4

3 % Acetic acid 4.1 ± 0.5 2.0 ± 0.2

The Original Always

Fresh ContainersTM
Milli-Q \0.9 \0.4

10 % Ethanol \0.9 \0.3

3 % Acetic acid 8.2 ± 0.5 2.7 ± 0.2

Kinetic Go GreenTM

Premium

Milli-Q \0.9 \0.5

10 % Ethanol \0.9 \0.5

3 % Acetic acid 5.5 ± 1.7 2.8 ± 0.9

Special Nanosilver

Mother’s milk pack

Milli-Q \0.9 \0.6

10 % Ethanol \0.9 \0.6

3 % Acetic acid 4.9 ± 1.0 3.1 ± 0.7

Fig. 2 TEM results for migration solution samples after

10 days in 3 % acetic acid. a Fresher LongerTM Miracle Food

StorageTM bags, b Special Nanosilver Mother’s milk pack, c,
d The Original Always Fresh ContainersTM, e, f Kinetic Go

GreenTM Premium Food Storage Containers. All the presented

images were analyzed by EDS and confirmed the presence of

silver
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10 days of incubation into food containers. The

measurements were performed without any dilution

or other kinds of sample preparation. The results from

spICP-MS analysis showed a general trend that the

amount of dissolved Ag was the highest for 3 % acetic

acid for all four brands of food containers. The total

mass of particulate Ag was generally highest in 3 %

acetic acid, except for Fresher LongerTM bags

(Table 3). This is also consistent with the data from

total Ag release, which showed that acetic acid was
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Fig. 3 EDS spectrum for The Original Always Fresh Contain-

ersTM migration sample after 10 days in 3 % acetic acid

(particle shown in Fig. 2d)

Fig. 4 TEM results for migration solution samples after

10 days in 3 % acetic acid. a, b Fresher LongerTM Miracle

Food StorageTM bags, c–f Kinetic Go GreenTM Premium Food

Storage Containers. All the presented images were analyzed by

EDS and confirmed the presence of titanium
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Fig. 5 EDS spectrum for The Original Always Fresh Contain-

ersTM migration sample after 10 days in 3 % acetic acid

(particle shown in Fig. 4d)
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facilitating the Ag release (Table 2). Echegoyen and

Nerin (2013) also observed increased amounts of

dissolved Ag in 3 % acetic acid in comparison to 10 %

ethanol with spICP-MS analysis; however, they did

not report the size of the particles.

The size distributions of released particles were

quite similar for Milli-Q and 10 % ethanol, but the

diameter of particles released into acetic acid was

considerably higher for all container brands, except for

Fresher LongerTM bags, which only had dissolved Ag

present in the sample (Fig. 6). Evidently acetic acid

facilitates both dissolution and aggregation/agglom-

eration of AgNPs, and also the possibility of formation

of AgNPs cannot be excluded. Generally, Ag ion

reduction is facilitated by the hydroxide ion addition

(Chou et al. 2005), but it has previously also been

shown that Ag ions can be reduced and thus form

AgNPs when peat fulvic acids (Sal’nikov et al. 2009)

or humic acids (Akaighe et al. 2011) are present in the

solution. With increasing amounts of humic acids in

the Ag ion solution, the AgNPs formed were more

polydisperse and less stable (Akaighe et al. 2011), and

similarly with adding more Ag ions to fulvic acid

solution, AgNPs increased both in size and polydis-

persity (Sal’nikov et al. 2009).

Implications for consumer exposure

The amounts of total silver released from the food

containers seem negligible, as they are in lg/L (or ng/

cm2) range. The highest observed Ag release in 3 %

acetic acid was for The Original Always Fresh

ContainersTM (8.2 ± 0.5 lg Ag/L), which among

the containers tested in this study would result in the

highest consumer exposure to Ag. Assuming a real-

istic household scenario of storing slightly acidic food

item such as tomato soup or salad with vinegar, for

example, in this container, one would end up ingesting

2 lg of silver along with 250 mL portion. This amount

is considered negligible according to the authorities,

e.g., European Food Safety Authority (EFSA) has set

the limits for total permitted migration of Ag from

food contact materials to 0.05 mg Ag/kg food (EFSA

2006), and also World Health Organization (WHO)

has estimated a human no observable adverse effect

level (NOAEL) of Ag to be 0.39 mg/day (World

Health Organization 2004). However, these threshold

values do not take the unique properties of nanoma-

terials into consideration, and it is quite unclear what

long-term effects the AgNP exposure could cause

(Wijnhoven et al. 2009; Hansen and Baun 2012;

SCENIHR 2013). There are currently no nanospecific

regulations for silver when used in food packaging

products in, for instance, the EU. In Europe, the

exploitation of the antibacterial properties of AgNPs

in food packaging and consumer would fall under

what is known as a ‘‘treated article’’ under the EU’s

Biocidal Product Regulation, which again means that

nanospecific testing and risk assessment is required. It

is, however, unclear how to carry out a risk assessment

for the nanoform of a given material and there is

practically no guidance on how to deal with uses of

Table 3 Dissolved and particulate Ag leached into food simulants, measured by spICP-MS

Product Release medium Dissolved Ag

(lg/L)
Particulate Ag

(106 particles/L)

Particulate Ag

(ng/L)

Median size

(nm)

Fresher LongerTM

Miracle Food

StorageTM bags

Milli-Q – 37.6 13.9 30.3

10 % Ethanol – 2.8 0.5 23.9

3 % Acetic acid 6.79 – – –

The Original Always

Fresh ContainersTM
Milli-Q 0.57 18.3 10.5 41.1

10 % Ethanol 0.66 9.5 7.1 35.5

3 % Acetic acid 10.71 2.0 27.5 89.6

Kinetic Go GreenTM

Premium

Milli-Q – 2.7 0.1 17.4

10 % Ethanol 0.13 7.4 2.5 26.9

3 % Acetic acid 3.18 4.2 27.8 67.2

Special Nanosilver

Mother’s milk pack

Milli-Q 0.03 5.5 4.5 29.8

10 % Ethanol – 5.8 1.4 25.5

3 % Acetic acid 7.51 1.9 18.3 63.8
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biocides in consumer articles. The use of nanosilver as

biocidal active ingredient under the EU biocidal

products regulation’s review program is currently

being assessed by the Swedish Chemicals Agency

(KEMI), which is known as the ‘‘the competent

authority.’’ KEMI is on public record for stating that

their work is progressing slowly and it is not possible

for them to say whether there are sufficient data to

carry out a risk assessment on the nanoforms of silver,

as the data which have been submitted by industry

follow the usual data requirements for bulk substances

(Chemical Watch 2011).

The research aimed at understanding toxicological

effects of AgNPs is still full of uncertainties and

knowledge gaps (Wijnhoven et al. 2009), which makes

it difficult to do a comprehensive human risk assess-

ment. Toxicity testing has shown that AgNPs are

capable of penetrating through the blood–brain bar-

rier, accumulating in the brain and subsequently

causing neuron damage (Tang et al. 2008). Oral

exposure to high-levels of AgNPs can also lead to

blue-gray hyperpigmentation of the skin, called agyr-

ia, which suggests that when AgNPs reach the

gastrointestinal tract, they can be distributed to other

organs, including the skin (Chang et al. 2006). AgNP

dislocation and accumulation to different organs, such

as liver, lungs, brain, testes, and kidneys, has been

found also after 28 days of oral exposure in rats (Kim

et al. 2008). After 90 days of exposure, subchronic

oral toxicity testing has shown that the target organ for
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Fig. 6 Particle size distributions for food containers incubated with food simulants after 10 days, measured by spICP-MS
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AgNPs is most likely liver (Kim et al. 2010). However,

it has to be noted that toxic effects are most commonly

noted in mg/kg body weight levels, which means that

the oral exposure has to be quite high to observe any

toxic effects. For this reason, the risk of experiencing

adverse health effects as a consequence of using

AgNP-containing food containers seems negligible,

but cannot be completely excluded.

The future research needs include developing tools

and models for quantitative nanospecific exposure

assessment, which could further assist human risk

assessment to AgNPs. To get the right data, it is

necessary to extensively characterize the nanoparti-

cles that humans might be exposed to, as the toxicity

can be both dose and size dependent (Park et al. 2011;

Liu et al. 2010). It is especially important to improve

the analytical techniques to be able to detect and

quantitatively measure AgNPs in smaller sizes

(\20 nm).

Conclusions

In conclusion, our experimental results have shown

that silver has the potential of migrating into food,

especially when in contact with more acidic sub-

stances. From the three food simulants used in this

study, the highest total Ag migration was observed for

3 % acetic acid, and migration into water and 10 %

ethanol was below detection limit. Nanoparticle

release was observed for all four food container

brands, and the general trend was that both particle

size and dissolved Ag level were increased for 3 %

acetic acid in comparison to other food simulants

(except for Fresher LongerTM bags). TEM-EDS anal-

ysis showed that the released particles were primarily

spherical, and could be found either in their dispersed

form, as agglomerates, or still embedded in or attached

to pieces of polymer matrix. For all four food

container brands, the total Ag migration amounts did

not exceed the permitted levels indicated by EFSA

(2006), but these levels do not take the unique

properties of nanomaterials into consideration. How-

ever, there are still no nanospecific regulatory limits

for particle migration from the food contact materials,

so the risk of consumer exposure remains unclear.
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