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ABSTRACT

The paper industry is an important sector annually consuming kilotons of nanoforms and non-nanoforms of fillers
and pigments. Fillers accelerate the rate of drying (less energy needed) and product cost (increasing the load of
low-cost fillers). The plastic industry is another use sector, where coloristic pigments can be in nanoform, and
many food containers are made of plastic. Use of paper to wrap both wet and dry food is consumer practice, but
not always intended by producers. Here we compare the release behavior of different nano-enabled products
(NEPs) by changing a) nanoform (NF) characteristics, b) NF load, c) the nano-enabled product (NEP) matrix, and
d) food simulants. The ranking of these factors enables an assessment of food contact by concepts of analogy,
specifically via the similarities of the rate and form of release in food during contact. Three types of matrices
were used: Paper, plastic ((Polylactic Acid (PLA), Polyamide (PA6), and Polyurethane (PU)), and a paint
formulation. Two nanoforms each of SiOg, FeyO3, Cu-Phthalocyanine were incorporated, additionally to the
conventional form of CaCOj that is always contained in paper to reduce cellulose consumption. Tests were
guided by the European Regulation EC 1935/2004 and EU 10/2011. No evidence of particle release was
observed: the qualitative similarity (the form of release) was high regarding the food contact of all NEPs with
embedded NFs. Quantitative similarity of releases depended primarily on the NEP matrix, as this controls the
penetration of the simulant fluid into the NEP. The solubility of the NF and impurities in the simulant fluid was
the second decisive factor, as dissolution of the NF inside the NEP is the main mechanism of release. This led to
complete removal of CaCOs in acidic medium, whereas Fe and Si signals remained in the paper, consistent with
the low release rates in an ionic form. In our set of 16 NEPs, only one NEP showed a dependence on the REACH
NF descriptors (substance, size, shape, surface treatment, crystallinity, impurities), specifically attributed to
differences in soluble impurities, whereas for all others the substance of the nanoform was sufficient to predict a
similarity of food contact release, without influences of size, shape, surface treatment and crystallinity.

1. Introduction

'Environnement, D. L. E. E. D. L. M, 2015) Nano-enabled products
(NEPs) can be created by adding NFs to product matrices to achieve

Nanomaterials that are used as fillers and pigments dominate the superior performance characteristics such as: durability, coloristic
inventory of nanomaterial production volumes in Europe.(Ministere de appearance, electrical conductibility, flame resistance, barrier
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properties, flexibility, or recycling properties. These are established in
many industry segments, including but not limited to: electronics,
automotive parts, packaging, paints, coatings, paper, construction,
cosmetics, and food.(Stark et al., 2015; Wohlleben et al., 2017) The
demonstration of safe use of NEPs as food contact materials (FCM) is
challenged by 1) literature of release testing having a narrow focus on
polymer-based-NEPs, 2) the regulatory concept of “nanoforms”, raising
the question if different grades of the same substance may also differ in
the quality or quantity of releases, and 3) the lack of comparative studies
that systematically compare releases of the same nanomaterial from
different NEP matrices, or that compare releases of different nano-
material from the same NEP matrix. Our present study aims to fill these
gaps.

The general concerns about the release of nanomaterials from NEPs
throughout their entire life cycle have been addressed quite substan-
tially on NEPs based on a polymer matrix,(Duncan, 2014; Harper et al.,
2015; Froggett et al., 2014) and occasionally matrices other than poly-
mer, such as metal, concrete,(Funk et al., 2019) or wood,(Pantano et al.,
2018; Clar et al., 2019; Platten et al., 2016) have been studied. Specific
concerns about the release during food contact were excellently
reviewed by the Franz group,(Stormer et al., 2017; Franz et al., 2020)
and by the Duncan group.(Duncan and Pillai, 2014) In short, diffusion of
nanomaterials inside polymers is far too slow to allow migration into
food, but degradation and dissolution of either matrix or nanomaterial
can induce releases. In this regard it is astonishing that paper-based
packaging has not received more attention, since these conditions of
suppressed migration may not apply. The research gap is all the more
astonishing since the paper industry is an important sector (400 million
tons per year) that consumes 32 million metric tons of inorganic fillers
per year.(Hubbe and Gill, 2016)

Although packaging based on paper or cardboard would be intended
for dry food only, consumers recycle paper-based materials, and one
cannot entirely exclude the unintended contact of other foodstuff to
paper and its fillers. Also, for mechanistic understanding of the main
factors that determine releases in food contact, the comparison between
different polymer-NEPs and paper-NEPs is promising. In polymers, dyes
or pigments provide color, but dyes, being molecularly dissolved in the
polymer, have a higher potential to migrate than pigments, which are
nano- or micro-particles that are simply too big to migrate.(Stormer
et al., 2017; Bott et al., 2014) A critical review has been devoted to the
issue with specific attention to NEPs with embedded Ag, where the
manifold reaction pathways of Ag + ions to reprecipitate into particles
after release represents a particular conceptual challenge.(Jokar et al.,
2017) Many studies focused on the highest priority matrix (polyolefines,
especially polyethylene) thus there is little information about the sys-
tematic trends for other polymers.(Stormer et al., 2017; Franz et al.,
2020) In and on paper, calcium carbonate, kaolin and other clays, talc,
silica, and various pigments serve different purposes. Some of the rele-
vant grades are now identified as nanomaterials. Silica is added to
cellulosic fiber slurries before paper formation, influencing structure,
appearance, and final properties of finished products. In addition, silica
accelerates the rate of drying during manufacturing (less energy needed)
and reduces cellulose consumption (replaced by fillers). Kaolins reduce
ink penetration and enable sharp prints. Other fillers modulate the
brightness and opacity of paper.

The global market of nano-enabled packaging for food and beverages
is predicted to grow rapidly in the coming years. The size of the market
was valued at US$ 30.6 billion in 2017 and in 10 year is expected to
triple its value (USD 89 billion in 2026).(Nano-Enabled Packaging
Market Share, Size, Trends, 2019) Marketing surveys often only count
products with unique and novel properties, whereas the European
REACH definition of a nanomaterial has a wider scope and identifies a
majority of the total production of some materials, specifically of SiOy
and of some pigments, as nanomaterials,(Wigger et al., 2018) and de-
mands registration and evaluation of each of their different “nanoforms”
(NF).(Commission, E, 2018) The actual market size of FCMs that
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incorporate NFs may thus be even larger.

NFs are described by size, shape, crystallinity, surface area and
surface treatment.(European_Chemicals Agency (ECHA), 2019) This
distinction creates transparency on different grades that have been
developed and commercialised to optimize the performance for different
needs and applications. For example, some grades may be more suitable
for the inclusion in food contact NEPs than others. It is only fair to ask to
what extent the release in food contact differs between NEPs using
different NFs, or different matrices. For hazard assessment, grouping of
NFs is relatively well established.(Commission, E, 2018; European -
Chemical Agency (ECHA), 2019) No one has yet proposed a grouping of
NEPs, since regulation adresses the FCM ingredients, some of which may
be NFs, but not the final NEP. But also the scientific prerequisites are
missing: One first needs to achieve a ranking of the relevance of nano-
form descriptors, matrix identity, and food simulant choices.

Here we compare the release behavior of different NEPs by system-
atically varying diverse factors: a) NF substance (SiOj, Fe303, CaCOs,
CuPhthalocyanine), b) NFs characteristics (size, crystallinity, surface),
¢) NF load (few ppm to 2.3%), d) host matrix (paper, polylactic acid,
polyamide, polyurethane, polypropylene, coated wood), e) food simu-
lants (3% Acetic acid, 10% Ethanol, nanopure water) and f) kinetics (up
to 14 days). We benchmark our methods against a previously tested
(Pillai et al., 2016) representative material donated by the US-FDA. By
comparative testing in the above multidimensional parameter space, we
obtain the x-fold similarity(Jeliazkova et al., 2021; Jeliazkova, 2021)
between different NEPs and different test conditions. This results in a
ranking of the relevance of nanoform descriptors, matrix identity, and
food simulant. Ultimately, our work shall simplify the early assessment
of the safe use of FCMs via concepts of analogy and similarity, where
parameters and descriptors of the NEP matrix and intended use may be
more important than the NF descriptors, which are the basis of current
regulation.

2. Materials and methods
2.1. Paper, plastic NEPs and the related fillers characteristics

This study focuses on the release in food simulants of various
nanoparticles and nanoforms embedded in different matrices. Three
matrices were used: paper, polymer, and paint (on wood). The paper
matrix of cellulose contained two different types of nanomaterials,
anisotropic silica and iron oxide, each with two nanoforms (Table 1).
Similarly, the polymer matrix was studied with three different types of
polymers, Polylactic Acid (PLA), Polyamide (PA6), and Polyurethane
(PU), one nanomaterial, the pigment Cu-Pthalocyanine, with two
nanoforms (Table 1). In addition, polypropylene (PP) was used with an
iron oxide filler. Lastly, an acrylic wood coating with the same iron oxide
nanomaterial was also tested.

The tests were guided by the European Regulation EC 1935/2004
and EU 10/2011 tested at 40 °C with three different food simulant fluids:
10%(v/v) Ethanol (EtOH), 3%(v/v) Acetic acid (AcOH), and nanopure
(NP) water.

The regulation EU 10/2011 suggests exposure for 10 days at 40 °C
when testing food plastic contact materials. Our method complies with
the regulation by using the standardised temperature and food simula-
tion fluids, with sampling time points at 2 h, 24 h, 72 h, 168 h, 240 (=
10 days) and 336 h. The 14 day sampling time point was added to
examine potential saturation of release rates past the ten days. In
addition, an exposure study with 3 days at 40 °C was performed on paper
with 85 g/m?2. There are no applicable regulations since the paper goods
regulation examines thicker paper goods such as cardboard. All food
simulant fluids used Milli-Q purified water.

2.2. Sample preparation and testing

Two different types of nanomaterials were used for the cellulose
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Table 1
Food contact study overview.
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Nanoform Size of NF by TEM (nm) Shape of NF Conc. of NF in NEP Matrix Food simulant” Study condition”
(% w/w)

Si_anis_std 7 Elongated 0.5, 0.3, 0.01, 0.006 Cellulose with CaCO3 A B,w 3 days at 40 °C
Si_anis_Al 7 Elongated

Fea05 nano A ° Elong:dted 0.5, 0.005 Cellulose with Si_anis_Al (0.05% w/w) and CaCOs3 A, B,w 3 days at 40 °C
Fe,03_nano B 43 Speroidal

CuPhthalo_a 17 Speroidal .
CuPhthalo_ 14 Speroidal 1 PLA, PA, PU A, B 14 days at 40 °C
Fe;03_nano_B 43 Speroidal 2.3 Paint B 3 days at 40 °C
Fe,03_nano_B 43 Speroidal 1 B 3 days at 40 °C

# Food simulant and study conditions: Food simulants A: 10%(v/v) Ethanol, B: 3%(v/v) Acetic Acid, w: nanopure water. Study conditions: 3 days at 40 °C; 14 days at 40

°C (Sampling at 2 h, 1-day, 3-day, 7-day, 10-day, and 14-day).

paper studies. A cellulose matrix filled with the conventional (non-nano)
form of calcium carbonate was used to reach 25% remaining mass after
ashing. The two types of nanomaterial used were anisotropic amorphous
silica (SiOo_anis, provided by Nouryon) and iron oxide (Fe;Os, provided
by BASF SE). The anisotropic silica had two variations, silica with
aluminum and standard silica, both amorphous. The two variations were
tested at various loading concentrations (Table 1). The second nano-
material, iron oxide also was tested in two variations, nano_A and
nano_B at high (0.5% w/w) and low (0.005% w/w) loading concentra-
tions. Fig. 1 demonstrates that different NFs of the same substance
achieve different color perception, and thus enable the variety of colored
consumer products (Table S2).

All paper samples had an exposed diameter of 38 mm and the papers
were all cut using a 45 mm punch hole. The piece of paper was then
placed inside a custom-made ring (Fig. S1) for the study. The ring was
used so that only one side of the paper matrix had full contact with the
solvent. In addition, it allowed control of migration from within the
matrix and prevented migration from the cut edge. Each piece of paper
was weighed prior to it being placed in the ring which allowed for the
analysis to be done on a per mass basis. Once placed in the ring, the
paper sample went into a 300 mL LDPE container and 10 mL of solvent
was added.

After the addition of solvent, each sample was checked for air bub-
bles. Air bubbles were removed through side slits at which point the
samples could be placed in an oven (Memmert GmbH) at 40 °C. For all
studies two controls were used: 1) solvent only, and 2) an empty ring
with solvent. The controls provided a background value for the desired
elements which the paper samples could be compared against. The paper
studies lasted 3 days at 40 °C; once the time had lapsed the sample so-
lution was placed in storage vials and the paper was air dried in a fume
hood. A 100 pL sample was taken from the storage vial stabilized with

NF comparison Matrix NF % wiw AE*
Fe,0;_nano_B gl 50, 0.5 4.4
Fe,0;_nano_A ) oo Paper 0.05 25

€05

| 0.005 0.7
CuPhthlo_nano (a) PA6 1 6.4
CuPhthlo_nano (B) Ohthalonanoa PU 1 45
«—— CuPhthalonano PLA 1 8.7

Fe,0;_nano_B 23 41.2

Fe;0,_nano_A Fe,0,nano A paint

formulation | 0.33 6.8

Fe,0;nano 8

Fig. 1. Comparative colorimetry analysis: The difference in color coordinate
AE* (total distance in the CIELAB color space, ISO 11664-4) is calculated for
different NFs of the same substance. Fe,Os nano B vs. Fe,O3 nano A are
different particle sizes. The color indices of Pigment Blue 15:1 and 15:2
respectively designate the a and p crystalline forms of CuPhthalocyanine, and
again result in measurable differences of the colorimetric appearance, as
intended. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

1% (v/v) Nitric Acid (HNO3) solution for a 1:100 dilution ratio and
analyzed with ICP-MS (Perkin-Elmer NexION 2000) for Fe, Si, and Ca.
The dried paper was sputtered with 10 nm of carbon and prepared for
SEM-EDX analysis (ThermoFisher Scientific Phenom).

BASF SE provided the three different polymers studied, PLA, PA6,
and PU, as well as Cu-Phthalocyanine. The polymers represented a range
of polymers which contain different chemical, thermal and mechanical
properties (Table S1) and allowed to see the resiliency of the matrix
when exposed for 14 days at 40 °C. All polymers were of thermoplastic
grade with molar masses above 40 kDa. The polymer matrix was
exposed for a longer period than the paper matrix as it is more resilient.
Two nanoforms of Cu-Phthalocyanine with same chemical composition
but different crystallinity were considered: Cu-Phthalocyanine_nano_a
and Cu-Phthalocyanine_nano_§§, known as Pigment Blue 15:1 and 15:2
respectively. The pigment was embedded in the polymer at a concen-
tration of 1%(v/v). Fig. 1 demonstrates a) that this concentrations in-
duces deep blue color, and is thus representative of realistic conditions,
and b) that different NFs also of this same substance achieve different
color perception (Table S2). Due to the pigments high hydrophobicity
these studies were tested without nanopure water and instead they were
tested with two food simulant fluids: 10% (v/v) EtOH and 3% (v/v)
AcOH.

The sample size tested for the three polymers was 5 cm x 5cm x 0.5
cm and was fully submersed in 50 mL of the food simulant for testing
(Fig. $2). The samples were all weighed before the study and placed in
LDPE containers. A set of controls was used for all three polymers in
which a set of samples (triplicate) were studied without the pigment
(polymer only) in both food simulant fluids. Once placed in the oven,
0.5 mL sampling of the solution was obtained at 2-h, 1-day, 3-day, 7-day,
10-day, and finally at 14-day. Each of the solutions taken was stabilized
with 1% (v/v) HNOs at a dilution ratio of 1:20 and analyzed with ICP-MS
for Cu.

The Fe,0O3 nanoforms were finally tested when embedded as pig-
ments in wood paint. The acrylic polymer matrix of the paint was pro-
vided and applied by Nouryon and it contained pigment at a
concentration of 2.3% (w/w). The paint was applied only to one side (8
cm x 8 cm) of wood plate. Fig. 1 demonstrates as for the other cases that
this concentration induces deep red color, and is thus representative of
realistic products, and that again different NFs of the same substance
achieve different color perception, as intended (Table S2).

2.3. Analysis

2.3.1. Colorimetry

Pigments such as Fe;O3 and Cu-Phthalocyanine are embedded in
plastics or paper with the intention to provide color. Colorimetric evalu-
ations were done according to the spectral method described in ISO
18314-1 (2015) with d8° geometry. Resulting color coordinates AL¥,
Aa*, Ab*, AH*, AC*, and AE* (Fig. S3) were evaluated in accordance
with ISO 11664-4 (2008) for light source D65 and 10° standard observer
from the measurements over a white substrate. Detailed results are
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reported in the SI (Table S2). In short, the parameter AE* represents
that total difference between two colors, and is in general visually noted
by humans when AE* exceeds a value of 1.

2.3.2. ICP-MS and single-particle ICPMS

A Perkin-Elmer NexION 2000 was used for elemental analysis of Si,
Ca, Fe and Cu in the food simulant fluids. All samples were stabilized
with 1% (v/v) HNO3 and were diluted to ensure that the samples did not
exceed detection limits of the instrument (see section above for dilution
ratios). We measured with kinetic energy discrimination (KED) with
Helium gas, and ran *°Sc as internal standard. Calibration curves for
each analyte was used and verified during each run to obtain concen-
tration values. Al and Fe had a limit of detection (LoD) of 0.1 pg/L with
an external calibration of 0.1/1/10/100/1000 pg/L (ppb). For Si, the
LoD was 1 pg/L with an external calibration of 1/10/100/1000 pg/L
(ppb) in KED mode. The integration time was 50 ms and the argon flow
of the Meinhardt nebulizer was 0.92 L/min. In single-particle operation
mode, the Perkin-Elmer NexION 2000 was calibrated on an ionic 63cu
standard with a calibration of the particle transfer efficiency on 30 nm
and 60 nm Au particles. The dwell time was set to 50 ps.

2.3.3. SEM-EDX

The distribution of the paper fillers before food contact was assessed
by EDX of cross-sections at 10 kV with 1.2 nA current and the ESB de-
tector (WD 6.3 mm) for an accumulation time of 300 s and 500x
magnification. Samples from the treated paper were cut and placed on
the holders with the treated side facing up. Silver adhesive was placed
on the edges of the paper samples before the samples were sputtered
with 10 nm of Carbon (Safematic CCU-010 LV, Labtech). Once ready, the
samples were imaged and analyzed (ThermoFisher Scientific Phenom)
at a magnification of 1000. Elemental Analysis was done for each sample
at the same magnification.

2.3.4. Filtration

To evaluate the form of element release from NEPs, select solutions
were filtered after food contact tests. Hydrosart® sartorius membranes
were selected with a cutoff of 10 KD. Such cutoff blocks any possible
nanoform analyzed in this work, since membrane pores have a size of ca.
3 nm. After filtration, the samples were stabilized with 1% (v/v) HNOgs,
diluted at a 1:10 ratio and analyzed with ICP-MS.

2.3.5. UV-vis spectrometry

The UV-Vis instrument Agilent Cary 5000 is used with 50 mm quartz
cells to optimize detection down to 0.005 absorbance units. Calibration
of the extinction at peak pigment wavelength for quantification of the
dissolved material was performed by dissolving the pigment in
concentrated sulfuric acid to get the mass attenuation coefficient of the
CuPhthalocyanine pigment of 432 L/(g*cm) at 791 nm. The limit of
quantification is found at 2.31 pg/L.

2.3.6. Comparison on representative NEP

As a methodical cross-check, we re-analyzed a quantum-dot-
containing polymer that had previously been analyzed by Pillai et al.,
and we obtained consistent results (Table S3, Fig. S4). The quantity of
release was assessed on three elements, Zn, Cd, and Se, using two of the
same standardised simulant fluids that were reported also by Pillai et al.
(Pillai et al., 2016) Only on Cd, we observed systematically less release
by about a factor 4, but we confirm the order of magnitude of few ng/
cm?, and we observed the same sensitivity to acetic acid as reported by
Pillai et al. (Table S3). On Zn and Se, our results agree quantitatively
within two standard deviations, without a systematic trend (Fig. S4).
Remaining differences may also be due to different incubation geome-
tries and to the reproduction of this NEP as new batch of the same recipe
(at US-FDA). The uncertainty in the correctness of our measurements is
thus estimated at about a factor 2 in the concentration range of 100 ng/
cm? that is relevant for our case studies.
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2.4. Similarity assessment by x-fold algorithm

Methods to quantify pairwise similarity specifically for NFs were
introduced and discussed by Jeliazkova et al.(Jeliazkova et al., 2021) In
short, the x-fold comparison divides the larger of two values by the
smaller, and thus always generates an answer larger than one. Identical
NFs measured by perfectly accurate methods would score 1 in this al-
gorithm. It is most appropriate to descriptors that follow log-normal
distributions, and which thus cover several orders of magnitude — such
as release rates. This model is the basis for many of the criteria of the
ECETOC NanoApp[15], is integrated in the GRACIOUS browser-based
similarity tool(Jeliazkova, 2021) and in the free GRACIOUS software
blueprint.(Traas and Vanhauten, 2021)

3. Results

The results presented here are for three different matrices with
nanomaterials exposed to food simulant fluids. We assessed both quality
and quantity of releases.

3.1. Silica and iron oxide nanomaterials in cellulose matrix

We first assessed the homogeneity of the fillers across the cross-
section of the paper (Fig. S5). The elemental maps for the elements C,
O, Ca, Fe, Si, Al demonstrate embedded NFs inside the NEP with slight
aggregation of Si and potentially a slight accumulation of Al on one side,
but nothing comparable to the layered structures of Kaolin and CaCO3
gloss coatings on cardboard that were studied earlier.(Zhang et al.,
2020) In this case silica is together with cationic polyacrylamide used as
a two component flocculation system to improve retention and dew-
atering. The main part of the Al is added as polyaluminium chloride to
enhance the effect of starch as a strengthening agent. The high dosages
of silica (0.3 and 0.5% w/w) are very high and are normally not used in
commercial papers. The elemental map of Ca demonstrated good ho-
mogeneity across the depth and length of the paper. One concludes that
CaCOg serves here as bulk filler to reduce the cellulose consumption, but
not a surface coating to increase gloss. On the paper colored by iron
oxides with the concentration needed for the intended coloring (Fig. 1),
Fe was only occasionally detectable (Fig. S6); Si and Ca were distributed
analogously to the other type of paper (Fig. S5).

Fig. 2 shows the results for the silicon and calcium release from the
anisotropic silica paper in pg/cm? after 3 days in the oven at 40 °C. The
values represented in the figure are the averaged values from triplicates
after the blank and negative control value were subtracted from the
measured value. The error bars represent standard deviation in the
samples. These results illustrate that the samples, regardless of the
loading concentration and nanoform type, released between 0.5 and 3
pg/cm? of Si. In addition, calcium values were about 1000 pg/cm? for all
samples treated with 3% (v/v) AcOH regardless of nanoform indicating
that the calcium carbonate filler reacts with the acid to CO5 and calcium
ions, which are then leaching out. The images taken from the samples
pre- and post-immersion support the claim (Fig. 3). By incubating the
calcium carbonate directly in 3% (v/v) AcOH we confirmed its complete
reaction to ions.

While the Si release was in the same magnitude there were some
differences in release based on food simulant fluid used. For example, Si
release from the sample with highest loading of 0.5% w/w immersed in
3% (v/v) AcOH was approximately 3 pg/cm? versus the 0.5 pg/cm?
released when immersed in NP water. With respect to the loading con-
centration, the fraction of release were not significantly different: The
loading concentration varied by about a magnitude just as the release
amount of Si. The difference with food simulant fluid is seen in the Ca
released as well, with the samples immersed in 3% (v/v) AcOH releasing
almost 1000 pg/cm? versus the estimated 10 pg/cm? released when
immersed in NP water or 10% (v/v) EtOH. This illustrates the signifi-
cance of pH on the release amount of Si and Ca in the paper.
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Fig. 2. Si and Ca released mass (ug/cm?) for both nanoforms of silica in paper
(i.e. cellulose matrix) with silica loading from 0.006 to 0.5%w/w. The values
represent average values from triplicates and error bars are standard deviations.
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Fig. 3. SEM-EDX images of silica filled papers: a,b) pre immersion; c,d) post
immersion in 3%AcOH; e,f) post immersion in deionized water. The magnifi-
cation is of 1000x. Panels on the left (a,c,e) are in SEM mode. Panels on the
right (b,d,f) are EDX scans to highlight the elemental distribution.

In Fig. 4, the filtered samples demonstrate that most of the release
from the anisotropic silica paper samples was in ionic form since the
range of values are within 15% of each other. Previous studies investi-
gating the release from NEPs, e.g. those on Ag releases,(Jokar et al.,
2017) or on CuPhthalocyanine and Kaolin,(Zhang et al., 2020) used the
highly sensitive technique of single-particle-ICPMS to differentiate be-
tween ions and particles, but the small size of the silica particles below
10 nm is below the detection limit of single-particle-ICPMS, at least for
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Fig. 4. Si and Ca released mass (ug/cm?) for filtered and unfiltered paper
samples in 3% (v/v) AcOH. Values show average values with error bars rep-
resenting standard deviations.

our commercial instrument. We performed single-particle-ICPMS mea-
surements only for the Cu release from plastics (see next section), not for
the Si assessment, because it would have remained inconclusive anyway.

Like the anisotropic silica paper, the iron oxide filled paper (Fig. 5)
values have blanks and controls subtracted from the measured value.
The results show that both the Si and Fe released is in the same unit
range, however, in all Fe samples the release stayed below 0.25 pg/cm?
while Si reached a few pg/cm?. For the Ca released mass there is no large
difference in values as the 3% (v/v) AcOH immersed samples are about
1000 pg/cm? and the rest are close to and below 10 pg/cm?. Unlike the
Si release in the anisotropic paper samples the amounts of Fe released
from the Fe,03 papers did not exceed 0.30 pg/cm? and thus the amount
of release for this paper is low especially when we consider EtOH and NP
water immersion.

The nanoform or loading concentration were not a significant factor
in the amount of released mass, as seen by the similar amounts of Fe
released for the nano A and B forms of Fe;O3. The largest difference in
released mass based on nanoform was seen in the low load concentration
of 0.005% w/w, where Nano_B released higher mass than nano_A with
the same load concentration, yet, it was only found when the papers
were immersed in 3% (v/v) AcOH.

In agreement with the silica paper, the food simulant fluid used is a
dominant factor in release concentration. For example, there is
approximately 0.02 pg/cm? and 0.15 pg/cm? of Fe released for the
Fe203_B 0.5% w/w sample in water and 3% (v/v) AcOH, respectively.
The influence of food simulant fluid is highly seen in the Ca element
release, as like the SiO5 anisotropic paper, where there is a 3-order
magnitude difference between the water and 3% (v/v) AcOH immer-
sion samples. Thus, the paper samples nano release show to have a
significant dependence on pH of food simulant fluid.

The SEM-EDX images (Fig. 6) are for pre- and post-immersed samples
with 10 nm of carbon sputtering. The images are taken at a
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Fig. 5. Fe and Ca released mass (pg/cmz) for both nanoforms and loading concentrations of Fe;03 (0.5%w/w, 0.005%w/w) in paper (cellulose matrix). Ref-Filler
indicates a reference paper with a commercially typical filler content. Values represent averaged values with error bars as standard deviations.
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Fig. 6. SEM-EDX images of iron oxide filled papers a,b) pre immersion; c,d)
post immersion in 3% (v/v) AcOH. The magnification is of 1000x. Panels on
the left (a,c) are in SEM mode. Panels on the right (b,d) are EDX scans to
highlight the elemental distribution.

magnification of 1000 and are in the pm scale. The images illustrate the
structural differences of the paper under different conditions. The large
amount of Ca release when the papers are immersed in 3% (v/v) AcOH
can be seen as the calcium carbonate clusters are missing, thus, con-
forming the large values of Ca release measured by ICP-MS.

Since the images in Figs. 3 and 6 were obtained in the pm scale, the
nanomaterials consisting of Si and Al cannot be readily seen or measured
thus EDX measurements cannot be used to quantify differences of the
elements pre- and post-immersion. However, since the samples
immersed in the 3% (v/v) AcOH lost much of its calcium carbonate, the
ensuing EDX analysis in Fig. 6d was able to measure more Si and Al than
the pre-immersed samples in Fig. 6b. This confirms that the releases
induced with the 3% (v/v) AcOH remain incomplete, since fillers
remained in the paper.

There was not much of a visual difference of the cellulose matrix seen
in the SEM images across the different immersion conditions. The cel-
lulose matrix was not found to be highly impacted by the treatment. For
the case of the 3% (v/v) AcOH there is some thinning and shrinking of
the cellulose strands, but the strands are delineated and spread across
the imaged area as seen in the rest of the images. Therefore, the amount
of cellulose matrix disintegration that may occur in a 3-day study re-
mains inconclusive.

Overall, both the ICP and SEM-EDX data shows that while different
nanoforms, loading concentrations, and substances were used the
released mass were similar. The released mass in all cases stayed in the
pg/cm? range and had similar release mass with each food simulant fluid
indicating that matrix resiliency and characteristics as well as food
simulant fluid (i.e. food contact application) were more significant
factors in the release.

3.2. Copper-containing pigments in plastic polymer matrix (PU, PLA, and
PA)

For Cu-Phthalocyanine pigment in plastic, an earlier study used TEM
and single-particle-ICPMS to assess the form of release, finding no par-
ticles, only ions.(Zhang et al., 2020) That study used one specific NF of
Cu-Phthalocyanine, which had the « crystallinity, in one specific poly-
mer, which was the very hydrophobic polypropylene. Here we are
building on this earlier finding and compare the quantitative similarity
of release rates by detecting Cu release from NEPs with different poly-
mer matrices and NFs of different crystallinity and impurity. The Cu-
Phthalocyanine pigment is almost insoluble also under acidic condi-
tions, because the Cu is complexed in the Phthalocyanine ring, but the
industrial material contains trace impurities of unbound Cu from the
synthesis process. Fig. 7 shows the results for Cu released from 14-day
immersion studies in three different plastic polymer matrixes. The
values from all released mass results were in ng/cm? a magnitude
smaller than that seen for the release values of Si and Fe in paper. Thus,
these results show that the plastic polymer matrixes are more resilient to
fluid penetration.

For all plastic polymer matrices, as immersion time increased so did
amount released of Cu. This observation held for all food simulant fluids
tested. For example, in PU samples, the measured amount of Cu
increased in the p form from approximately 5 ng/cm? to 40 ng/cm? in
334-h of immersion in 3% (v/v) AcOH.

The increase release rate did vary by polymer matrix regardless of
food simulant fluid used with PLA releasing the least amount of Cu and
PU releasing the most amount of Cu (Fig. 7a). It is speculated that the
effect from the matrix is due to the water uptake and glass transition
temperature of the plastic polymer. TPU has the lowest glass transition
temperature from the three polymers (Table SI 1), thus probably higher
molecular mobility, whereas PA has the highest water uptake of up to
12%. Therefore in the release from PA and PU is influenced by the
mobility of ions and solvent inside the matrix. Therefore, each of the
polymers tested showed varying matrix resilience.

Not only did the plastic polymer matrix have an influence on Cu
release, there is also an NF influence on the release in one case (Fig. 7b).
When the PA polymer samples were immersed in 3% (v/v) AcOH, the p
form released over 2-fold more Cu than the a form, but also differed in
the release kinetics (Fig. 7b). This difference is observed only for the PA
polymer matrix and not observed for the PU samples, which have a
higher background from the pigment-free polymer (Fig. 7c). The PU
samples (Fig. 7c) demonstrates that the NEPs containing the o and p NFs
release similar amounts of Cu.

On PU, the food simulant fluid influence is limited: the PU samples
immersed in 3% (v/v) AcOH release from 1.5-fold to 3-fold more Cu
than the PU samples immersed in 10% (v/v) EtOH (Fig. 7c). This dif-
ference between food simulant fluids is much more pronounced on PA
with up to 30-fold difference (Fig. 7b).

Thus, similarly to the paper samples, the polymer samples follow a
trend, where the released mass varies by food contact application.
However, it also indicates the importance of matrix resiliency and
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medium penetration. Even after the 14 day period, the total relased 2.5
ug Cu represented only a marginal fraction, specifically 2.08 107> of the
0.12 g Cu that are contained in the pigments which are contained in the
polymer. Additionally, the reduction of time-dependent release rates
between day 0 and day 3 (Fig. S7) supports the assumption that the
release occurs from the surface or near surface layers. The rate decrease
over time is very similar in both solvents thus it may be an indication of
the transport mechanism in which the medium diffuses with the ions out
of the polymer, as investigated earlier on PP composites.(Jablonski
et al., 2019)

3.3. Release of Cu is not evidence of the migration of pigment

In Fig. 8 it is seen that the form in which the Cu is released is ionic
just as the Fe and Si, since the filtered and non-filtered samples result in
similar values of Cu especially for the PA samples (Fig. 8c). If the release
were another type (i.e. particulate) then the filtered samples would
show a significant reduction of the Cu released mass. The measured
increase of filtered values for the PU samples is not statistically signifi-
cant. Additionally, single-particle ICPMS confirmed the higher ionic Cu
background in leachates from the PA with the f§ form (Fig. 8b) than in
leachates from PA with the o form (Fig. 8a), but in both cases, the single-
particle ICPMS found no Cu-containing particles. This finding is
consistent with extensive single-particle ICPMS and TEM analyses on the
releases from Polypropylene (PP) containing CuPhthalocyanine, which
were tested for food contact via immersion in 3% (v/v) AcOH and 10%
(v/v) EtOH at 40 °C, finding no particle releases.(Zhang et al., 2020)
Finally, we performed UVVis spectrometry to assess the released amount
via the characteristic absorption of Phthalocyanine. All spectra
remained below the limit of quantification at 2.31 pg/L, thus confirming
the absence of particle release. One may argue that the Cu could origi-
nate from protonation of the pyrollic nitrogens, thus liberating coordi-
nated metals and generating free base forms of the phthalocyanine. This
hypothesis does not explain the difference between crystalline forms,
but anyway it was tested by incubating the Cu-phthalocyanine at 10 mg/
L directly in the 3% (v/v) AcOH at 40 °C, without any polymer matrix.
After 14 days incubation and filtration, only 0.049 mg/L of Cu were
found. That trace level of soluble Cu rejects the hypothesis of liberation
of Cu from the Cu-Phthalocyanine, but matches the hypothesis of a
soluble impurity. Taken together, the one case of a difference between
NFs (PA with either CuPhthalocyanine in o form or in f form) is clearly
attributed to leaching of a Cu-containing impurity, and not the differ-
ences in the behavior of the actual particles.

3.4. Case study: varying the matrix on iron oxide filler — paint on wood,
paper, and plastic

Fig. 9 demonstrates the results of testing iron oxide in three different
matrices: paper, paint (on wood), and plastic (polypropylene—PP). The
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Fig. 8. Testing the particle content among the releases in samples immersed in
3% (v/v) AcOH: single-particle ICPMS of a) PA with CuPhthalocyanine § form,
b) PA with CuPhthalocyanine o form. c) total ICPMS on unfiltered and filtered
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Fig. 9. Fe released mass after immersion in 3 distinct matrices in in 3% (v/v)
AcOH food simulant fluid: from paper (red), from an acrylic coating on wood
support (brown), from PP (black). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

highest release was measured in paper while the plastic polymer matrix
releases the least. Thus, nanoform release may be dominated by matrix
type consistent with the rest of results shown in this study. Further
analyzing the released mass by filtering solutions of iron oxide nano_B
from PP finds no significant difference, illustrating that the release form
is ionic (data not shown).

4. Discussion

Regulation, guidance and literature is available on polymer based
NEPs for use as food contact material. Regulation EC1935/2004 estab-
lished general principles for any food contact material, but does not
specifically consider nanomaterials. Regulation EC10/2011 does
consider nanomaterials as additives in polymers, and authorizes 11
specific cases of polymer, nanomaterial and intended use. There is,
however, no general agreement if each NF of the same substance (falling
within the specifications of the authorization) requires independent
testing. However, if the matrix is specified, the authorization is not valid
for another one (this is e.g. the case for TiN). If the matrix is not specified
in the authorization, or only a general specification is given, it is
authorized under those conditions. The screening tests that we applied
focus on ICPMS detection of the total rate of release, and can be inter-
preted by various algorithms as measure of quantitative similarity.
Table 2 chooses the simple x-fold pairwise comparison, which is one of
the methods to quantify similarity that is recommended by the white
paper on NF similarity.(Jeliazkova et al., 2021) As a methodical cross-
check, we re-analyzed a quantum-dot-containing polymer that had
previously been analyzed by the US-FDA, and we obtained consistent
results (Table S3, Fig. S4). While this material is slightly exotic and not
a typical FCM, the use of representative test materials in general is very
much advised. Any of our paper and polymer materials could equally
serve this purpose in the future.

For the NEPs that we studied, the NFs are embedded homogeneously
in a matrix. For this case, the form of release was exclusively ionic. The
qualitative similarity of the release from any pair of NEPs is thus high in
our case. The test cases that can be compared to assess quantitative
similarity are listed in Table 2 and can be summarised as follows:

o the quantitative release changes up to 29-fold by using different food
simulants, and changes up to 35-fold by different NEP matrices

o the quantitative release changes up to 1.5-fold by incorporating
different NFs (of the same substance) in paper, and up to 3-fold by
incorporating different NFs (of the same substance) in plastics.

e Comparing different NF substances in the same penetrable NEP
matrix, the total release differs up to 10.000-fold between Fe;O3 in
paper and CaCOs in paper.
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Table 2
Summary of the similarity of release rates under variation of each one specific
parameter while all others are held constant.

Factor that is varied ~ Cases x-fold Factor ranking

between cases similarity

Nanoform Si0, vs Si0, Al (3 1.47 Low

characteristics media, 1 matrix)
CuPCavs CuPCp  1.04
(3 media, 3
matrixes)
Fe;03_ A vs 1.06
Fe,03_B (3 media,
1 matrix)

Nanoform load SiO (2 conc., 1 3.71 No threshold behavior.
media and 1 Total si release scales
matrix) with nf load
Si0,_Al (2 conc., 3.20
1 media and 1
matrix)

Fe,;03_A (3 conc. 1.11
1 media and 1

matrix)

Fe,03_B (3 conc., 1.19
1 media and 1

matrix)
Food simulant SiO, (3 media and 6.85 High
medium 1 matrix)
SiO, Al (3 media 6.48
and 1 matrix)
Fe;03_A (3 media 29.40
and 1 matrix)
Fe,03_B (3 media 14.27
and 1 matrix)
CuPC o (3 media 6.13
and 3 matrixes)
CuPC B (3 media 20.62
and 3 matrixes)
NEP matrix CuPC o (1 media 2211 High

and 3 matrixes)

CuPC B (1 media 34.95
and 3 matrixes)

Fe,03_ A (1 media 9.19
and 2 matrixes)

One can thus conclude that the main factors that influence the level
of NF release are:

A) the NEP matrix resilience to food simulant medium. Literature
(Stormer et al., 2017; Bott et al., 2014; EFSA Scientific Commit-
tee, 2011) and our experiments showed that NFs (d > 3 nm)
immobilized within an undamaged matrix do not migrate in food
simulant medium. In the case of quite severe contact conditions,
NEP matrices can undergo a thermo or chemical degradation and
release NFs. Schmidt et al. reported the release of Mg-Al double
hydroxide platelets from PLA after 10 days at 40 °C in 95%
ethanol, which generated the ethanolysis of the polymer.
(Schmidt et al., 2011)

B) the permeability of NEP matrix to food simulant medium. In line
with our experiments, Echegoyen et al. (2016) and Farhoodi et al.
(2014), reported the majority of NF release is in ionic forms.
(Echegoyen et al., 2016; Farhoodi et al., 2014) Thus, the main NF
release originates from their dissolution within the polymer.
Increasing food simulant medium absorption in the matrix, NF
dissolution is increased as well. NEPs that contain the NF as
coating or layer represent a separate class of materials, which can
still be assessed by the same rule: Such a composite structure
would be considered as “permeable”, because the food (simulant)
reaches the NF. One recent report on cardboard with a base
coating of CaCOg3 and a top glossy coating of Kaolin and CaCO3
reported the near-complete release of Ca as dissolved ions in 3%
(v/v) AcOH, and a significant release of Al (as tracer of Kaolin)
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with occasional release of identified Kaolin platelets.(Zhang
et al., 2020)

the solubility of NF in the food simulant medium. Weiner et al.
(2018) and Zhang et al. (2020) underlined the importance of
solubility of the NFs in the solvent.(Pillai et al., 2016; Zhang
et al., 2020; Weiner et al., 2018) The GRACIOUS case studies
found in case of CaCOs, the Ca-trace release increased by orders
of magnitude when in contact with 3% (v/v) AcOH instead of
water.

the size of the NF. Only in case of very small NFs (d < 3 nm), the
migration from the matrix to foodstuff might be possible (Bott
etal. 2017 and 2014).(Stormer et al., 2017) One review contested
the general validity of the size-controlled migration rules but
conceded that “However, the solubility of Ag (particular in an
acidic medium) and its tendency to react with chlorine and
sulphur to form Ag salts make it a difficult case for studying
migration and answering the generic question whether or not
ENMs can migrate from FCMs”.(Jokar et al., 2017)

C

(7

D

—

CuPhthalocyanine is a special case, since it is subject to numerous
regulations, including regulation (EC) No 1935/2004, Art. 3, Risk
Assessment in manufacturer / supplier responsibility, and Commission
Regulation (EU) No 10/2011, listing of authorized monomers and ad-
ditives. Colorants are not listed but may be used in the manufacture of
plastic layers in plastic materials and articles subject to national law. No
approval from authorities is needed but self-assessment in manufac-
turer's/supplier's responsibility according to Art. 19 10/2011 and
Art.31935/2004, concerning especially the purity requirements on
heavy metals, PCB and Carbon Black.

Our findings support the regulatory focus on metallic impurities. Our
findings do not provide a basis for additional nano-specific re-
quirements. The one case of a difference from NEPs prepared with
different NFs was given by the PA polymer samples immersed in 3% (v/
v) AcOH, where the §§ form released over 2-fold more Cu than the o form,
but differed in the release kinetics (Fig. 7b), and neither single-particle-
ICPMS nor filtration detected particles, and UV-Vis detected no Phtha-
locyanine (Fig. 9). All evidence is consistent with the release of a copper
impurity. In fact, such impurity was recently confirmed on the pure
CuPhthalocyanine pigment: The time course of the copper release in
acidic physiological fluids showed an initial copper release in the first
two days, which vanished afterwards, and which represented up to 5%
of the total Cu content.(Stratmann et al., 2021) The actual particle
dissolution rate was below 0.01 ng/cm?/h, consistent with the lack of
systemic availability.(Stratmann et al., 2020) Taken together there is no
indication of any other release mechanism than the dissolution of a Cu
impurity, which can be different between different NFs, but which is not
part of the nanoparticle, and which is most accessible in PA due to its
high water uptake.

We believe that our ranking of factors controlling the release under
food contact conditions can support concepts of analogy during safer-by-
design considerations in the research and development of novel food
contact materials. For example, for paper and paperboards, many
research groups are studying new NFs to further improve mechanical,
printability, optical and gas barrier characteristics. Some examples of
nanomaterials for future implementations are: nanocellulose (for high
biodegradable and sustainable products), nano pigments (for better
optical and barrier properties), TiO, and SiO, (antifungal, deodorizing
agents). Improved packaging provides enhanced mechanical, thermal,
and barrier properties of the product.(Duncan, 2011; Cerqueira et al.,
2018) Such matrices are filled usually with bidimensional NFs (e.g.
Kaolin, (Sanchez-Garcia et al., 2008) Montmorillonites, (Chowdhury,
2008; Shi and Gan, 2007) Mica (Chang et al., 2007)) in 5-10% con-
centrations. Active packaging provides a direct contact between NF and
food or food environment to improve product protection. Additionally,
NFs with other functionalities (e.g. oxygen scavengers, bio-chemical
contamination sensor) are under development and may enter in the
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market in close future. The food-packaging industry is assuming their
implementation for achieving improved food conservation — but will
have to ensure their safe use and regulatory acceptance. In the US, the
FDA is the main authority for regulation of food contact materials. The
food contact notification process requires industry to provide sufficient
scientific information to demonstrate that additives employed are safe
for the intended use. The US FDA does not consider NEPs a priori as
intrinsically hazardous for human health. Nevertheless, the FDA sug-
gests a case-by-case approach for safety assessing of FC articles. In the
EU, Regulation (EC) No 1935/2004 lays down general principles for any
food contact material. Specifically for plastics (polymers), the regulation
10/2011 includes a list of authorized substances and additives. The list
implicitly includes twelve narrowly specified NEPs (both the additive in
nanoform and the polymer matrix are specified). Among the authorized
nanoforms are silica and Kaolin, but not calcium carbonate, iron oxide
or CuPhthalocyanine. The EU Regulation (EU) No 10/2011 established
an overall migration limit (OML), which limits the total quantity of
substances migrating into food simulants to 10 mg/dm? (= 100 pg/cm?)
per food contact surface area. The releases measured in the present
contribution from NEPs containing NFs range between few ng/cm? to 1
pg/em? which is still a factor 100 below the OML, and represents
dissolution, not migration of the NF. We measured values up to 1000 pg/
cm? Ca release, but CaCO3 was not added as a NF but as a conventional
(non-nanoform) to the paper, and it is not the intended use of paper to
wrap acetic liquid foodstuff.

Since there is an intrinsic difficulty of measuring substance migration
in foodstuff, the European Commission suggested a list of five liquid and
one solid material to simulate real food in migration testing. Regulation
(EU) No 10/2011, requires explicit authorization for nanoforms of
substances, which in practice currently means case-by-case authoriza-
tion. We believe that concepts of analogy can support the safe and
sustainable development of materials for food contact, because the
ranking of factors in Table 2 directly leads to grouping principles that
can enable early conclusions about the release in food contact with
limited testing. We would predict that:

e Same NEP matrices, which incorporate different nanoforms (d > 3
nm) of the identical substance, present the same order of magnitude
of release if used for identical FCM applications.

e Different NEPs aimed for identical FCM applications, which incor-
porate nanoforms with similar dissolution behavior, will present
similar release if the matrices show comparable medium resilience
and medium permeability.

5. Conclusion

We compared the release behavior of different nano-enabled prod-
ucts (NEPs) by changing a) nanoform (NF) characteristics, b) NF load, c)
NEP matrix, and d) food simulants. In this way four conditions were
examined:

e high and low concentration of NFs in the same matrix
o different NF of the same NM in the identical matrix

e the same NF in diverse matrices

e diverse food simulant fluids

The case studies add 7 studies on pigments in plastics (3 NF in 4
matrices), 4 studies on paper (2 NFs each of 2 substances) and 2 studies
on paints (2 NF). No evidence of particle release was observed in any of
our cases: the qualitative similarity (the form of release) was high. This
finding was obtained on NEPs with embedded NFs, and may not extend
to NEPs with NF coatings, as demonstrated by the detectable food
contact release of Kaolin coatings on paper.(Zhang et al., 2020) Quan-
titative similarity of releases depended primarily on the NEP matrix.
Testing the same NF in paper vs. in polymer, the release from polymer is
suppressed by orders of magnitude. We conclude that the penetration of
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the simulant fluid into the NEP is the prerequisite of release, as deduced
on less penetrable matrices by the Duncan team.(Jablonski et al., 2019;
Gray et al., 2018) The solubility of the NF and impurities in the simulant
fluid was the second decisive factor, as dissolution inside the NEP is the
main mechanism of release. The highest level of release occurs in an
acidic environment, where element emission occurs in ionic forms. We
thus observed complete removal of CaCOs3 from paper in acidic medium,
whereas Fe and Si signals remained in the paper, consistent with the low
release rates in ionic form. In our set of 16 NEPs, only one NEP showed a
dependence on the REACH NF descriptors (substance, size, shape, sur-
face treatment, crystallinity, impurities), specifically attributed to dif-
ferences in soluble impurities, whereas for all others the substance of the
nanoform was sufficient to predict a similarity of food contact releases,
without influences of size, shape, surface treatment, crystallinity.

The ranking of factors enabled a grouping of NEPs regarding simi-
larities of the rate and form of release in food contact. Different NEPs
aimed for identical FC applications, which incorporate nanoforms with
similar dissolution behavior, will present similar release if the matrices
show comparable medium resilience and medium permeability. This
concept of analogy is primarily intended to direct the optimisation of
cost, performance, safety and sustainability via safer-by-design consid-
erations in the research and development of novel food contact mate-
rials. Pending further validation, it may replace regulatory case-by-case
assessment by a scientifically supported grouping approach.
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