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ABSTRACT
The incorporation of zinc oxide nanoparticles (ZnO NPs) into biopolymers has gained attention 
for active food packaging due to their antimicrobial properties. However, potential Zn 
migration associated with safety concerns remains underexplored, particularly in non-regulated 
bio-based polymers. In this study, Zn migration from nanocellulose (NC) films incorporating 
spherical-, flower- and sheet-shaped ZnO NPs was evaluated, in ionic and nanoparticulate 
forms. Migration tests were conducted using water and ethanol 10% as food simulants under 
different time-temperature conditions. Zinc release was quantified using complementary 
analytical and microscopic approaches, and Fick’s second law and Weibull models were 
employed to describe the migration kinetics. Migration behaviour was influenced by 
nanoparticle morphology, simulant type, and temperature. Zinc migrated predominantly as 
Zn2+, with minimal nanoparticle contribution, although distinction from cellulose fibres proved 
challenging. NC films containing flower-shaped nanoparticles exhibited the highest Zn 
migration, yet migration levels for all films remained below the European specific migration 
limit. Water promoted higher migration than ethanol, and unexpectedly, Zn migration was 
lower at 60 °C compared to 23 °C, likely due to matrix effect. Fickian fits yielded diffusion 
coefficients in the range 10−16–10−15 m2 s−1, while Weibull β < 1, confirmed diffusion-controlled 
release. These findings confirm the potential of NC/ZnO nanocomposites for food packaging 
applications and highlight the importance of combining multi analytics with kinetic modelling 
to support safety assessment.

Abbreviations:  AAS: atomic absorption spectroscopy; AF4: asymmetric flow field-flow 
fractionation; Ag NPs: silver nanoparticles; D: diffusion coefficient; DLS: dynamic light 
scattering; EDS: energy dispersive X-ray spectroscopy; EFSA: European food safety authority; 
FCMs: food contact materials; FFF: field flow fractionation; ICP-MS: inductively coupled plasma 
mass spectrometry; K: partition coefficient; LDPE: low density polyethylene; MALS: multi-angle 
light scattering; MSE: mean squared error; NC: nanocellulose; NPs: nanoparticles; PBAT: 
poly(butylene adipate-co-terephthalate); PLA: polylactic acid; PS: polystyrene; ROS: reactive 
oxygen species; SEM: scanning electron microscopy; SML: specific migration limit; spICP-MS: 
single particle inductively coupled plasma mass spectrometry; TEM: transmission electron 
microscopy; TPS: thermoplastic starch; ZnO NPs: zinc oxide nanoparticles; ZnO-FL: flower-like 
zinc oxide nanoparticles; ZnO-SH: sheet-like zinc oxide nanoparticles; ZnO-SP: spherical zinc 
oxide nanoparticles

Introduction

Food packaging plays a crucial role not only in 
preserving food quality and safety but also in 
ensuring security during storage and distribution. 
Increasing environmental concerns associated with 
conventional plastics have driven the search for 
eco-friendly alternatives, particularly bio-based 

systems. In parallel, growing attention has been 
given to the potential migration of substances 
from packaging into food, which can compromise 
both safety and regulatory compliance (Tabassum 
et  al. 2023; Wang et  al. 2025; Zhang et  al. 2025). 
Among natural polymers, cellulose stands out 
due to its abundance, renewability, and excellent 
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film-forming capabilities (Santos et  al. 2021). 
Cellulose derived from plant sources are exten-
sively employed in packaging materials, including 
paper, paperboard, moulded pulp articles, and 
regenerated cellulose transparent films (Garrido- 
Romero et  al. 2022). Nanocellulose (NC) presents 
long, flexible, and entangled fibres with high sur-
face area, mechanical strength, and good compat-
ibility with other components and has emerged 
as an attractive matrix for packaging materials 
(Silva et  al. 2020). Several studies have demon-
strated the successful incorporation of cellulose 
into bio-based coatings for food contact materials 
(FCMs) (Sun et  al. 2024; Singh et  al. 2025; Zhang 
et  al. 2025).

Recent advances in food packaging have 
explored the use of functional additives, such as 
organic compounds, natural extracts, and inor-
ganic nanoparticles (NPs), leading to active mate-
rials with enhanced preservation capacity. The 
incorporation of nanoscale fillers into polymeric 
matrices has gained particular attention due to 
the unique properties of nanomaterial (Anvar 
et  al. 2021; Herrera-Rivera et  al. 2024; Parab 
et  al. 2025). Among these materials, zinc oxide 
nanoparticles (ZnO NPs) have attracted signifi-
cant attention due to their antimicrobial proper-
ties, UV protection, chemical stability, and 
compatibility with bio-based polymers (Lebaka 
et  al. 2025). ZnO NPs can be synthesised in dis-
tinct morphologies and sizes, including spherical, 
flower, and sheet structures, each exhibiting dis-
tinct physicochemical and functional properties 
that may affect their release migration behaviour 
(Kwabena et  al. 2021). Their antimicrobial effi-
cacy arises mainly from zinc ion release and 
reactive oxygen species (ROS) generation, result-
ing in microorganism membrane damage and cell 
death (Kumar et  al. 2017; Mendes et  al. 2025). 
When incorporated into biopolymer matrices, 
ZnO NPs can improve mechanical, barrier, and 
antimicrobial performance, thereby extending 
food shelf life (Gao et al. 2025; Karuppan Perumal 
et  al. 2025). NC-based materials complemented 
with ZnO NPs have been reported to exhibit out-
standing mechanical strength, UV protection, and 
antibacterial activity (Farooq et  al. 2020; Soares 
Silva et  al. 2023a).

Despite these functionalities, the migration of 
nanoparticles from packaging materials into food 
raises concerns regarding safety and regulation 
compliance. While the antimicrobial properties of 
ZnO NPs are well documented (Anvar et  al. 2021; 
Kim et  al. 2022), fewer studies have addressed 
their potential migration, particularly in non- 
plastic materials. Uncontrolled zinc release may 
exceed regulatory thresholds or pose toxicological 
risks, and nanoparticles may also induce unwanted 
chemical reactions due to their high surface-to-vol-
ume ratio and surface chemistry (Habib et  al. 
2024). Although ZnO NPs have received a posi-
tive safety evaluation to be used in plastics pack-
aging applications as ultraviolet light absorbers 
(EFSA 2016), uncertainties remain regarding the 
potential biological interactions and toxic effects 
when applied to bio-based polymers. As for other 
mass transfer processes, ZnO NPs migration is 
influenced by several factors, including properties 
of the migrant, material characteristics, the nature 
of the food matrix, and the contact conditions. In 
general, migration refers to the transfer of sub-
stances from the packaging to food by physical 
processes. The most typical mechanism is Fickian 
diffusion, governed by concentration gradients 
across the material matrix, which has been exten-
sively applied to migration of monomers and con-
ventional additives from plastics (Störmer et  al. 
2017; Poças 2018; Seref and Cufaoglu 2025). 
However, other processes may be particularly rel-
evant for nanomaterials, such as matrix degrada-
tion, adsorption/desorption, dissolution, and 
mechanical abrasion (Noonan et  al. 2014). To 
describe these transfer processes, mathematical 
models have been proposed, including mechanis-
tic models, based on Fick’s laws (Brandsch et  al. 
2002; Poças et  al. 2008) and empirical models, 
such as the Weibull equation (Poças et  al. 2012). 
Other approaches have been reported, including 
first-order kinetics, Korsmeyer–Peppas, Elovich- 
type models, and Arrhenius-type relationships to 
describe the effect of temperature in the model 
parameters (Kim et  al. 2019). However, most 
studies have focused on conventional plastics, 
while applications to non-plastic bio-based sys-
tems remain scarce. Only a few studies have 
investigated the migration of components in 
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cellulose/paper materials (Zülch and Piringer 
2010; Poças et  al. 2011; Hauder et  al. 2013; Cai 
et  al. 2017), and none have addressed the migra-
tion of ZnO NPs, underscoring the relevance of 
the present study.

For inorganic nanoparticles, migration and 
release mechanisms are poorly understood. In such 
cases, the migrant particle may change in size and/
or may dissolve upon being transferred into the 
food medium. One major challenge involving 
metallic nanoparticles, such as zinc oxide, is the 
difficulty in distinguishing between ionic zinc 
(Zn2+) and nanoparticulate ZnO, since quantifica-
tion in complex matrices is hindered by matrix 
effects and requires highly sensitive analytical tech-
niques. Currently, no standardised protocol exists 
for NPs migration testing. Analytical tools include 
Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS), Single Particle ICP-MS (spICP-MS) and 
Atomic Absorption Spectroscopy (AAS), comple-
mented by methods such as Dynamic Light 
Scattering (DLS), Field Flow Fractionation (FFF), 
Transmission Electron Microscopy (TEM) and 
Scanning Electron Microscopy (SEM) with Energy 
Dispersive X-ray Spectroscopy (EDS) (Schmidt 
et  al. 2011; Corps Ricardo et  al. 2021). Despite the 
availability of these techniques, reported migration 
studies remain limited regarding the form in which 
the nanoparticles migrate and sometimes present 
contradictory results (Souza and Fernando 2016; 
Störmer et  al. 2017).

From a regulatory perspective, the European 
Commission established a specific migration limit 
(SML) for zinc in plastic FCMs of 5 mg kg−1 of 
food, applying only to ionic zinc (European 
Commission 2016). This regulation and the guide-
lines of European Food Safety Authority (EFSA) 
indicate that the risk assessment of nanoparticles 
must be conducted on a case-by-case basis and 
therefore no SML is established (More et al. 2021a, 
2021b). EFSA concluded that uncoated ZnO NPs 
dissolve under gastric conditions, releasing Zn2+. 
Thus, toxicological assessment could rely on solu-
ble zinc, although uncertainties remain regarding 
the state of intact particles (EFSA 2015). While 
no nanoparticulate migration has been reported 
in plastics materials (EFSA 2016), behaviour may 
differ substantially in porous matrices such as cel-
lulose (Poças and Franz 2018).

Given these challenges, it is critical to clarify 
ZnO migration mechanisms in NC films, which 
are increasingly proposed as sustainable alterna-
tives to plastics. A limited number of studies has 
investigated this issue (Sharaby et  al. 2022; Soares 
Silva et  al. 2023b), and further investigation is 
required to determine whether, and to what 
extent, nanoparticles can migrate and to assess 
the potential impacts on human health. This 
study investigates Zn migration from NC films 
reinforced with ZnO NPs of three morphologies 
(spherical, flower, and sheet). A multi-technique 
analytical approach was applied to distinguish 
between ZnO NPs and Zn2+ migration, and to 
study the influence of particle morphology, food 
simulant type, and temperature on zinc migration 
behaviour. Mechanistic (Fick) and empirical 
(Weibull) models were applied to describe migra-
tion kinetics. By integrating advanced analytical 
tools with mathematical modelling, this work 
aims to improve understanding of NPs migration 
and support the development of safe and func-
tional bio-based active packaging systems.

Materials and methods

Preparation of fibrillated nanocellulose/ 
zinc oxide nanoparticle films

The ZnO NPs used in this study were previously 
synthesised in-house with three morphologies—
spherical (ZnO-SP), flower (ZnO-FL), and sheet 
shape (ZnO-SH), and have already been fully 
characterised in terms of their physicochemical 
and functional properties (Mendes et  al. 
2024, 2025).

The solvent casting method was employed to 
prepare NC/ZnO films. The fibrillated NC used 
for the films was Valida S231C 3% (Sappi 
Biochemtech BV, Maastricht, Netherlands), a bio-
degradable material derived from wood pulp, 
sourced from sustainably managed forests, with 
particle sizes in the nano- and micrometer range. 
According to the supplier’s technical datasheet, 
the fibrils width ranged from 20 to 60 nm, with a 
length distribution of <5 μm (10%), <12 μm (50%) 
and <31 μm (90%). NC suspension of 1% (w/v) 
was prepared in ultrapure water (Milli-Q) and 
mixed for 30 min at room temperature. Glycerol 
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(Sigma-Aldrich, St. Louis, MO, US), used as a 
plasticiser, was added at 5% (w/w based in dry 
NC) under continuous stirring. Subsequently, 
10% (w/w based in dry NC) of each ZnO NPs 
type was incorporated into the NC solution and 
stirred for an additional 30 min. Approximately 
32 mL of the resulting mixture was poured into a 
10 × 10 cm support and left to dry at 23 °C and 
50% relative humidity for 48 h. Once dried, the 
film samples were designated as NC/ZnO-SP, 
NC/ZnO-FL, and NC/ZnO-SH, corresponding to 
each ZnO NPs variant (spherical, flower and 
sheet shape, respectively). NC films without the 
addition of ZnO NPs were prepared as a control 
following the same protocol.

Migration testing

Zinc migration can occur either through dissolu-
tion as ionic zinc (Zn2+) or as ZnO NPs directly 
into the food simulant. Therefore, one of the 
objectives of this study was to differentiate 
between these two types of transfer. Analysing 
migratory compounds in real food products can 
be complex, costly, and time-consuming due to 
the heterogeneous nature of food matrices. 
Therefore, food simulants were used as substi-
tutes in migration studies. After the migration 
step, the simulant was treated to estimate the 
mass concentration of zinc migrating in the two 
forms. The simulant was analysed before filtra-
tion/deposition (total zinc) and after filtration/
deposition (ionic zinc). Both fractions were acid-
ified prior to analysis. Two analytical techniques 
were used to measure the zinc—AAS and 
ICP-MS. Additionally, spICP-MS was also con-
ducted to determine the number of particles 
migrating.

The migration tests were performed in condi-
tions adapted from the EU Regulation 10/2011, 
with food simulants (distilled water and/or ethanol 
10% (v/v) in distilled water). Food simulant A 
(ethanol 10%) is the official simulant for aqueous 
foods and should therefore be used for migration 
testing. Water was also a simulant foreseen in pre-
vious versions of the Regulation. For food matrices 
with high water activity, this simulant is widely 
used in research as a simplified aqueous medium. 
For acidic foods (pH < 4.5), food simulant B (ace-
tic acid 3%) is required. Vegetable oil should be 
used to simulate contact with fatty food. However, 
given the effect of low pH in rapid migration of 
metal migrants in acidic conditions and the very 
low migration to oil, these two simulants corre-
sponding to extreme migration cases were not 
used. The films were immersed in the food simu-
lant using a solid-to-liquid ratio of 2.5 dm2 L−1. 
The contact period was 10 days or up to 35 days, 
with multiple sampling time points throughout the 
contact period to monitor the kinetic release pro-
files, depending on the temperature of test (8 °C, 
23 °C, and 60 °C). The experiments were run with 
three independent replicates of each film and for 
each sampling point. A control sample (neat NC) 
was included in the experiments, and all zinc 
measurements in these samples were below the 
limit of detection (LOD). Table 1 summarises the 
experimental conditions and analytical techniques 
used to evaluate ZnO NPs migration across study 
objectives.

Differentiating ionic Zn2+ and ZnO NPs in food 
simulants

A schematic representation of the experimental 
procedure is provided in Figure 1.

Table 1. E xperimental conditions and analytical techniques for ZnO NPs migration studies.

Objective of test ZnO NPs
Food 

simulant Conditions T/t (°C/days)
Analytical 
technique

Differentiating ionic Zn2+ and ZnO NPs ZnO-SP
ZnO-FL
ZnO-SH

Water
10% EtOH

60 °C and 20 d (multiple time points) AAS
60 °C and 10 d ICP-MS

spICP-MS
TEM

Effect of food simulant on total Zn migration ZnO-SP
ZnO-FL
ZnO-SH

Water
10% EtOH

60 °C and 20 d (multiple time points) AAS

Effect of temperature on total Zn migration ZnO-SP Water 8, 23, 60 °C 35 d (multiple time points) AAS

Abbreviations: AAS: atomic absorption spectroscopy; ICP-MS: inductively coupled plasma mass spectrometry; spICP-MS: single 
particle inductively coupled plasma mass spectrometry; TEM: transmission electron microscopy
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Ionic zinc
The simulants were first analysed to quantify 
Zn2+ using the following approaches: (i) the par-
ticles were allowed to settle for 15 min and the 
upper part of the migration solution was anal-
ysed by AAS (direct measurement in Figure 1), 
and (ii) 5 mL of the migration solution were 
passed through a 10 kDa Amicon centrifugal fil-
ter (Merck Millipore Ltd, Ireland, Amicon Ultra-4, 
10 K, 1.42 nm equivalent size), which retains the 
nanoparticles in the upper part (centrifugation at 
4800 rpm for 10 min, at room temperature). The 
ionic Zn in the filtrate (bottom part) was then 
quantified by ICP-MS.

Total zinc (ionic and nanoparticles)
The simulants were acidified to determine the 
total zinc content, by adding 1% (v/v) of 65% 
nitric acid (HNO3) (Panreac, Barcelona, Spain). 
The solutions were centrifuged for 10 min at 
4800 rpm, at room temperature (Hermle Italia 
GmbH, Rodano, Italy, Model Z 206 A) to remove 
cellulose fragments and avoid clogging the nebu-
liser of the equipment, before analysis with ICP-MS.

Quantification of zinc by atomic absorption 
spectroscopy and inductively coupled plasma 
mass spectrometry

Atomic absorption spectroscopy
The concentration of Zn in food simulants was 
quantified by AAS according to standard EN 
14084, using an atomic absorption spectropho-
tometer (Perkin Elmer Aanalyst 400, Waltham, 

MA), equipped with a zinc cathode lamp 
(λ = 213.9 nm). Zinc working solutions (0–0.50 mg 
L−1) were previously prepared for each food sim-
ulant by diluting a 1000 mg L−1 stock solution 
with a 1% (v/v) HNO3 solution. When necessary, 
the samples were diluted with ultrapure water to 
achieve an absorbance signal within the Zn con-
centration range of 0–0.50 mg L−1. Five readings 
were made for all samples and working solutions. 
The system suitability was evaluated by determin-
ing the limit of detection (LOD: 0.008 mg  L−1), 
the limit of quantification (LOQ: 0.025  mg  L−1), 
and recovery (90%–110%).

Inductively coupled plasma mass spectrometry
Standards and sample-solutions were analysed 
with a Perkin Elmer Nexion 300D ICP-MS (iso-
topes: Zn-66, Sc-45, dwell time: 50 ms, sweeps 
per reading: 20) equipped with a Meinhard con-
centric nebuliser, a baffled glass cyclonic spray 
chamber and a standard quartz torch (2.0 mm 
injector i.d.). Calibration curves of ionic Zn stan-
dard solutions were prepared in 1% nitric acid 
for the migration tests with simulant water and 
in 1% ethanol/1% nitric acid for the migration 
tests with simulant 10% ethanol, in a concentra-
tion range of 0–0.1 mg L−1. All solutions were 
prepared gravimetrically, using an intermediate 
ionic zinc-solution of 10 mg L−1. The intermediate 
solution was obtained by diluting a commercially 
available 1000 mg L−1 Zn standard solution 
(Sigma-Aldrich, St. Louis, MO, US). The ionic 
Zn standard solutions for water simulant con-
tained 0.05 mg L−1 of scandium as internal 

Figure 1. E xperimental scheme of food simulant measurements for determining total Zn, ionic Zn, and ZnO NPs, using AAS, 
ICP-MS, spICP-MS and TEM as analytical techniques.
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standard. The system had an LOD and LOQ of 
1 × 10−6 mg  L−1 and 3 × 10−6 mg  L−1, respectively, 
and the recovery of ionic zinc was higher 
than 95%.

Number of particles determined by single particle 
inductively coupled plasma mass spectrometry

The presence of ZnO NPs were determined by 
measuring the undiluted migration solution 
(Figure 1) in single particle ICP-MS mode. For 
the setting of all parameters and data acquisition, 
the Nano Application Module of Syngistix™ soft-
ware version 2.5 was used. The dwell time was 
set at 100 μs and the total data acquisition time 
at 60 s (scan-time). The exact flow rate of the 
peristaltic pump required for the determination 
of the transport efficiency was measured gravi-
metrically and was 0.154 mL min−1 when aspirat-
ing ultrapure water as migration medium and 
0.145 mL min−1 when aspirating 10% ethanol as 
migration medium. The transport efficiency was 
determined following the particle size method 
(Pace et  al. 2011; Geiss et  al. 2022) using the 
combination of ionic gold and gold NPs. For the 
determination of ZnO NPs, the zinc-66 isotope 
was monitored setting the mass fraction to 81.1%, 
the density to 7.14 g cm−3 and the ionisation effi-
ciency to 100%. A 5-point calibration curve rang-
ing from 0 to 50 μg L−1 zinc dissolved in ultrapure 
water and in 10% ethanol was used for the size 
calibration.

Transmission electron microscopy

The presence of migrated ZnO NPs in distilled 
water food simulant after 10 days of contact at 
60 °C was evaluated by TEM (JEOL-JEM 2100, 
JEOL, Italy). As described above, the entire vol-
ume of the migration solution was filtered using 
10 kDa Amicon centrifugal filters, and the parti-
cles were retained in the upper section of the fil-
ters. After complete filtration, 3 µL of the retained 
fraction (around 10 µL) were manually deposited 
on Formvar carbon‐coated 200 mesh copper grids 
(Agar Scientific, London, UK), pre-treated by 
glow discharge (EM ACE600; 10 mV, 30 s, Leica, 
Italy), left to dry overnight in a desiccator, and 
images acquired by TEM at 120 kV.

In addition, each NC/ZnO film was analysed 
by directly depositing a piece of each film before 
and after incubation into distilled water food 
simulant at 60 °C during 10 days of contact. 
Specifically, a 3 µL drop of distilled water was 
dropped on glow discharged pre-treated grids 
and a piece of film gently deposited on it. The 
samples were left to dry overnight in a desiccator 
and analysed them by TEM at 120 kV.

Migration mathematical modelling

The migration kinetics of Zn from NC/ZnO films 
into water simulant at 60 °C were evaluated by 
fitting the experimental data to Fick’s second law 
of diffusion (mechanistic) and to the Weibull 
model (empirical).

The diffusion of a substance in a polymeric 
medium can be described by Fick’s second law 
(Eq. (1)):

	 ∂
∂
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where M
t
 is the total Zn migration (mg kg−1) at 

time t (s), M∞ is the Zn migration at equilibrium 
(mg kg−1), δ is the film thickness (m), and D is 
the diffusion coefficient of Zn in the composite 
film (m2 s−1).

In the field of plastic FCM, the diffusion (D) 
and partition ( )K  coefficients are generally 
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estimated using empirical correlations and 
assumed upper-bound values. These parameters 
describe the mass transfer process according to 
Fick’s law, where D represents the rate at which 
the migrant diffuses through the polymeric 
matrix, and K defines the distribution of the 
migrant between the polymer and food (or sim-
ulant) phase at equilibrium. The diffusion coeffi-
cient is typically calculated based on the migrant 
molecular weight and temperature. The partition 
coefficient, when no experimental values are 
available, is simply taken as 1 if the migrant is 
very soluble in the food phase or as 1 000 for 
systems with low solubility (Poças et  al. 2008; 
Hoekstra et  al. 2015). The worst-case approach 
ensures that the modelled migration does not 
underestimate reality and thus provides a conser-
vative basis for compliance assessment (Piringer 
and Baner 2008).

The experimental migration data were also fit-
ted to the Weibull model (Eq. (3)), which has 
been widely used to describe the release of com-
pounds in various biological systems (Bayer 
2023). It expresses the fraction of Zn released as:
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where M
t
 and M∞ represents the total Zn migrated 

(mg kg−1) at time t (s) and at equilibrium, respec-
tively; τ is the scale parameter (time constant), 
and β defines the shape of the curve (β =1 cor-
responds to an exponential function; β >1 indi-
cates a sigmoid release profile with an inflection 
point; and β <1 describes a curve with a rapid 
initial stage (burst release) followed by a slower 
release.

Data handling and statistical analysis

Statistical analysis was performed using IBM 
SPSS Statistics (version 28), GraphPad Prism 
(version 8.4.2) and Microsoft Excel. Data were 
expressed as the mean values ± standard deviation.

Two-way paired sample analysis of variance 
was applied to assess the effect of ZnO NPs mor-
phology on Zn migration over time, comparing 
water vs. water/HNO3, as well as ethanol 10% vs. 

ethanol 10%/HNO3. Regression models were 
applied to estimate the evolution of Zn migration 
over time. A two-sided p < 0.05 was considered 
statistically significant. Paired samples t-test was 
applied to compare the Zn migration of the unfil-
tered and filtered fractions of each food simulant 
in the ICP-MS experiment.

Non-linear regression for both Fick and Weibull 
models was performed by minimising the mean 
squared error (MSE) between experimental and 
predicted values using an iterative optimisation 
algorithm. The goodness of fit was evaluated 
through the coefficient of determination (R2) 
and MSE.

Results and discussion

Zn migration: ionic vs nanoparticulate  
mass fractions

Results are presented in Figure 2, showing the Zn 
mass concentration in both food simulants before 
and after acidification, for the NC films with differ-
ent ZnO NPs morphologies. Acidification led to 
results with slightly higher Zn concentration, and 
the minimal differences between acidified and 
non-acidified samples suggest that a small fraction 
of zinc migrated in nanoparticulate form, with the 
majority occurring as ionic Zn. The Zn migration 
pattern was similar for both food simulants, and 
the migration profile was influenced by the mor-
phology of ZnO NPs. For the film with spherical 
particles (NC/ZnO-SP), Zn migration showed a 
gradual increase over time, stabilising after approx-
imately 1 day for ethanol 10% (in the first 24 h, the 
Zn migration rate was estimated at 0.83 mg Zn kg−1 
simulant, 95%CI ranging from 0.483 to 1.165, 
p < 0.001) and 7 days for water food simulant (aver-
age daily increase estimated at 0.198 mg Zn kg−1, 
95%CI ranging from 0.164 to 0.234, p < 0.001). For 
the film with flower morphology (NC/ZnO-FL), an 
initial pronounced increase in Zn migration was 
observed for both food simulants, followed by a 
statistically significant decrease (p < 0.001) and stabi-
lisation until 20 days. The NC/ZnO-FL migration 
profile exhibited irregular fluctuations in Zn release 
into the water simulant over time, which may be 
attributed to Zn reabsorption, precipitation, or 
interactions with the food simulant. This apparently 
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reabsorption behaviour was already reported in the 
literature (Soares Silva et  al. 2023a; Singh et  al. 
2024). The film with sheet particles (NC/ZnO-SH) 
exhibited small variations over time, reaching a 
maximum migration value on the 8th day, remain-
ing constant thereafter. It has been reported that 
the dissolution kinetics of ZnO is influenced by 
physicochemical characteristics such as particle 
morphology, size, aggregation, and specific surface 
area (Cardoso et  al. 2021), which can explain the 
different migration profiles here reported.

The NC/ZnO-FL film exhibited the highest Zn 
release into the water simulant (3.07 mg kg−1) com-
pared to the films with different ZnO NPs shapes. 
The migration levels for all nanocomposites 
remained below the SML of 5 mg kg−1 of food for 
soluble ionic zinc, as established by European 
Plastics Regulation (EU) 2016/1416, which amends 
and corrects Regulation (EU) No. 10/2011 
(European Commission 2016). It suggests that ionic 
Zn migration from the films remains within accept-
able safety limits, alleviating health concerns regard-
ing potential exposure, despite being legislation 
applicable to plastic packaging. However, migration 
in nanoparticulate form still requires verification, 
and therefore complementary techniques were used 

(Sections Determination of particle number con-
centration by spICP-MS and Microscopic visualisa-
tion of particles in films and food simulants via 
Transmission Electron Microscopy). The controlled 
Zn release could be beneficial for antimicrobial 
applications in food packaging, as previously 
reported for these nanoparticles (Mendes et  al. 
2025) where achieving a balance between function-
ality and regulatory compliance is essential.

According to Figure 2, some reabsorption of 
the migrated Zn was observed for NC/ZnO-FL, 
which could be attributed to interactions between 
the released Zn species and the cellulose matrix, 
a phenomenon previously reported in cellulose- 
based materials (Poças et  al. 2011; Soares Silva 
et  al. 2023b). Such phenomena can be attributed 
to changes in the cellulose matrix (swelling, 
restructuring, alteration of interfacial area) that 
influence the adsorption, reabsorption, and 
migration dynamics of nanoparticles (Österberg 
et  al. 2023). Furthermore, a study demonstrated 
that cellulose films could adsorb metal ions 
through multiple mechanisms, including electro-
static attraction and chaotropic effects, highlight-
ing the complexity of metal ion interactions with 
bio-based materials (Paul et  al. 2024).

Figure 2. T otal and ionic Zn migration from NC/ZnO-SP, NC/ZnO-FL, and NC/ZnO-SH composites into water and ethanol 10% food 
simulant at 60 °C over 20 days, before and after acidification, using AAS. NC/ZnO-SP—nanocellulose film with spherical ZnO NPs; 
NC/ZnO-FL—film with flower-like ZnO NPs; NC/ZnO-SH - film with sheet-like ZnO NPs.
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The acidification method provides only a qual-
itative assessment of the presence of Zn in 
nanoparticulate form. In fact, the difference 
between the values before and after acidification 
may be influenced by other factors, such as reab-
sorption, precipitation, or interactions with the 
food simulant. Therefore, although these results 
indicate ZnO NPs migration, the exact quantity 
cannot be determined using this approach.

The results obtained by ICP-MS for the total and 
ionic Zn migration after 10 days of contact with 
water and ethanol 10% food simulants are presented 
in Figure 3, using paired dot plots and boxplots of 
ΔZn = Zntotal - Zn2+. For all samples, positive values 
of ΔZn were observed, meaning that quantified 
migration in the unfiltered simulant (total zinc) is 
slightly higher than filtered fraction (ionic). These 
minimal differences suggest that migration occurred 
predominantly in ionic form, with small contribu-
tion from ZnO NPs, corroborating the results 

previously obtained by AAS. In the water simulant, 
there is statistical evidence that total Zn is signifi-
cantly higher than ionic Zn for all ZnO NPs shapes 
(p < 0.05 for ZnO-SP and ZnO-FL; p < 0.01 for 
ZnO-SH). ZnO-FL exhibited the highest Zn migra-
tion (approximately 0.6 mg L−1 for total Zn and 
0.5 mg L−1 for ionic Zn), consistent with the largest 
difference observed in boxplots (∼0.1 mg L−1), while 
ZnO-SP and ZnO-SH showed smaller differences 
(<0.06 mg L−1). In the ethanol 10% simulant, a sta-
tistical difference is detected only for ZnO-FL 
(p < 0.05), whereas ZnO-SP and ZnO-SH showed 
no significant differences, confirming that migration 
in this simulant occurred predominantly in ionic 
form. Overall, the differences between total and 
ionic Zn in ethanol food simulant were smaller and 
more similar across morphologies, compared to 
water. Notably, all Zn levels for both food simulants 
remained below the SML, complying with current 
legislation.

Figure 3.  Comparison of total Zn and ionic Zn migration from NC/ZnO NPs films into water and ethanol 10% food simulants, using 
ICP-MS. Left: paired plots showing individual values (lines connect paired total and ionic Zn, n = 3); Right: boxplots of the ΔZn 
(ZnTotal – Zn²⁺). Statistical differences were evaluated by paired sample t-test (*p < 0.05, **p < 0.01, ns = not significant). NC/ZnO-SP 
- nanocellulose film with spherical ZnO NPs; NC/ZnO-FL - film with flower-like ZnO NPs; NC/ZnO-SH - film with sheet-like ZnO NPs.
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The results obtained by AAS were approxi-
mately 30% higher than those obtained by 
ICP-MS (Figure S1). This difference can be 
attributed to the distinct separation principles of 
each method. In AAS, the analysis was performed 
directly after nanoparticle deposition, without any 
filtration step, meaning that both dissolved ions 
and undeposited ZnO NPs present in the super-
natant could contribute to the measured value. In 
contrast, ICP-MS was applied after centrifugal fil-
tration using a 10  kDa membrane, which retains 
nanoparticles in the upper fraction, allowing only 
ionic Zn2+ to pass through. Therefore, the more 
efficient separation is the ICP-MS approach likely 
led to lower measured concentrations.

Differentiating between ionic and nanoparticu-
late forms remains a challenge today. Most stud-
ies use conventional AAS or ICP-MS for Zn 
quantification in food simulants without distin-
guishing between ZnO NPs and Zn2+ (Panea 
et  al. 2014; Huang et  al. 2017). Choleva et  al. 
(2019) developed an alternative approach for sil-
ver nanoparticles (Ag NPs), involving a selective 
extraction step to separate both fractions. Ag NPs 
were partitioned into dispersed octanol droplets 
from the aqueous phase, and these droplets were 
then re-dispersed into a strongly acidic and 
oxidising aqueous medium to dissolve the Ag 
NPs into Ag+ ions, enabling quantification by 
AAS. Another study developed a quantitative 
analytical method for detecting ZnO NPs in envi-
ronmental waters using cloud point extraction 
combined with ICP-MS. The use of a masking 
agent minimised Zn2+ interference, ensuring the 
selective extraction of ZnO NPs in their nano-
form (Yang et  al. 2021). Despite methodological 
differences, these approaches highlight the cur-
rent challenge in clearly distinguishing between 
ionic and nanoparticulate migration. Further 
research is still needed to establish standardised 
and reliable analytical methods, particularly in 
the context of food safety and migration studies.

Determination of particle number concentration 
by spICP-MS

The technique spICP-MS was applied for targeted 
detection of ZnO NPs by number in the food 
simulants (Figure 4). The migration solutions 

were analysed directly by spICP-MS without any 
pre-treatment, as filtration would have retained 
the particles. However, this method introduced 
the risk of residual cellulose contaminating the 
ICP-MS sample introduction system. Zinc parti-
cles were detected in both food simulants. 
However, it was challenging to determine whether 
these particles were embedded in NC fragments, 
if Zn2+ was attached to cellulose fibres—thus 
explaining the detected peaks—or if they existed 
as free nanoparticles. In fact, it is possible that all 
three scenarios were occurring simultaneously. In 
water simulant, the higher number of nanoparti-
cles was detected for ZnO-SP. This can be 
explained by the simpler morphology of spherical 
NPs, which facilitated their detection as a regular 
particle. However, ZnO-FL released more total/
ionic Zn as shown earlier (Figure 3) despite 
showing a lower particle count. This behaviour 
may be attributed to the larger and irregular 
structure of flower-shaped NPs, meaning that 
each particle contains a greater amount of Zn 
and, upon dissolution, contributes more signifi-
cantly to the ionic fraction compared to spher-
ical NPs.

Moreover, particles were detected in the control 
sample, which was expected to contain no ZnO 
NPs. This is likely due to residual particles from 
prior analyses adhering to the sample-introduction 
system. In samples with significantly higher 

Figure 4. N umber of particles per scan time detected by 
spICP-MS after a contact of 60 °C for 10 days of the NC and NC/
ZnO NPs films with water and ethanol 10% food simulants. 
NC/ZnO-SP - nanocellulose film with spherical ZnO NPs; NC/
ZnO-FL - film with flower-like ZnO NPs; NC/ZnO-SH - film with 
sheet-like ZnO NPs.

https://doi.org/10.1080/19440049.2026.2633744
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particle concentrations (1000–2000 particles per 
scan), such contamination is negligible. However, 
in the samples analysed in this study, distin-
guishing particles originating from the 
sample-introduction system from those in the 
actual sample proved challenging. Despite this 
limitation, a significant increase in spherical and 
the flower-shaped particles was observed. 
Furthermore, the higher results for ethanol 10% 
as compared to water also suggest that cellulose 
particles may interfere with the zinc particles 
measurement. Other studies using spICP-MS 
have reported a significant challenge for detect-
ing and characterising NPs in diverse matrices 
due to strong spectral interferences (Vidmar 
2021). As mentioned earlier, to achieve statisti-
cally relevant results, more than 1000 particles 
would need to be detected per scan time. 
However, the current data only reveal between 
15 and 60 particles, making it impossible to use 
these values quantitatively.

Investigations of nanoparticles migration from 
FCMs into food simulants using spICP-MS has 
been conducted previously (Jokar et  al. 2018; 
Bastardo-Fernández et  al. 2024). Studies have 
applied spICP-MS to detect both ZnO NPs and 
dissolved Zn in food matrices (Santos et  al. 
2024). However, it has several limitations, as the 
dissolved Zn signal overlaps with the nanoparti-
cle signal, directly interfering with the analysis. 
In these circumstances, only larger particles or 
agglomerates can be distinguished from dis-
solved Zn. A study analysed silver release from 
commercially available plastic food containers 
into food simulants, performing ICP-MS for 
total Ag and spICP-MS for nano-silver detection 
(Mackevica et  al. 2016). However, smaller parti-
cles might not be accurately detected and quan-
tified. Other studies have applied an ion 
exchange column to remove dissolved Zn from 
the samples before analysis by spICP-MS, 
enabling the quantification and characterisations 
of ZnO NPs at very low concentrations in natu-
ral waters (Hadioui et  al. 2015; Fréchette-Viens 
et  al. 2019). This approach seems like a good 
solution to quantify only the nanoform of the 
particles. However, its efficiency in food simu-
lants may vary, and its application requires fur-
ther investigation.

Microscopic visualisation of particles in films and 
food simulants via transmission electron 
microscopy

Microscopy observations were performed as a 
complementary technique to directly visualise 
ZnO NPs in both films and water food simulant. 
TEM micrographs confirmed the presence and 
distribution of ZnO NPs along the migration 
experiments, thus providing a more comprehen-
sive assessment of their transfer behaviour (Figure 5). 
The results show that ZnO NPs with different 
morphologies were successfully incorporated into 
NC matrix, although some degree of agglomera-
tion among the fibres was observed. After 10 days 
of contact with water simulant at 60 °C, NPs 
remained embedded within the NC fibres across 
all morphologies, suggesting that nanoparticle 
migration was not complete under the experi-
mental conditions. In parallel, TEM analysis of 
the entire water food simulant volume (100 mL) 
after contact revealed the presence of ZnO NPs 
aggregates as well as numerous cellulose fibres 
fragments containing embedded NPs. These find-
ings suggest that the signals detected from 
spICP-MS are associated with both free ZnO NPs 
(indicating nanoparticles migration) and ZnO 
NPs embedded in NC filaments (indicating deg-
radation of matrix rather than migration).

The TEM images provide an indicative visual-
isation of the spatial distribution of the nanopar-
ticles, showing how they may interact with the 
cellulose fibres and become incorporated into the 
matrix. It is important to note that ZnO NPs 
incorporated in a dense NC network may show 
reduced contrast after film formation. Therefore, 
distinguishing between the particle and fibres 
may be less clear. This effect is stronger after 
contact with water due to partial NP dissolution. 
Differences in nanoparticle aggregation and dis-
persion across morphologies suggest that particle 
shape may also influence migration behaviour. 
However, it is important to note that while these 
images confirm the presence of ZnO NPs, they 
do not provide quantitative data on the extent of 
nanoparticle migration. Additionally, the micro-
graphs revealed possible structural changes in NC 
matrix, which appeared more loosened after 
exposure to the simulant, indicating partial 
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degradation, which may influence the retention 
or release of ZnO NPs.

The combination of TEM and spICP-MS has 
been applied in previous studies to confirm the 
presence of nanoparticles in migration solutions. 
However, these works were limited to plastic 
materials and focused on silver (Mackevica et  al. 
2016) and copper (Mackevica et  al. 2016; Zhang 
et  al. 2020), rather than in zinc oxide nanoparti-
cles. Another study examined the migration of 
ZnO NPs from polybutylene adipate-co-tere-
phthalate (PBAT)/thermoplastic starch (TPS) 
films using ICP-optical emission spectrometry 
complemented with SEM analysis 
(Bumbudsanpharoke et  al. 2024). The exposure to 
a 3% acetic acidic food simulant caused visible 
surface alterations, associated with pore forma-
tion and ZnO dissolution within the film matrix.

Influence of food simulant on total Zn migration

Food simulant properties, such as pH and hydro-
philicity, influence Zn migration kinetics, reflect-
ing the material’s behaviour in different food 
matrices scenarios. Overall, the results showed 
that total Zn migration was consistently higher in 

water compared to ethanol 10% (Figures 2, 3, 
and S2). Multiple linear regression analysis of 
data collected after day 4 demonstrated higher 
levels of Zn migration, across all shapes, in water 
food simulant compared to ethanol 10%, with 
time serving as the controlled variable.

The lower migration in ethanol 10% may be 
attributed to the lower solubility of Zn species in 
ethanol compared to water (Soares Silva et  al. 
2023a). In addition, the greater swelling capacity 
of cellulose fibres in water likely facilitates higher 
Zn release (Hubbe et  al. 2024). Consistent results 
are reported in the literature: increasing the eth-
anol concentration in the food simulant led to a 
decrease in Zn migration from bacterial nanocel-
lulose films containing ZnO NPs (Soares Silva 
et  al. 2023b).

The migration pattern of NC/ZnO-FL and, to a 
lesser extent, the NC/ZnO-SP films, exhibited a 
higher initial migration rate for ethanol 10% within 
the first 24 h, showing afterwards a decrease in the 
concentration, suggesting transfer of zinc back to 
the cellulosic matrix (possible reabsorption). 
Possibly a burst release effect in the ethanolic 
medium, likely associated with a faster extraction 
of loosely bound Zn species or weak interactions 

Figure 5. TEM  micrographs of ZnO NPs, NC/ZnO NPs films before and after 10 d/ 60 °C contact, and water food simulant after 10 
d/ 60 °C contact.
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in the film occurs initially. However, after this ini-
tial peak, Zn migration in ethanol rapidly decreased 
and stabilised at lower levels than those observed 
in water. For the NC/ZnO-SH films, this initial 
peak was not pronounced, and both simulants 
resulted in similar early migration levels although 
with high values for water at later stages. These 
findings highlight the different patterns of migra-
tion of zinc from cellulose matrices, as compared 
to patterns typically observed in migration kinetics 
from polymeric matrices (Poças et  al. 2008; Bott 
et  al. 2014b).

Similar studies have investigated the migration 
behaviour of ZnO NPs from PBAT/TPS films but 
using acetic acid 3% and ethanol 10% as the food 
simulant (Bumbudsanpharoke et  al. 2024). The 
Zn migration was considerably higher in acetic 
acid compared to ethanol simulant, as could be 
expected. In fact, the use of acidic simulant pro-
motes complete dissolution of ZnO NPs from the 
film, leading to its conversion into the ionic form, 
which can be comparable to the acidification step 
of the present study.

Effect of temperature on total Zn migration

The influence of temperature on total Zn migra-
tion kinetics from NC/ZnO-SP films was investi-
gated using distilled water as a food simulant at 
8, 23 and 60 °C over a period of 35  days (Figure 6). 
These temperatures were selected to represent 
refrigerated storage, typical ambient scenario, and 
a standard accelerated migration conditions, 
respectively. The results showed that temperature 
significantly influenced Zn migration behaviour, 
although the observed trend did not follow the 

conventional expectation in the scientific com-
munity that mass transfer generally increases with 
temperature.

At 23 °C, Zn migration exhibited a continuous 
and progressive increase over time, reaching the 
highest concentration among the tested condi-
tions (8.72 mg kg−1). A linear regression model 
estimated the migration rate at 0.253 mg kg−1 day−1 
(R2 = 0.9; 95%CI, ranging from 0.218 to 0.287). 
The SML of 5  mg  kg−1 food was exceeded from 
day  12 onwards, indicating potential regulatory non- 
compliance under prolonged room-temperature 
storage. At 8 °C, migration occurred at a signifi-
cantly slower rate, with a pronounced increase 
after the 20th day. This pattern was best described 
by a cubic model (R2  =  0.87), suggesting that 
longer contact times at refrigeration temperatures 
could eventually result in comparable migration 
levels, although remaining below the SML within 
the studied period. Unexpectedly, migration at 
60 °C was intermediate and stabilised early in the 
experiment, displaying a lower initial rate com-
pared to the rate at 23 °C (95% CI for slope rang-
ing 0.020 to 0.055). This contrasts with the 
well-established behaviour of migration from 
plastics, where increasing temperature typically 
enhances mass transfer rates (Franz & Störmer 
2008; Hoekstra et  al. 2015). Higher temperatures 
provide more kinetic energy to atoms, enhancing 
their mobility within the material and thereby 
promoting Zn release (Pochiraju et  al. 2008; Wu 
2024). To verify this unexpected trend, the migra-
tion experiment was independently repeated 
under identical conditions, and the results were 
consistent with the initial findings, confirming 
the reproducibility of this behaviour. A similar 
unexpected temperature–migration relationship 
has also been reported for silver migration from 
PVC nanocomposites, where higher temperatures 
were associated with lower migration levels, pos-
sibly due to nanoparticle crosslinking with poly-
mer chains (Cushen et  al. 2013). In both cases, 
such counterintuitive behaviour suggests that 
matrix-specific physicochemical changes at ele-
vated temperatures may hinder nanoparticle 
release.

The migration from cellulosic materials differs 
fundamentally from plastics due to their hetero-
geneous and porous nature, where mass transfer 

Figure 6. T otal Zn migration from NC/ZnO-SP into water food 
simulant at 8 °C, 23 °C, and 60 °C during 35 days.
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involves adsorption, desorption, and diffusion 
through air pores (Poças et  al. 2011; Cushen 
et  al. 2013; Hauder et  al. 2013). In this work, the 
observed decrease in Zn migration at higher tem-
peratures (60 °C), suggests that specific factors 
may be influencing the process, including ZnO 
solubility, nanoparticle aggregation, and potential 
modifications of the matrix. At higher tempera-
ture, the cellulose material may undergo 
rearrangement, densification or crosslinking mod-
ifications, reducing swelling and porosity, thus 
hindering Zn mobility. Reduced swelling of cellu-
lose films as temperature increased from 25 °C to 
39 °C has been reported (Torstensen et  al. 2022). 
Heating above 150 °C was reported to induce 
irreversible changes in cellulose nanofibre struc-
tures and permeability, affecting their physico-
chemical properties (Niskanen et  al. 2022). 
Furthermore, dissolution of ZnO NPs releases 
Zn2+, but several studies have shown that higher 
temperatures can promote nanoparticle aggrega-
tion (Majedi et  al. 2013; Yung et  al. 2017). 
Aggregation reduces both particle mobility and 
the available surface area for dissolution, thereby 
limiting Zn2+ release.

Overall, these findings indicate that while tem-
perature is a key driver of Zn migration, the rela-
tionship is not linear for NC/ZnO-SP composites 
and deviates from the behaviour observed in 
polymeric systems. The reduced migration at 
60 °C suggests that processing or storage under 
elevated temperatures could, counterintuitively, 
limit Zn release—although such conditions may 
also induce material property changes with other 
implications for packaging performance.

Modelling migration of zinc

Nanoparticle migration from FCM to food simu-
lants and real foods remains underexplored, and 
the available migration studies that apply mathe-
matical models are limited and often inconclusive 
regarding the migrating species form (total, ionic, 
or nanoparticle form). A short literature review 
was carried out to identify existing studies report-
ing nanoparticle migration together with model-
ling strategies in FCM, providing a basis for 
selecting and applying appropriate models. This 
search was performed in databases for 2013 to 

2025, using general keywords such as ‘nanoparti-
cle migration’, ‘mathematical modelling’, ‘food 
packaging’, and ‘food contact materials’. Relevant 
studies found are summarised in Table S1.

The identified literature included studies on 
different polymer matrices, such as low-density 
polyethylene (LDPE), polystyrene (PS), polylactic 
acid (PLA), and starch incorporating nanoparti-
cles such as Ag, ZnO, TiO2, and carbon black. 
Migration was tested in several food simulants, 
including ethanolic, acidic, and aqueous media, 
and a case of a real food (apple juice) was also 
reported (Jokar et  al. 2016). Migration kinetics 
were most consistently described by mechanistic 
Fickian second law (Heydari-Majd et  al. 2019; 
Tang et  al. 2020; Ortega et  al. 2022), with diffu-
sion coefficients estimated via Piringer’s or 
Stokes–Einstein equation (Bott et al. 2014c, 2014a, 
2014b). Additionally, semi-empirical and empiri-
cal models have been applied to better explain 
the early-stage release behaviour. The Peppas 
model has been frequently used to describe the 
initial burst release (Von Goetz et  al. 2013; 
Heydari-Majd et  al. 2019; Kim et  al. 2019; Ortega 
et  al. 2022), while the Weibull model has pro-
vided flexible fits for a wide range of kinetic pro-
files (Heydari-Majd et  al. 2019; Ortega et  al. 
2022). In some cases, the Elovich model has been 
employed to account for heterogeneous diffusion 
coupled with adsorption processes (Hannon et  al. 
2017; Kim et  al. 2019). Other empirical 
approaches, such as first and second order mod-
els, have also been used to describe different 
migration mechanisms including adsorption/
desorption processes and site saturation (Jokar 
et  al. 2016; Hannon et  al. 2017). Temperature is 
known to strongly influence migration rates, and 
some studies have applied Arrhenius and van’t 
Hoff analyses to describe this effect, respectively 
in the diffusion and partition coefficients (Hannon 
et  al. 2017; Heydari-Majd et  al. 2019; Kim et  al. 
2019). Studies applying semi-empirical/empirical 
models rather than Fickian diffusion used both 
Arrhenius and van’t Hoff analyses, to describe the 
effect of temperature in different model parame-
ters (release rate constants, second-order rate 
constants, or equilibrium constants).

Overall, the migration mechanism can vary 
substantially depending on different factors such 

https://doi.org/10.1080/19440049.2026.2633744
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as the NPs incorporated, the nature of polymer 
matrix, and the type of food simulant or real 
food tested. Consequently, migration is not nec-
essarily governed by purely Fickian diffusion, but 
may also involve other processes such as desorp-
tion, dissolution, or matrix degradation (Duncan 
and Pillai 2015). This variability in mechanisms 
represents a key scientific challenge, as it makes 
difficult the selection of appropriate models.

Most of the NPs incorporated in the packaging 
materials reported in the literature are silver-based, 
with only one study focusing on ZnO (Heydari- 
Majd et  al. 2019). Modelling has been performed 
mainly using the total or ionic concentrations of 
the metal. Although a low number of studies 
have directly quantified migration of the nanopar-
ticle form (using spICP-MS and Asymmetric 
Flow Field-Flow Fractionation (AF4) with 
Multi-Angle Light Scattering (MALS) AF4-MALS), 
none has applied a mathematical model to pre-
dict its kinetic profile (Von Goetz et  al. 2013; 
Bott et  al. 2014c).

Building on these insights, migration data of 
this study were fitted to a mechanistic Fickian 

model and to the empirical Weibull equation. As 
direct quantification of the nanoparticle form was 
not feasible, modelling was performed on total 
zinc concentrations (including both dissolved and 
particulate fractions) in water food simulant at 
60 °C. The results are presented in Table 2 and 
Figure 7 which compare the performance of both 
models and the migration behaviour of different 
ZnO NPs morphologies. For ZnO-FL films, the 
migration profile could not be satisfactorily 
described by either model, and therefore the cor-
responding fitting curves are not shown in 
Figure 7.

For ZnO-SP, both models fitted well, showing 
identical goodness-of-fit parameters (MSE = 
0.025; R2 = 0.94 for both), with the slowest 
approach to equilibrium (τ = 2 01. ). ZnO-FL exhib-
ited the highest effective diffusivity (D = 1.21 × 10–

15 m2s−1), but the fits were very poor (R2 = 0.63 
for both; MSE ≈ 0.16–0.17), showing less accu-
rate prediction and lower variance explained by 
the models. This irregular migration behaviour 
may be attributed to the initial peak of Zn release 
followed by partial reabsorption. In addition, het-
erogeneities in particle distribution, agglomera-
tion phenomena, or irregularities at the film/
simulant interface could also lead to deviations 
from ideal Fickian or Weibull behaviour. For 
ZnO-SH, the Fick model provided a better fit 
than the Weibull model, with MSE = 0.025 and 
R2 = 0.83, compared to MSE = 0.076 and R2 = 
0.07, respectively. This shape displayed a burst 
effect with the fastest migration rate (1.82 × 10−5 mg 
kg−1 day−1), which is consistent with the β values 
obtained from the Weibull model (ZnO-SH 
showed the highest β (0.68)), indicating a faster 
onset of release. In fact, this may explain the 

Table 2.  Parameters of Fick and Weibull models describing total 
Zn migration from NC/ZnO films into water simulant at 60 °C.
Model Parameter ZnO-SP ZnO-FL ZnO-SH

Fick M∞ (mg kg−1) 1.73 1.62 1.10
D (m²s⁻¹) 1.48 × 10–16 1.21 × 10–15 3.0 × 10–16

MSE 0.025 0.161 0.025
R2 0.94 0.63 0.83

Weibull M∞ (mg kg−1) 1.82 1.54 1.13
τ (days) 2.01 0.02 0.62
β 0.59 0.39 0.68
MSE 0.025 0.168 0.076
R2 0.94 0.63 0.70

Initial migration rate*  
(mg kg⁻¹ day⁻¹)

7.50 × 10–6 8.13 × 10–6 1.82 × 10–5

*Calculated from the slope of the first three experimental points (up to 
1 day).

Figure 7.  Profile migration of total Zn from NC/ZnO-SP and NC/ZnO-SH into water food simulant over 20 days at 60 °C. Experimental 
data are compared with fitting Fick's diffusion and the Weibull models.
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superior antimicrobial activity previously reported, 
by rapidly releasing Zn2+ ions and ROS species 
(Mendes et  al. 2024, 2025). Achieving inhibitory 
levels early in the microbial growth lag phase can 
suppress cell proliferation before colonisation 
becomes established.

Differences in the release behaviour among 
ZnO NPs morphologies highlight the influence of 
nanoparticles type and surface chemistry on 
migration kinetics, providing guidance for future 
packaging optimisation. The migration of Zn cor-
responded to about 1%–2% of the initially incor-
porated amount for the SP and SH films, while 
for the FL film it reached approximately 3.5%. 
The more controlled and sustained release was 
observed for ZnO-SP particles, with a stable 
kinetic profile, consistent with their uniform, 
spherical morphology. A similar study incorpo-
rated ZnO NPs into a PLA matrix and quantified 
Zn release by AAS, analysing the data with Fick’s 
diffusion model, the Korsmeyer–Peppas power 
law, and a Weibull fit (Heydari-Majd et  al. 2019). 
Compared with PLA, the cellulose films in water 
at 60 °C show diffusion coefficients within the 
mid–upper range reported for PLA (lower than 
PLA/95% EtOH at 40 °C but higher than PLA/10–
20% EtOH). Both datasets yield Weibull β param-
eters < 1 consistent with the high initial rate of 
release. Nevertheless, comparison between the 
two studies is limited by the different conditions 
employed, including polymer type, simulant 
polarity, and temperature and is only indicative.

Conclusions

This study provides a comprehensive evaluation 
of Zn migration from NC/ZnO films, addressing 
critical knowledge gaps in cellulose-based food 
packaging systems. The combination of analytical 
techniques (AAS, ICP-MS, spICP-MS, and TEM) 
enabled a comprehensive analysis of both ionic 
and nanoparticulate zinc.

Migration occurred predominantly as ionic 
Zn2+, with all values remaining below the SML of 
5 mg kg−1 of food established by European legis-
lation. Acidification and filtration approaches 
using AAS and ICP-MS, respectively, indicated 
minimal nanoparticle transfer. Although the 

porous structure of NC facilitated Zn2+ diffusion, 
it also contributed to the partial retention of 
nanoparticles. The migration behaviour was influ-
enced by nanoparticle morphology, simulant 
polarity, and temperature. Flower-shaped ZnO 
NPs exhibited the highest total Zn release in 
water food simulant (3.07 mg kg−1), whereas 
spherical particles showed the most stable and 
sustained profile. Water simulant promoted higher 
migration than ethanol 10%, highlighting the 
influence of simulant polarity and swelling. 
Unexpectedly, Zn release was lower at 60 °C than 
at 23 °C for ZnO-SP in water food simulant, sug-
gesting that thermally induced densification of 
the cellulose matrix may limit zinc diffusion. The 
highest Zn migration was observed at 23 °C, with 
values exceeding the SML after 12 days of storage, 
indicating that prolonged room temperature stor-
age could raise potential safety concerns.

This work addressed a critical knowledge gap 
by applying kinetic modelling to describe Zn 
migration from nanocellulose-based nanocom-
posite films, a field where only a limited number 
of studies exist and most of them are restricted 
to conventional plastics. By combining a short lit-
erature review with new experimental data, this 
study contributes to advancing the understanding 
of nanoparticle migration in bio-based systems. 
Modelling confirmed that Zn migration was pre-
dominantly diffusion-driven, with Fickian fits 
yielding diffusion coefficients in the 10–16–10–15 
m2 s−1 range and Weibull β parameter < 1, con-
sistent with burst-type release followed by slower 
diffusion. However, clear morphology-dependent 
behaviours were observed: spherical ZnO showed 
the most stable release profile with good agree-
ment across both models, while flower-shaped 
particles exhibited the highest diffusivity but poor 
model fits, likely due to reabsorption or hetero-
geneous particle distribution. These results 
demonstrate that migration is not always gov-
erned by purely Fickian diffusion, as processes 
such as desorption, dissolution, reabsorption, or 
matrix degradation may contribute, particularly 
in porous bio-based systems. This variability rep-
resents a key scientific challenge, as it complicates 
the choice of appropriate models and underscores 
the need for further investigations.
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Overall, NC/ZnO films demonstrated controlled 
Zn2+ migration aligned with active packaging 
functionalities, but the presence of ZnO NPs in 
food simulants could not be fully excluded. Given 
the absence of EFSA-specific guidance for nanopar-
ticle migration in bio-based materials, further 
research is required to clarify release mechanisms, 
standardise analytical protocols, and conduct full 
risk assessments. These findings support the poten-
tial of NC/ZnO nanocomposites as sustainable 
food packaging, while underscoring the impor-
tance of balancing antimicrobial efficacy with 
safety and regulatory compliance. Future research 
should focus on real food matrices, long-term 
storage scenarios effects, and the development of 
advanced analytical methods to improve migration 
models and support regulatory framework.
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