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Abstract

Biopolymers are increasingly explored as safer and more sustainable food packaging mate-
rials. This study evaluated the migration behavior of intentionally and non-intentionally
added substances (IAS and NIAS), as well as the safety of gelatin and xanthan gum blends
reinforced with microcrystalline cellulose, with and without oxygen plasma treatment,
incorporating glycerol and limonene as plasticizers. Migration tests were conducted accord-
ing to European Union (EU) Regulation No. 10/2011 using simulants of different polarities,
and IAS/NIAS were analyzed by gas chromatography–mass spectrometry and ultra-high-
pressure liquid chromatography–quadrupole time-of-flight mass spectrometry (GC–MS
and UPLC-QTOF-MS). Films containing limonene were also evaluated for antioxidant ac-
tivity. Results showed that plasticizer migration is strongly influenced by simulant polarity,
glycerol predominantly migrated into hydrophilic media, whereas limonene and its deriva-
tives exhibited higher migration in fatty simulants. Ethanol 95% acted as a conservative
worst-case simulant, promoting extensive migration, while substantially lower migration
levels were observed in isooctane and tenax plasma treatment resulted in modest changes
in volatile compound migration, while significantly enhancing the antioxidant activity of
limonene-containing films. Although overall migration levels were low under most of the
tested conditions, NIAS formation, particularly from limonene degradation, highlights the
need to account for chemical stability and simulant type when assessing bio-based films.
Overall, the study demonstrates that film composition, surface modification, and simulant
characteristics jointly influence migration behavior and functional performance under the
evaluated conditions reinforcing the need to adapt current regulatory frameworks to the
specific behavior of biopolymeric packaging materials.

Keywords: biopolymer films; food packaging migration; IAS/NIAS analysis; oxygen
plasma treatment; limonene plasticizer

1. Introduction
Increasing pressures driven by environmental and regulatory concerns are pushing the

packaging industry towards the incorporation of sustainable materials into the production
of new products [1]. Biopolymers obtained from renewable feedstocks have attracted
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growing attention as potential substitutes, owing to their biodegradability, reduced carbon
footprint, and capacity to meet the performance requirements of food packaging [2].

Among the wide range of available biopolymers, polysaccharides and proteins stand
out due to their film-forming capacity, biocompatibility, renewability, and biodegradabil-
ity [3]. Gelatin, a protein derived from partial hydrolysis of collagen from animal skin
and bones, is abundant and inexpensive [4,5]. It forms transparent films with low oxygen
permeability and water solubility but is brittle and lacks flexibility and strength [1,3]. These
drawbacks can be mitigated by combining gelatin with other polymers to obtain improved
materials. Among the various biopolymer candidates, xanthan gum (XG), a heteropolysac-
charide composed of repeating pentasaccharide units (two glucose, two mannoses, and one
glucuronic acid), is produced by the Gram-negative bacterium Xanthomonas campestris.
It is biodegradable, biocompatible, and non-toxic, which supports its extensive use in the
food and pharmaceutical industries, as well as in research for innovative products [6–8].
Cellulose, one of the most abundant natural polymers, consists of repeating β-D-glucose
units with three free hydroxyl groups per monomer [5,8]. According to Pereira et al. [3], cel-
lulose serves as an excellent reinforcing polymer in gelatin–xanthan gum films, providing
strength and water resistance.

A key limitation of biopolymers in packaging lies in their inferior mechanical perfor-
mance and processing challenges compared to conventional plastics, which can be partially
overcome using plasticizers [9]. The use of plasticizers helps to address these issues by
reducing intermolecular forces, increasing flexibility, and improving processability and
mechanical properties [9,10]. Glycerol, a by-product of biodiesel production, is one of the
most used plasticizers due to its high availability and the presence of three hydroxyl groups,
which enhance interactions with polymer chains, imparting elasticity and softness [10,11].
Alternatively, limonene is a natural terpene obtained from citrus industry waste. Besides
acting as a green plasticizer, it can improve water vapor and oxygen barrier properties and
confer antimicrobial and antioxidant functionalities to biopolymeric films [12–15]. These
antioxidant effects may be further enhanced by applying plasma etching to the film surface,
owing to the reactive species generated.

Plasma etching is a clean, fast, and environmentally friendly technique to modify the
surface properties of polymers [16]. Two main effects can occur: (i) superficial material re-
moval through ion bombardment or energetic species, altering surface nanoroughness [17],
and (ii) introduction of specific functional groups, depending on the plasma composition,
thus modifying surface chemistry [18–20]. In addition, plasma-induced crosslinking, espe-
cially in proteins, can further enhance barrier properties, making these materials attractive
for food packaging [21]. However, in addition to improving surface properties, plasma
treatment may also alter the mobility of small molecules in the polymer matrix, which
could influence the migration of certain substances [17–19,21].

An important but often overlooked issue in biopolymers is the migration of intention-
ally added substances (IAS) and non-intentionally added substances (NIAS) into food. IAS
may result from synthesis residues (e.g., sodium hydroxide) or additives used to improve
processing (e.g., oxidation catalysts) [22]. NIAS, in contrast, can derive from polymer
degradation, additives, or reactions between them, and even from plasma modification. In
petroleum-based plastics, the migration of IAS and NIAS has been extensively investigated
due to potential toxicological concerns and regulatory requirements. In contrast, despite
the increasing use of biopolymeric materials, studies addressing IAS and NIAS migration
in these systems remain scarce [23,24]. This gap highlights a critical need to better under-
stand the chemical safety of bio-based packaging materials under realistic processing and
application conditions.
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As highlighted by Kato et al. [24], although the use of biopolymeric materials has
grown significantly, studies concerning their chemical safety and potential migration into
foods remain limited. In this context, this work focused on investigating whether the incor-
poration of different plasticizers, glycerol and limonene, into films of gelatin/xanthan gum
reinforced with microcrystalline cellulose, combined with oxygen plasma treatment, results
in distinct migration patterns of IAS and NIAS under different food simulant conditions,
and whether plasma exposure may influence migration behavior while enhancing the
functional performance of limonene. By combining migration assessment, NIAS screening,
and antioxidant evaluation, this integrated approach provides new insights into the safety
performance balance of plasma-treated biopolymeric films for food packaging applications
within the scope of the experimental conditions evaluated and contributes to advancing
regulatory and safety assessments for sustainable materials. This work provides a fo-
cused assessment of migration behavior, NIAS formation, and functional performance
in plasma-treated biopolymer films, with particular emphasis on the influence of food
simulant selection.

2. Materials and Methods
2.1. Reagents and Materials

Gelatin, xanthan gum, microcrystalline cellulose, and glycerol were purchased from
Êxodo Científica (Sao Paulo, Brazil). Ethanol, isooctane and acetic acid of 99% purity,
supplied by Scharlau Chemie S.A. (Barcelona, Spain), and ultrapure water were used.
Glycerol (CAS 56-81-5), β-Pinene (CAS 127-91-3), Limonene (CAS 5989-27-5), Geraniol
(CAS 106-24-1), ϒ-Terpinene (CAS 99-85-4), Citronelol (CAS 106-22-9), 1-Nonanol (CAS
143-08-8), Linalool (CAS 78-70-6), α-Terpiniol (CAS 98-55-5), Caryophyllne (CAS 87-44-
5), n-Hexadecanoic acid (CAS 57-10-3), Geranil acetate (CAS 105-87-3), 7,9-Di-tert-butyl-
1-oxaspiro[4.5]deca-6,9-diene-2,8-dione(CAS 82304-66-3), Caprolactama (CAS 105-60-2),
1-Octadecanol (CAS 112-92-5) were used. All reagents were supplied by Sigma-Aldrich
Química S.A., (Madrid, Spain) with a purity of >99%.

2.2. Preparation of Films by the Extrusion Technique

Figure 1 schematically illustrates the experimental workflow of the study. The com-
ponents of each formulation (Table 1) were manually mixed prior to extrusion. Film
processing was carried out using a Thermo Scientific Process 11 Parallel Twin-Screw Ex-
truder, equipped with a 40 L/D barrel, 11 mm screw diameter, and a standard push-screw
configuration. The extrusion process was performed at temperatures ranging from 80 to
110 ◦C, from the feeding to the die zone, with a screw rotation speed of 35 rpm. Sub-
sequently, the pellets were compression-molded into films using a hydraulic press (Til
Marcon, Sao Paulo, Brazil) at 100 ◦C for 1 min under a pressure of 0.5 tons.

Table 1. Formulation of films produced by extrusion. All component proportions are expressed as
mass percentages (% m/m).

Formulation (%) Limonene 0% Limonene 25% Limonene 50%

Gelatin 50 50 50
Xanthan Gum 5 5 5

Cellulose 10 10 10
Glycerol 35 26.25 17.50

Limonene 0 8.75 17.50
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Figure 1. Schematic representation of the present study.

Plasma Treatment

To examine how plasma activation affects the surface characteristics, the films were
separated into two experimental sets: one untreated and the other exposed to oxygen
plasma. Surface modification was carried out in a capacitively coupled radio-frequency
reactor operating at 13.56 MHz. Oxygen served as the process gas and was introduced at a
steady rate of 50 sccm using a mass flow controller. The chamber pressure was continuously
monitored with an absolute capacitance manometer (MKS Baratron 624B01T, Sao Paulo,
Brazil). During treatment, the RF power was fixed at 70 W, and the operating pressure was
maintained at 0.70 Torr for a 5 min exposure. After plasma treatment, the chamber was kept
under vacuum for an additional 15 min to allow stabilization of the activated surface and to
minimize immediate interaction with atmospheric gases. The chamber was then vented to
atmospheric pressure, and the samples were removed for subsequent characterization. The
samples were categorized based on limonene content and plasma treatment. For clarity, the
sample nomenclature, limonene content (% m/m), and plasma treatment are summarized
in Table 2.

Table 2. Sample nomenclature of the produced films.

Sample Nomenclature Limonene Content (%) Plasma Treatment

Limonene 0% 0 No
Limonene 25% 25 No
Limonene 50% 50 No

Limonene 0%— Plasma 0 Yes
Limonene 25%—Plasma 25 Yes
Limonene 50%—Plasma 50 Yes

2.3. Migration Assay

As described in the European Commission (EU) 10/2011 [25], the migration assay is
made in contact between the surface of the material employing food simulators. In this way,
the samples were in contact with four types of food simulants: simulant B (ethanol 10%,
food and drinks with alcoholic grade), C simulant (acetic acid 3%, slightly acidic foods)
and simulant E (tenax, dry foods) for 10 days at 60 ◦C and D simulant (ethanol 95% and
isooctane, fatty foods) for 10 days at 60 ◦C and 2 days at 20 ◦C, respectively.
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2.4. Instrumental Methods
2.4.1. Gas Chromatography–Mass Spectrometry

The migration analysis was performed using gas chromatography–mass spectrometry
(GC-MS) with direct injection, which was used for the ethanol 95% and isooctane simulants,
as well as for tenax extracts obtained after two consecutive extractions with ethanol for
1 h in an ultrasonic bath [26]. The equipment used consisted of a gas chromatograph
combined with a mass spectrometer detector, both from Agilent Technologies (Madrid,
Spain). Compound separation was achieved on an HP-5MS capillary column (30 m ×
0.25 µm × 250 µm) from Agilent Technologies (Madrid, Spain). The injection was per-
formed in splitless mode at 250 ◦C, using helium as the carrier gas with a constant flow
rate of 1.0 mL/min. The GC oven was programmed to start at 50 ◦C (held for 5 min),
then increase by 10 ◦C per minute to 300 ◦C, and hold at 300 ◦C for an additional 5 min.
Data collection was conducted in SCAN mode over a mass range of 50–450 m/z. For
GC–MS analyses, compound identification was based on comparison of mass spectra with
commercial spectral libraries (NIST), considering a minimum match factor of 80%, together
with retention time consistency and, when available, comparison with analytical standards.

2.4.2. Ultra-High-Pressure Liquid Chromatography–Quadrupole Time-of-Flight Mass
Spectrometry (UPLC-QTOF-MS)

Chromatographic analysis was performed using an Acquity™ UHPLC system (Waters,
Milford, MA, USA) equipped with a BEH C18 column (2.1 mm × 100 mm, 1.7 µm particle
size). The mobile phase was delivered at a constant flow rate of 0.3 mL/min, and the
column temperature was set to 35 ◦C. A gradient elution program was employed, increasing
methanol concentration with a 0.1% of acid formic from 5% to 95% over a 13 min run. Tenax
extracts obtained after two consecutive extractions with ethanol for 1 h in an ultrasonic
bath were directly injected. In contrast, the isooctane extracts were evaporated to dryness
and re-dissolved in ethanol. Injection volume was 10 µL. Mass spectrometric detection
was carried out using a Xevo G2 QTOF instrument (Waters, Milford, MA, USA) featuring
an electrospray ionization (ESI) source operated under atmospheric pressure. The system
comprised a hexapole, a quadrupole, a collision cell, and a time-of-flight analyzer. Data
was acquired in both positive (ESI+) ion mode. Corona voltages were set at 2.5 kV for ESI+.
The sampling cone voltage was 30 V. Nitrogen gas was used for desolvation at a flow rate
of 500 L/h, with the desolvation temperature maintained at 400 ◦C. Cone gas flow was set
to 20 L/h. Data acquisition was conducted in MSE mode, with a collision energy ramp
from 5 to 30 V. The mass range covered was 10 to 1200 Da, with data collected in centroid
mode using the sensitivity setting. To maintain mass accuracy and reproducibility, a
LockSpray system was employed using leucine-enkephalin (2 ng/mL in water–acetonitrile
with 0.1% formic acid) as the lock mass, infused at a rate of 5 µL/min. MassLynx software
version 4.1 (Waters, Milford, MA, USA) was used for data processing. For UPLC-QTOF-MS
analyses, tentative identification was carried out based on accurate mass measurements,
isotopic pattern evaluation, and MSE fragmentation data, with mass errors below 5 ppm.

2.5. Antioxidant Activity of the Films Produced with Limonene

The antioxidant potential of the films produced with limonene was analyzed using
specific equipment, which was developed by Pezo et al. [27] and the system was reported
in our previous work Barbosa et al. [28]. Samples were applied to bags of polyethylene
(PE), and each sample was placed inside bags with internal dimensions of 150 × 150 mm
and heat sealed with an impulse sealer PFS-200 Zhejiang Dongfeng Packing Machine
Co. Bags with the samples were placed in a rack and connected to the radical generator
system OH•. Vials containing an aqueous solution of sodium salicylate at 2 µg/g were
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used to collect the gases from the flow. Samples with possible antioxidant capacity were
compared with empty bags and the antioxidant tests were carried out for 24 h. After tests,
post-test solutions were analyzed by HPLC with fluorescence detection to monitor the
compound 2,5-Dihydroxybenzoic acid, which indicated the antioxidant potential of the
composite materials.

2.6. Statistical Analysis

All experiments were performed with real replicates (n ≥ 3), and results are expressed
as mean ± standard deviation. Statistical analysis was carried out using one-way analysis
of variance (ANOVA), followed by Tukey’s post hoc test to evaluate significant differences
between samples. Differences were considered statistically significant at p < 0.05. Statistical
analyses were performed using OriginPro (v 9.7, OriginLab Corporation, Northampton,
MA, USA).

3. Results and Discussion
The results are presented and discussed below with a focus on migration behavior, plas-

ticizer type, oxygen plasma treatment, and the influence of food simulant characteristics.

3.1. Migration Assays

Films were immersed in each simulant and incubated at 60 ◦C for 10 days for the
simulants ethanol 10%, acetic acid 3%, and ethanol 95%. During this period, the films in the
ethanol 10% and acetic acid 3% simulants exhibited visual degradation due to their high
hydrophilicity, as shown in Figure 2, making these simulants unsuitable for further analysis.
Ethanol 95% was nevertheless maintained as a food simulant in this study, despite inducing
partial swelling of the films, because it is defined in Regulation (EU) No. 10/2011 as a
fatty food simulant and is commonly used to represent a highly conservative worst-case
scenario for migration assessment. Although such conditions do not reflect typical real food
contact, they allow the overestimation of migration phenomena and facilitate the detection
and identification of potential IAS and NIAS. Therefore, an additional migration test was
performed using tenax as a solid food simulant to obtain further results and achieve a
deeper understanding of the material’s performance as a potential food packaging.

 

Figure 2. Films after 10 days of contact with ethanol 10% (A) and acetic acid 3% (B), showing matrix
dissolution.

3.2. Volatile Compounds Migration

Table 3 summarizes the volatile compounds migrated into ethanol 95% and the SM 1
are the analytical parameters for GC-MS, highlighting the influence of limonene content
and oxygen plasma treatment on terpene release. Accordingly, compounds were classified
as either confidently identified or tentatively identified NIAS, depending on the level of an-
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alytical evidence available. Ethanol 95% was retained in the study as it is recommended by
Regulation (EU) No. 10/2011 as a severe food simulant for fatty foods and is widely used to
represent worst-case migration conditions, despite its known swelling effect on hydrophilic
polymer matrices. The incorporation of limonene demonstrated a significant alteration in
the release profile of volatile and semi-volatile compounds. In control films (limonene 0%),
migration was mainly restricted to polar substances such as glycerol (22.6 ± 3.3 mg/kg)
and 1,2,3-propane-triol acetate (11.1 ± 0.9 mg/kg). However, the addition of limonene
promoted the migration of a wide range of terpenes, including limonene itself, β-pinene, γ
-terpinene, and geraniol. Migration showed a proportional increase with limonene content,
with limonene rising from 475 ± 26 mg/kg (Limonene 25%) to 808 ± 56 mg/kg (Limonene
50%). According to Nakonechnyi et al. [29], the release or migration rate of limonene
strongly depends on the nature and composition of the polymer matrix, since factors
such as the structure, polarity, crystallinity, and presence of microcracks of the material
influence the diffusion process and the output of the compound. In addition, migration
behavior is also governed by the physicochemical properties of the permeant itself. In the
case of limonene, its low molecular weight, hydrophobic character, and high affinity for
non-polar simulants favor its diffusion and partitioning into fatty media [30]. Similarly,
Nasha et al. [30] used polysaccharide matrices (CMC, pectin, and starch) to evaluate the
influence of the retention and stability of limonene and highlighted that the migration of
limonene in polysaccharide films strongly depends on the viscosity and structural integrity
of the matrix.

Table 3. Quantification of volatile migrant compounds in ethanol 95% simulant.

TR Compound Quantification
Standard

Migration Values mg/kg of Ethanol 95%

Limonene
0%

Limonene
25%

Limonene
50%

Limonene
0%—

Plasma

Limonene
25%—Plasma

Limonene
50%—Plasma

8.93 β-Pinene β-Pinene — 386 ± 28.1 534 ± 28.5 — 525 ± 48.5 724 ± 1.74
7.97 α-Pinene * β-Pinene — 142 ± 34.3 243 ± 40.5 — 145 ± 38.4 241 ± 41.2
12.91 Glycerol Glycerol 22.6 ± 3.28 14.4 ± 0.85 10.6 ± 0.22 17.7 ± 1.43 13.6 ± 1.35 13.8 ± 1.01

11.23
1,2,3-

Propanetriol,1-
acetate *

Glycerol 11.1 ± 0.9 4.64 ± 0.47 6.29 ± 3.53 13.8 ± 0.42 6.06 ± 0.28 3.59 ± 0.09

10.07 Limonene Limonene — 475 ± 26.3 808 ± 56.4 — 612 ± 49.3 827 ± 83.3

12.02 Limonene oxide,
cis * Limonene — 0.06 ± 0.02 0.09 ± 0.02 — 0.07 ± 0.01 0.07 ± 0.01

13.88 Geraniol Geraniol — 8.67 ± 1.35 31.3 ± 0.23 — 12.3 ± 2.32 22.2 ± 1.65
10.70 γ-Terpinene γ-Terpinene — 76.7 ± 6.6 269 ± 20.3 — 92.8 ± 8.03 277 ± 1.42
13.68 Citronelol Citronelol — 42.0 ± 14.3 99.6 ± 44.9 — 42.3 ± 14.1 119 ± 18.3
12.18 1-Nonanol 1-Nonanol — 1.88 ± 0.57 12.8 ± 0.13 — 1.82 ± 0.37 7.97 ± 0.49
11.41 Linalool Linalool — 7.24 ± 1.11 19.6 ± 0.32 — 9.59 ± 2.33 19.0 ± 1.52
9.30 β-Myrcene * Linalool — 17.0 ± 4.52 94.3 ± 5.96 — 27.7 ± 4.03 95.7 ± 1.94
12.83 α-Terpiniol A-Terpiniol — 72.6 ± 10.1 50.5 ± 13.7 — 83.2 ± 18.1 80.0 ± 12.53
17.38 β-Bisabolene * α-Terpiniol — 76.3 ± 4.32 124 ± 6.14 — 102 ± 8.24 115 ± 64.13
16.33 Caryophyllne Caryophyllne — 25.1 ± 1.63 40.5 ± 6.54 — 29.8 ± 3.71 34.3 ± 2.92
22.40 n-Hexadecanoic ac. n-Hexadecanoic ac. — 0.50 ± 1.20 15.2 ± 5.43 — 0.84 ± 0.36 11.2 ± 1.24
15.90 Geranil Acetate Geranil Acetate — 0.76 ± 0.06 2.16 ± 0.41 — 1.17 ± 0.09 1.23 ± 1.69

15.65 2,6-Octadien-1-ol,
3,7-dimethyl-, (Z) * Geranil Acetate — 7.57 ± 0.67 14.0 ± 0.54 — 10.9 ± 1.14 13.3 ± 0.95

21.92 7,9 Di-tert. Butyl 7,9 Di-tert. Butyl- <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
20.19 Glycyl-L-proline * Caprolactama 2.19 ± 0.16 2.38 ± 0.15 3.28 ± 0.18 2.69 ± 0.13 3.41 ± 0.12 3.03 ± 0.18
14.30 1-Decanol * 1-Octadecanol <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
12.98 Terpinen-4-ol * γ-Terpinene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

* NIAS without available reference standards were considered tentatively identified with a match > 80%.

Plasma treatment was associated with higher terpene migration, with maximum val-
ues for limonene and for β-pinene in films containing 50% limonene. Although molecular
size can influence diffusion, the observed migration behavior cannot be explained solely by
molecular weight differences between terpenes and glycerol. Instead, polarity and molecu-
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lar affinity with the polymer matrix play a dominant role. Terpenes such as limonene and
β-pinene are non-polar, low-molecular-weight compounds with a high affinity for fatty
simulants, which favors their partitioning and diffusion compared to more polar molecules
such as glycerol. Similar behavior has been reported for polysaccharide-based films, in
which the migration and retention of hydrophobic compounds strongly depend on matrix
permeant affinity and structural organization [29,30]. Moreover, plasma treatment may
have contributed to an increase terpene migration by modifying the surface morphology of
the films. Plasma-induced etching is known to increase surface roughness and effective
surface area, promoting molecular mobility and facilitating diffusion pathways [17,18].
In addition, plasma treatment can weaken intermolecular interactions within polymer
networks and induce surface activation, which could further favor the release of volatile
compounds such as terpenes [16,21].

In contrast, the migration of glycerol decreased in the presence of limonene, and
plasma resulted in comparable migration levels. This behavior can be attributed to the
higher polarity of glycerol and its strong hydrogen-bonding interactions with the polymer
matrix, which limits its molecular mobility even after plasma exposure [10,11]. Addi-
tionally, competitive interactions between glycerol and limonene within the matrix may
further restrict glycerol diffusion, reinforcing the central role of polarity and molecular
affinity in governing migration behavior. These results are consistent with the expectation
that differences in plasticizer polarity and matrix affinity govern migration behavior in
biopolymer-based films.

Several compounds, including n-hexadecanoic acid, 1-nonanol and geranyl acetate,
were detected only in samples containing limonene, probably due to ester hydrolysis or
oxidative degradation reactions induced by processing [29,30]. Despite their natural origin
and the GRAS (Generally Recognized as Safe) status attributed to many terpenes, the migra-
tion levels measured largely exceeded the overall migration limit of 60 mg/kg established
by EU Regulation No. 10/2011 [31]. However, this regulation was originally designed for
conventional plastic materials and has not been specifically adapted to natural or bio-based
polymers. This regulatory challenge highlights the need for careful interpretation of mi-
gration data, particularly under worst-case testing conditions [32]. Consequently, certain
naturally occurring substances, such as terpenes, may exceed the established limits, even
though they are commonly found in foods and ingested at much higher levels without pos-
ing toxicological risk [31]. These elevated migration values observed in this study indicate
strong solvent matrix interactions, leading to partial polymer chain dissolution and extrac-
tion of low molar mass constituents. Lopéz Sanvicente et al. [32] worked with commercial
food contact material (FCM) considered bio-based and/or biodegradable to tentatively
identify potential migrants to food. As a result, they obtained more than 200 compounds, of
which only 29 were identified compounds included in Regulation (EU) 10/2011. This find-
ing highlights the need for improved guidance regarding the interpretation of migration
data obtained under severe testing conditions.

Overall, limonene promoted the release of hydrophobic volatiles, while plasma treat-
ment was associated with an increased diffusion of terpenes. These findings reveal complex
interdependencies between film composition and surface modification, emphasizing the
importance of aligning safety assessment frameworks with the specific nature of bio-based
active packaging systems.

Isooctane migration results (Table 4 and Table S2) revealed a clear dependence between
limonene content and its migration into the simulant. Migration ranged from 0.61 mg/kg
at limonene 25% to 1.82 mg/kg at limonene 50%, while plasma-treated samples exhibited
lower limonene release, with values of 1.16 mg/kg. Oxidation derivatives of limonene,
including γ-terpinene, α-terpineol and β-pinene, were detected in the formulations con-
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taining limonene, showing higher concentrations at increased limonene contents [12,13,15].
These results confirm that the films allow the migration of lipophilic compounds as well as
volatile NIAS generated through oxidation or isomerization reactions of limonene [14,30].

Table 4. Quantification of volatile migrant compounds to isooctane simulant.

TR Compound Quantification
Standard

Migration Values mg/kg of Isooctane

Limonene
0%

Limonene
25%

Limonene
50%

Limonene
0%—Plasma

Limonene
25%—Plasma

Limonene
50%—Plasma

10.70 γ-Terpinene γ-Terpinene — 0.11 ± 0.01 0.41 ± 0.24 — 0.22 ± 0.04 0.43 ± 0.02
12.83 α-Terpiniol α-Terpiniol — 0.32 ± 0.09 0.45 ± 0.18 — 0.33 ± 0.08 0.46 ± 0.04
10.07 Limonene Limonene — 0.61 ± 0.09 1.82 ± 0.82 — 0.40 ± 0.04 1.16 ± 0.12
8.93 β-Pinene β-Pinene — 0.86 ± 0.09 0.98 ± 0.08 — 0.84 ± 0.05 0.91 ± 0.05

13.68 Citronelol Citronelol — <LOQ <LOQ — <LOQ <LOQ

15.90 Geranil
Acetate

Geranil
Acetate — <LOQ <LOQ — <LOQ <LOQ

13.88 Geraniol Geraniol — <LOQ <LOQ — <LOQ <LOQ

Other volatile compounds, such as citronellol, geraniol, and geranyl acetate, were
below the LOQ, suggesting that their formation pathways are not favored under these
conditions [29]. Overall, although total migration levels are low, limonene degradation
processes generate NIAS that should be considered in the safety assessment of these bio-
based films for contact with fatty foods.

A clear difference in migration behavior was observed depending on the fatty food
simulant used (ethanol 95% or isooctane), which is normal according to the literature [31,33].
The markedly higher migration observed in ethanol 95% should therefore be interpreted as
a conservative upper-bound scenario, as the strong solvent character of ethanol promotes
polymer swelling and can overestimate the release of low-molecular-weight compounds
compared to real fatty foods. Ethanol 95% promoted extensive migration of terpenes, with
values for limonene, β-pinene, and γ-terpinene, which exceeded the overall migration limit
of 60 mg/kg established by Regulation (EU) No. 10/2011 [31]. In this context, its use in the
present study aimed to provide conservative estimates of migration behavior, rather than
to represent realistic food contact conditions. As such, migration values obtained with this
simulant tend to overestimate the release of low-molecular-weight compounds compared
to real food systems. In contrast, migration into tenax and isooctane, which better represent
dry and fatty food contact conditions, remained well below the overall migration limit. This
indicates that the observed exceedance in ethanol 95% does not necessarily preclude the use
of these materials for specific food packaging applications, particularly for dry or low-fat
foods. These results reflect the distinct extraction capacities of the simulants [33]. Ethanol,
owing to its amphiphilic character, can swell the polymer matrix and solubilize both polar
and non-polar compounds, thereby leading to an overestimation of the potential migration
of terpenes. On the other hand, isooctane, a non-polar hydrocarbon, showed limited
interaction with the hydrophilic polymer network, resulting in low release [31,33,34].
Plasma treatment was associated with higher migration levels in ethanol, particularly
for terpenes, but presented only minor effects in isooctane. This suggests that surface
modifications are more relevant under polar conditions, where polymer solvent interactions
are stronger.

From a regulatory perspective, the comparison of the measured migration levels with
the overall migration limit (OML) when ethanol 95% was used as food simulant should
be interpreted within the context of a conservative worst-case assessment. Ethanol 95%
strongly interacts with hydrophilic biopolymer matrices, promoting swelling and extrac-
tion of low-molecular-weight compounds, and therefore tends to overestimate migration
relative to real food systems. In contrast, migration results obtained with isooctane and
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tenax, which are considered more representative of fatty and dry food contact, respectively,
were well below the OML, indicating a substantially lower migration potential under
more realistic conditions. Accordingly, the OML exceedance observed under worst-case
conditions does not necessarily preclude the use of these materials but rather indicates that
their potential applications should be carefully defined, favoring dry or low-fat foods and
requiring case-specific assessment for contact with fatty foods.

Table 5 summarizes the volatile compounds migrated into tenax, providing insight
into the behavior of NIAS and IAS under dry-food simulant conditions. Migration tests
revealed the presence of both IAS and NIAS in all formulations (Tables 5 and S3). Glycerol
was the main intentionally added plasticizer detected, and its migration was not noticeably
influenced by the partial substitution with limonene. Limonene was released in low
concentrations from films containing limonene, confirming its limited stability and release
under the applied conditions.

Table 5. Quantification table of volatile migrant compounds to tenax simulant.

TR Compound Quantification
Standard

Migration Values mg/kg of Tenax

Limonene
0%

Limonene
25%

Limonene
50%

Limonene
0%—Plasma

Limonene
25%—Plasma

Limonene
50%—Plasma

12.91 Glycerol Glycerol 2.68 ± 0.67 2.62 ± 0.87 2.15 ± 0.96 2.20 ± 0.69 2.52 ± 0.28 2.51 ± 0.43

11.23
1,2,3-

Propanetriol,
1-acetate *

Glycerol 1.11 ± 0.59 0.56 ± 0.06 2.61 ± 0.87 1.94 ± 0.13 0.52 ± 0.09 0.22 ± 0.04

10.07 Limonene Limonene — 0.17 ± 0.03 0.27 ± 0.04 — 0.06 ± 0.06 0.11 ± 0.08
13.88 Geraniol Geraniol — 0.15 ± 0.01 0.19 ± 0.09 — 0.08 ± 0.17 0.13 ± 0.03
13.68 Citronelol Citronelol — 0.12 ± 0.05 0.11 ± 0.06 — 0.10 ± 0.09 0.09 ± 0.02
12.83 α-Terpiniol α-Terpiniol — 0.02 ± 0.01 0.02 ± 0.01 — 0.01 ± 0.01 0.01 ± 0.01

21.92 7,9 Di-tert.
Butyl

7,9 Di-tert.
Butyl <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

12.02 Limonene
oxide, cis * Limonene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

10.70 γ-Terpinene γ-Terpinene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
12.75 Terpinen-4-ol * γ-Terpinene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

* NIAS without available reference standards were considered tentatively identified with a match > 80%.

Several derivatives were also identified, as shown in Table S3. The detection of
1,2,3-propanetriol, 1-acetate in all samples, particularly in the limonene 50% formulation,
suggests chemical modification of glycerol during processing, probably due to acetyla-
tion or dehydration reactions. Moreover, the appearance of geraniol, citronellol, and
α-terpineol exclusively in limonene containing films indicates oxidative or isomerization
pathways of limonene, as observed before, in agreement with the literature on terpene
degradation [29,30]. Although their concentrations were low, their presence confirms that
limonene can generate NIAS when incorporated into biopolymer matrices.

Plasma-treated films exhibited migration profiles comparable to the untreated ones,
with slightly lower concentrations of limonene and its derivatives. Although these differ-
ences are small, they may indicate partial plasma-induced oxidation or surface modification,
which could promote either volatilization or immobilization of limonene and its oxidation
products within the polymer matrix [13,14]. In contrast, glycerol migration remained largely
unaffected by plasma treatment, likely due to its strong affinity for the polymer network
and its intrinsic mobility in dry simulants such as tenax. Overall, these results suggest that
while glycerol migration is relatively stable and predictable, the incorporation of limonene
introduces minor but detectable chemical transformations, generating additional NIAS
through oxidation or rearrangement pathways. Even though their migration levels are
low, the formation of these compounds highlights the chemical sensitivity of terpene-based
additives during processing and post-treatment steps. Therefore, migration results ob-
tained with tenax and isooctane are more representative of practical food contact scenarios
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and were considered particularly relevant for evaluating the potential applicability of the
developed films.

3.3. Non-Volatile Compounds

No migration of non-volatile IAS or NIAS was detected in the samples analyzed under
the applied experimental conditions. When ethanol 95% was used as a food simulant, the
extensive release of volatile compounds largely exceeded regulatory limits, and therefore
the analysis of non-volatile compounds in this simulant was not further pursued, as the
material behavior was dominated by solvent-induced swelling effects. For isooctane (shown
in the Figure 3) and tenax simulants, UPLC-QTOF-MS analysis did not reveal the presence
of non-volatile migrants when compared with the corresponding blank chromatograms.
Under the applied analytical conditions, the method exhibited sufficient sensitivity for the
detection of non-volatile compounds typically reported in food contact material studies;
however, no additional signals attributable to the analyzed materials were observed.

 

Figure 3. Chromatograms after migration to iso-octane for the samples, where the top trace cor-
responds to the control (isooctane alone) (A), the middle to limonene 50% (B), and the bottom to
limonene 50%—plasma (C).

This behavior can be explained by several complementary factors, including the
marked difference in polarity between potential migrants, such as polar oligomers derived
from gelatin, cellulose, or glycerol, and the predominantly non-polar nature of isooctane,
which makes migration thermodynamically unfavorable, as previously reported for PLA
oligomers in liquid simulants [31,33,35]. In addition, strong intermolecular interactions
within the hydrophilic biopolymer matrix restrict molecular mobility and limit the diffusion
of larger or more polar NIAS [36]. Finally, although tenax is an efficient sorbent for volatile
compounds, its capacity to retain non-volatile substances that do not readily vaporize is
limited [37–40].

Overall, these findings indicate that the tested biopolymer formulations are unlikely
to release detectable IAS or NIAS under the conditions studied, supporting their potential
suitability as safe materials for food packaging applications.

3.4. Antioxidant Assay

The antioxidant activity assay, Table 6, demonstrated that the incorporation of
limonene conferred significant antioxidant capacity to the films. Films with 25% and
50% limonene reached antioxidant activities of 51.78% and 77.38%, respectively, confirming
a statistically significant dose-dependent effect of the bioactive compound (p < 0.05). This
result is consistent with the well-documented antioxidant properties of monoterpenes, par-
ticularly limonene, which can neutralize hydroxyl radicals and delay oxidative processes.
According to Viana et al. [41], the antioxidant activity of limonene arises primarily from its
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ability to donate hydrogen atoms. The allylic hydrogens present in limonene are readily
abstracted by free radicals, leading to radical stabilization and subsequent termination of
oxidative chain reaction.

Table 6. Antioxidant capacity in percentage of the samples.

Formulation Antioxidant Capacity (%)

Limonene 0% 0 a

Limonene 25% 51.78 ± 5.82 a

Limonene 50% 77.38 ± 7.53 c

Limonene 0%—Plasma 0 a

Limonene 25%—Plasma 65.87 ± 8.24 c

Limonene 50%—Plasma 83.86 ± 6.36 d

Different superscript letters within the same column indicate statistically significant differences (p < 0.05).

Plasma treatment resulted in a statistically significant enhancement of the antioxidant
activity of films containing limonene (p < 0.05), increasing the antioxidant capacity to
65.87% and 83.86% for the 25% and 50% limonene formulations, respectively. In contrast,
plasma treatment did not induce antioxidant activity in films without limonene, indicating
that the observed effect is associated with the presence of the bioactive compound. The
enhancement observed after plasma treatment may be attributed to a synergistic effect
between the intrinsic antioxidant properties of limonene and plasma-induced surface
modifications. Plasma exposure can promote the formation of additional hydrophilic
functional groups, such as hydroxyl and carbonyl groups, which may contribute to the
scavenging of reactive radical species.

A comparable effect was reported by Basak and Annapure [42] for apple pectin mod-
ified by cold atmospheric-pressure plasma, where antioxidant capacity increased with
plasma exposure time. The authors associated this behavior with the incorporation of
oxygen-containing functional groups generated by reactive oxygen and nitrogen species
(ROS and RNS) during plasma treatment. In plasma systems, ROS and RNS are primarily
generated from the ionized working gas; however, their formation can also be promoted
upon exposure of activated surfaces to ambient air. In the present study, such surface reac-
tions may have occurred within the gelatin/xanthan gum/cellulose matrix, contributing
to the observed enhancement in antioxidant performance. Taken together, the results of
the migration assays, NIAS screening, and antioxidant evaluation provide an integrated
view of the performance safety balance of plasma-treated biopolymer films. By combining
surface modification, formulation effects, and the use of different food simulants, this study
highlights how processing and testing conditions jointly influence migration behavior and
functional properties, rather than focusing on a single isolated parameter.

4. Conclusions
The migration behavior of plasticizers and their derivatives from the films studied were

shown to be strongly influenced by both the polarity of the food simulant and the chemical
nature of the plasticizer under the experimental conditions evaluated. The incompatibility
of the formulations with aqueous simulants was evidenced by the perceptible dissolution
of the polymer matrix, indicating a pronounced sensitivity of these biopolymeric systems
to highly hydrophilic environments. Glycerol predominantly migrated into hydrophilic
media, whereas limonene and its volatile derivatives exhibited higher migration levels in
fatty simulants, highlighting the central role of molecular polarity and matrix simulant
affinity in governing migration behavior. Surface modification by oxygen plasma resulted
in modest changes in migration profiles, particularly for volatile terpenes, depending on
the simulant employed.
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Although overall migration levels were low under most of the tested conditions, the
formation of non-intentionally added substances (NIAS), especially those arising from
limonene degradation or transformation, underscores the importance of considering ad-
ditive chemical stability and processing effects when assessing the safety of bio-based
films for food contact applications. These findings are particularly relevant given that
migration phenomena and NIAS generation in biopolymeric packaging materials remain
comparatively underexplored.

In parallel, the incorporation of limonene conferred antioxidant functionality to the
films, and this effect was further enhanced by plasma treatment in formulations containing
the bioactive compound, providing an additional functional benefit beyond migration
behavior. The comparison of the measured migration levels with the regulatory overall
migration limit threshold under worst-case conditions emphasizes the importance of defin-
ing appropriate food contact applications, rather than indicating a general unsuitability of
the material.

Overall, the results indicate that film composition, surface modification, and simulant
characteristics jointly influence migration behavior and functional performance. This
highlights the need for comprehensive, case-specific assessments in the development of
biopolymer-based food packaging materials. In this context, the present study also points to
limitations of current regulatory frameworks, originally developed for conventional plastics,
in fully capturing the specific behavior of biopolymeric and bioactive packaging systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods15050867/s1, Table S1. Table of analytical parameters for
the quantification of volatile compounds in ethanol 95% food simulant. Table S2. Table of analytical
parameters for the quantification of volatile compounds in isooctane food simulant. Table S3. Table
of analytical parameters for the quantification of volatile compounds in ethanol.
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