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Abstract: Different analyses and feasibility studies have been conducted on the plant extracts of
thyme (Thymus vulgaris), European horse chestnut (Aesculus hippocastanum), Nordmann fir (Abies
nordmanniana), and snowdrop (Galanthus elwesii) to evaluate bio-based alternatives to common petrol-
based stabilisers. For this purpose, in this study, plant extracts were incorporated into poly-lactic acid
films (PLA) at different concentrations. The films’ UV absorbance and migration into packed food
was analysed via photometric assays (ABTS radical cation scavenging capacity assay, β-carotene
assay) and GC–MS analysis. Furthermore, the synergistic antioxidant effects of various combinations
of extracts and isolated active compounds were determined. This way, antioxidant effects can be
increased, allowing for a highly effective use of resources. All extracts were successfully incorporated
into PLA films and showed notable photoabsorbing effects, while no migration risk was observed.
Depending on extract combinations, high synergistic effects of up to 726% can be utilised to improve
the effectiveness of bio-based extracts. This applies particularly to tomato paste and Aesculus
hippocastanum extracts, which overall show high synergistic and antioxidant effects in combination
with each other and with isolated active compounds. The study shows that it is possible to create safe
bio-based antioxidant films which show even improved properties when using highlighted target
combinations.

Keywords: bio-based; food contact material; migration; stabilisation; additive; synergistic effect;
formulation; UV absorbance; antioxidant; photostabiliser

1. Introduction

The need for environmentally friendly solutions to everyday problems is ubiqui-
tous [1]. This particularly applies to products used in large scales, such as plastic packaging
materials [2–4]. Next to the main plastic material, a variety of different active substances,
so-called additives, are processed in food packaging to adjust the properties of the material
and create a packaging with the specific attributes needed for their application, including,
but not limited to, antioxidant, photostabilising, and antimicrobial activities. As well as
most plastics themselves, additives are typically fossil-based and can thus constitute a
threat to both human and environmental health [5,6]. Thus, approaches were and are made
to provide plant-based, bioactive alternatives to those additives. For those alternatives,
bioactive properties such as UV-absorbing and antioxidant effects have been reported in
the literature [7–12].

In previous works, we identified different local biomasses presenting a particular
potential for the preparation of bio-based additives, including common thyme leaves
(Thymus vulgaris L.) [7], European horse chestnut seed coats (Aesculus hippocastanum L.) [9],
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snowdrop leaves (Galanthus elwesii HOOK.F.) [11], and aerial parts of Nordmann firs (Abies
nordmanniana (STEV.) SPACH) [8].

Thymus vulgaris (TV) is an aromatic and medicinal plant, well known for its medical
benefits and antimicrobial activities [13–20]. Furthermore, an enormous antioxidant effect
of thyme in both hydrophilic and lipophilic surroundings, caused mainly by the active
substance, thymol, has been observed in several studies. This can indeed be used, for ex-
ample, to extend the shelf life of food products by active packaging [7,21–26]. Furthermore,
a strong UV-absorbing effect of thyme extracts, based particularly on the main component
thymol, has been reported [7,11].

The European horse chestnut (Aesculus hippocastanum (AEH)) is a common ornamental
tree in Europe. Furthermore, the inner fragments of AEH seeds are used for the extraction
of phytochemicals; usually, the remaining seed coats are discarded. As shown in previous
works, these seed coats contain macromolecular proanthocyanidins that can be easily
extracted [9]. The prepared hydrophilic (water and acetone, 1:1) extracts show strong
antioxidant, antimicrobial, and UV-absorbing effects. The possible valorisation of other-
wise discarded raw materials and the macromolecular character of the active substances
constitute their special potential for use as an ecological food packaging additive.

Snowdrops are widespread ornamental plants and produce different secondary
metabolites, including the lipophilic compound α-tocopherol (or vitamin E), which is
not only safe but essential for human health in moderation, and shows a high antioxidant
potential [27–29]. In a previous study, heptane extracts of different snowdrop species
were analysed with regard to antioxidant capacity and α-tocopherol content, resulting in
Galanthus elwesii (GE) showing a significantly higher antioxidant effect [11]. Our study
demonstrates the use of extracts prepared from leaf extracts of the same species as bio-
based antioxidants in packaging. This approach is highly promising as experiments using
synthetic α tocopherol solutions for active packaging applications have already been
successful [30].

Nordmann firs (Abies nordmanniana (AN)) are the most popular Christmas trees in
Germany; in 2019, approximately 23–30 million Christmas trees were sold in Germany,
and approximately 75% of those were Nordmann firs, followed by blue spruces and other
spruces [31,32]. Nordmann fir leaves contain antioxidant compounds such as ascorbate
and α-tocopherol; the essential oil prepared from the AN leaves shows considerable an-
timicrobial effects against different Bacillus cultures, Pseudomonas aeruginosa, Enterobacter
aerogenes, and partly against Staphylococcus aureus [13,33–35]. Further antioxidant com-
pounds, including flavonoids and phenolic acids, such as catechin isomers and gallic acid,
are found in AN bark [36]. Substantial antioxidant and UV-absorbing effects have been
confirmed in a recent study on different coniferous wood species and the impact of using
different fragments and drying setups before extraction by acetone [8]. The study showed
that even used Christmas trees could be utilised to prepare extracts with the previously
mentioned properties, making Nordmann firs a valuable resource for sustainable additive
production. This could be a further step towards a circular economy.

In the present study, previously analysed biomasses and developed extraction meth-
ods were implemented to evaluate the actual possibility, and indicate the potential benefits,
of using bio-based additives as packaging stabilisers. For this purpose, the extracts were
incorporated into poly-lactic acid films (PLA) in different concentrations, observing the
homogeneity and optical properties of the films. For maximum concentrations of extracts
with acceptable characteristics, the antioxidant properties of the films were determined.
Furthermore, migration studies, as according to EU regulation 10/2011 for food contact
materials (FCM) [37], were conducted on those films to ensure the possible application of
bio-based additives was in compliance with legislation. To encourage an ideal, efficient use
of extracts for specific applications, synergistic effects were analysed. That way, the result-
ing antioxidant effect could be maximised by combining different extracts or substances
that enhance each other’s effects when combined, and thereby exceed the expected effect.
For synergistic analysis, GE extract was replaced by an extract prepared from tomato paste
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to evaluate the interaction of the contained lycopene, a carotenoid with a high antioxidant
effect [38,39].

2. Materials and Methods
2.1. Chemicals and Instrumentation

A Perkin Elmer Lambda 25 double-beam spectral photometer was used to conduct
ABTS and β-carotene assays for synergistic examinations and an analysis of migrates.
For the determination of UV/Vis absorbance and antioxidant capacity of PLA films, an
Agilent Cary 60 dual-beam spectral photometer and a fiber optic probe were used. Mi-
grates were analysed using an Agilent 8890 GC system, coupled with an Agilent 5977B
MSD mass spectrometer. Gallic acid, quercetin dihydrate, and dipotassium hydrogen
phosphate were purchased from Alfa Aesar (Karlsruhe, Germany), whereas 2,2′-azino-
bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), acetic acid, and Trolox were purchased
from AppliChem GmbH (Darmstadt, Germany), Bernd Kraft (Duisburg, Germany), and
Cayman Chemical Company (Ann Arbor, MI, USA), respectively. Virgin native olive
oil and tomato paste were obtained from a local distributor. Thymol, L(+)-ascorbic acid,
n-heptane, ethanol, methanol, and acetone were obtained from VWR International, Darm-
stadt, Germany. Hydrogen peroxide, potassium dihydrogen phosphate, sodium acetate,
and dichloromethane were purchased from Merck KGaA, Darmstadt, Germany. Linoleic
Acid and β-carotene were obtained from Thermo Fisher Scientific (Waltham, MA, USA),
while α-tocopherol, polysorbate, and Tenax porous polymer adsorbent were purchased
from Sigma Aldrich (St. Louis, MO, USA). Poly-lactic acid pellets (PLA) were provided by
Bio-Fed, Cologne, Germany.

2.2. Preparation of Extracts

During the study, different biomasses were extracted. TV and GE biomasses were
cultivated and provided by staff of the Faculty of Agriculture, University of Bonn, while
AEH seed coats were kindly provided by the company, Finzelberg. AN samples were
kindly provided by Hof Große Wöstmann, Rinkerode, Germany, and were approved by
staff of the Faculty of Agriculture, University of Bonn.

General extraction methods for AEH [9], GE [11], and AN [8] extracts are described
by Havelt et al., but some modifications were made. To ensure better miscibility with
other film preparation chemicals, AEH extracts were prepared using methanol instead of a
mixture of water and acetone as an extraction solvent. After conducting successful pretests
on optimum extraction characteristics, TV extracts were prepared by applying a passive
extraction setup inspired by the techniques described by Havelt et al. [8,9]. This setup
allowed for a higher throughput of extracts, thus supporting the introduction of bio-based
extracts in industrial processes. Dried TV leaves were ground in a cutting mill, infused
with 10 mL methanol per g of dried biomass, and the extraction vessel was shaken for four
days under the exclusion of light. Tomato paste (TP) extracts were prepared by applying
2.5 mL acetone to 1 g TP. The extraction vessel was then briefly shaken and centrifuged for
10 min before collecting the supernatant and filling it up to a total volume of 10 mL using
acetone.

2.3. Preparation of PLA Films

The PLA films were prepared following the solvent cast method ([40], modified).
Exactly 0.5 g of PLA pellets were dissolved in 10 mL dichloromethane while stirring. To
produce films equipped with plant extracts, such extracts were added to the PLA solution
in an appropriate proportion relative to the PLA pellets. Afterwards, the PLA solution was
cast on a glass surface, such as petri dishes, and the solvent was fully evaporated at room
temperature. This was necessary for the film to gain the desired mechanical properties,
and to ensure that no potentially harmful solvent or extractant residues were present.
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2.4. Evaluation of Homogeneity via Determination of UV/Vis Absorbance

The UV/Vis absorbance and homogeneity of the prepared PLA films was determined
using the Agilent Cary 60 dual-beam spectral photometer, equipped with a Xenon light
source, which covers both the visual and the UV range. In contrast to typical photometers,
which are equipped with two different light sources for UV and visible range, this allowed
for the measurement of samples without ambient light interfering with the measurement.
This flexibility made it possible to easily measure bigger and more complex samples such as
PLA films. Instead of a cuvette, each PLA film was introduced into the sample beam, while
a UV/Vis spectrum in the range of 240–800 nm was recorded. Three films were prepared
per extract concentration, with every film being measured at three different positions that
were equally spread across the film area. This allowed for the determination of a mean
UV/Vis spectrum per extract type and concentration and revealed possible turbidities
within the films. For the evaluation of homogeneity, the variance was determined; if the
films showed a high inhomogeneity, this would result in a comparatively high variance.

2.5. Preparation of Migration Samples and Migration Analysis via Gas Chromatography Coupled
with Mass Spectrometry (GC–MS)

For migration analysis, films with different concentrations of extracts, as well as blank
films containing no extract, were cast as described above and transferred into adequate
migration vessels. Afterwards, an appropriate amount of different food simulants was
filled into the vessels (0.6 mL for liquid simulants, 400 mg for Tenax). Migration analysis
was conducted, allowing single-sided migration only. In accordance with [37], a mixture of
ethanol and water (1:10, v/v; simulant A), 3% acetic acid (3:100, m/v; simulant B), olive oil
(simulant D2), and Tenax (simulant E) were used as food simulants. After applying the
food simulants to the films and sealing the vessels, the samples were stored for 10 days at
20 ◦C, 40 ◦C, and 60 ◦C, respectively. These conditions allowed for short-period analysis of
long-time storage and of different storage conditions that are considered food-safe when the
legal limits are met for corresponding accelerated conditions [37]. For example, successful
low-migration storage for 10 days at 60 ◦C enabled storage for more than 6 months at
room temperature or when refrigerated or frozen, while successful migration tests at 20 ◦C
allowed for frozen storage only.

Migration was evaluated using GC–MS and the ABTS assay described below. All Tenax
samples (E) were transferred into liquid samples by desorbing the migrated compounds
into 2.5 mL of the solvent used for the respective biomass extraction. For GC–MS analysis,
1 µL of sample solution was heated to 250 ◦C and introduced onto an Agilent HP-5MS UI
column (30 m × 320 µm, 0.25 µm film thickness). The temperature of the column oven
started at 75 ◦C and, after 1 min, increased to 325 ◦C at 7 ◦C min−1, before holding the final
temperature for 15 min (30 min for D2 samples). For aqueous samples A and B, injection
was performed in pulsed pressure mode, allowing aqueous samples to be rapidly heated
without exceeding the liner volume. This GC–MS setup allowed for a sensitive non-target
screening of migration samples. Furthermore, chromatograms were interpreted, paying
special attention to significant masses associated with expected main compounds included
in extracts, to prevent migrate signals being covered by noise.

2.6. Photometric Assays

The total antioxidant capacity (TAC) in hydrophilic surroundings (hyTAC) was de-
termined via ABTS radical cation (ABTS•+) scavenging capacity assay (ABTS assay, based
on [41]) for both raw extracts and PLA films by monitoring the decolourisation reaction
of ABTS radical cations. For synergism analysis of extracts, the method was performed
according to the literature [8,9] while using the wavelength λ = 734 nm and a classic double
beam spectral photometer. Depending on the application, the absorbance was also moni-
tored using a fiber optic probe coupled with a dual-beam spectral photometer, allowing for
a more flexible measurement protocol.
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The method to determine the TAC in lipophilic surroundings (liTAC) for synergism
analysis via β-carotene assay (λ = 470 nm) was performed according to the literature [11].
If applicable, the fibre optic probe could be used again to profit from a more flexible
experiment design.

2.7. Determination of Synergistic Effects

Synergistic effects are a substantial part of overall antioxidant effects observed for
natural samples [42]; thus, their analysis is necessary to allow effective applications of
plant-based stabilisers. As described in the literature [43], synergistic effects are defined
as effects that are higher when combining different active agents in comparison to the
sum of the effects of those different agents applied separately; a negative synergistic effect
is defined as an antagonistic effect. Thus, the extracts and isolated active compounds
(IACs) used in this study were measured separately and in varying concentrations (to take
dose–response relationships into account) using hyTAC and liTAC assays. Furthermore,
the extracts and/or IACs were measured in the same concentrations but combined with
each other to determine whether synergistic or antagonistic effects were observable. To
analyse both, synergisms between different extracts (cross-extract synergism, Section 3.2.1)
and between extracts and IACs (IAC–extract synergism, Section 3.2.2) that are well-known
for their antioxidant effect were analysed.

The extracts covered in the present synergism study were AEH, TV, AN, and commer-
cial tomato paste (TP) extracts, which include carotenoids such as the highly antioxidant
compounds lycopene and β-carotene [38,39,44]. Ascorbic acid (AA), gallic acid (GA),
quercetin (Qu), thymol (Th), and α-tocopherol (To) were used for IAC–extract synergism
analysis, expanding the analysed range of natural antioxidants. For evaluation, the antici-
pated value or “base value” is defined as the calculated sum of the effect of two individual
active components or extracts. Those base values are corrected by the positive (synergistic)
or negative (antagonistic) effects observed via measurement.

3. Results and Discussion
3.1. Formulation and Analysis of Enriched PLA Films

To evaluate the practical potential of bio-based enrichment of PLA films, exemplar
films were produced with different types (TV, AEH, GE, AN) and amounts of extracts
before analysing homogeneity, UV/Vis absorbance, and the antioxidant capacity of the
films. The five different concentrations applied were 0.2, 0.3, 0.4, 0.6, and 1.0 mL extract
per g PLA, corresponding to 1%, 1.5%, 2%, 3%, and 5% (v/v) during film preparation.
To clarify further discussions, the films are described as F1 (1%), F2 (1.5%), F3 (2%), F4
(3%), and F5 (5%). As the density of the used organic extractants was approximately
0.7–0.8 g mL−1, the applied extract concentrations ranged from approximately 0.15% to
0.8% (w/w). This reflects the proportion of antioxidants of approximately 0.05–1.0% (w/w)
typically incorporated into polymers [45].

UV/Vis absorbance was used to evaluate whether the UV absorbance determined for
pure extracts could still be observed after incorporating those extracts into PLA films, thus
pointing out whether a transition of desired properties from the extracts to the films was
successful. Additionally, UV/Vis spectra of PLA films include information on whether
visible light transmission is generally hindered, such as by turbidities, by showing a high
absorbance in the whole visible range. Furthermore, UV/Vis absorbance can be used to
determine film homogeneity, which is a key characteristic for chemical and mechanical
applications. If stabilisers accumulate in a distinct area of the film, a shortage of stabilisers
is thus caused in other film areas. In the areas lacking stabilisers, oxidative stress or UV
light can easily cause material deterioration, which then affects the whole film [46–48].
Such inhomogeneous films can thus lead to cosmetic changes or even the mechanical
failure of plastic components. Homogeneous film preparation was thus considered an
important parameter. The homogeneity was determined using the variance of maximum
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UV absorbances within replicate films to measure whether UV absorbance (caused by the
added stabilising extracts) is evenly distributed within the film.

For food contact materials, migration studies are substantial as no relevant transition
of packaging components, such as stabilisers, into packed foodstuff must be observed.
Thus, migration studies according to EU regulations [37,49] were followed to evaluate the
suitability of those extracts in PLA systems for food contact applications. For this purpose,
the stabilised PLA films were brought into contact with different food simulants as required
by law [37,49]. As migration is more likely to happen for small volatile compounds [50,51],
it was monitored using GC–MS to detect and identify migrating compounds. While the
migration of compounds with a higher molecular weight (which evade detection via
GC–MS) was unlikely, hyTAC assays (ABTS radical cation scavenging capacity assays)
were further conducted for food simulants to determine the antioxidant potential of food
simulants, and thus ensure that no relevant migration of high-molecular active substances,
e.g., proanthocyanidins, which are included in AN and AEH extracts [8,9], occurred.

3.1.1. UV/Vis Absorbance

As depicted in Figure 1, TV, AEH, and AN films show a relevant absorbance in the
UV range, while GE films do not show interpretable absorbances, which is supported by
the results of previous experiments [11]; thus, GE results are not shown. AN films showed
peak absorbances of approximately 0.18 A (F2) and 0.12 A (F1) below circa 280 nm; non-
enriched films reached approximately 0.1 A. For higher wavelengths, particularly higher
than 340 nm, no difference to non-enriched PLA films was observed. Films with higher AN
extract concentrations showed a much higher peak absorbance of up to 0.53 A; however, the
absorbance in the visible range increased as well, indicating typically unwanted turbidity.
This could also indicate a radical change in material properties, supporting the maximum
ideal concentration for F2 found in 3.1.1. For AEH films, a higher peak absorbance of
approximately 0.14 A (F1) to 0.25 A (F3) was reached up to approximately 295 nm, with the
absorbance decreasing up to a wavelength of 400 nm. No relevant absorbance was observed
in the visual range for F1–F3 films. For F4 and F5, a further increase in UV absorbance was
detected (up to 0.32 A), accompanied by an absorbance of approximately. 0.15–0.2 A in
the whole visible range, again indicating turbidity and possible drastic material changes.
As described by Havelt et al. [8,9], both AN and AEH extracts include proanthocyanidins,
which are macromolecular polyphenols and presumably cause the UV absorbance in both
extracts’ films surpassing the blind film absorbance. TV films generally showed a broader
and higher UV absorbance with approximately 0.23 A (F1)–0.64 A (F5) at its first maximum
(280 nm), and approximately 0.18 A (F1)–0.46 A (F5) at its second maximum (335 nm); the
determined maximum ideal formulation for F3 showed an absorbance of approximately
0.32 A and 0.23 A at both maxima. The increased absorbance was primarily caused by
thymol and carvacrol [7,52,53] and, presumably, by other included terpenoids. For all
concentrations, absorbance in the visible range was detected, particularly at approximately
670 nm and below approximately 520 nm, while no strict turbidity was observed.

In general, the formation of turbidity can be assumed when the absorbance over the
whole analysed range, particularly in the visible range where analytes usually show limited
absorbance only, is disproportionately increased when compared to known absorbances,
such as in UV range. This is the case when the polymeric system is disrupted due to
interferences caused by high concentrations of foreign substances, in this case, extracts.

The threshold of visible disturbance is dependent on the type of foreign substances;
therefore, the observed differences between the different extracts are plausible.

The results suggest maximum ideal formulations of F2 for GE and AN extracts (0.3 mL
extract per g PLA), and F3 for TV and AEH extracts (0.4 mL extract per g PLA), as turbidities
can occur when applying higher concentrations of extracts for all except TV extracts. Due
to only limited turbidites observed for all TV extract concentrations, an application of
higher TV extract concentrations might be possible and worthwhile. All determined
UV/Vis spectra closely resembled the ones of the sole respective extracts presented in the
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literature [7–9,11], showing that the incorporation of extracts successfully introduced the
property of UV absorbance into PLA films.

Figure 1. UV/Vis absorbance spectra of three different plant-based extracts. Ninefold determination (three films with three
measurements conducted at random locations of each film). (a): Abies nordmanniana (AN) extract; (b): Aesculus hippocastanum
(AEH) extract; (c): Thymus vulgaris (TV) extract.



Processes 2021, 9, 1838 8 of 20

3.1.2. Film Homogeneity Analysis

To evaluate the highest possible concentration of extracts while maintaining homoge-
neous film properties, the produced films were assessed regarding their homogeneity by
determining the UV/Vis spectra of three replicate films at three random positions of the
film. The variances (squared standard deviation) of those measurements were determined
by measuring the maximum UV absorbances of the different samples, as displayed in
Figure 2. In general, the variance increases alongside the concentration of the incorporated
extract. However, the variance of TV films increased until F4, while showing no further
increase after F4. In contrast, a low variance was observed for AEH films F1–F3, rapidly
increasing for F4 and F5. AN films presented a similar course with F1 and F2 showing a
comparably low variation which increases for F3–F5. For GE films, no satisfactory data
were obtained as GE films generally show very little UV absorbance. However, F2 was
deemed the GE film with the highest extract concentration while maintaining homogeneity
based on visual evaluation. Examples of films showing different stages of homogeneity are
depicted in Figure 3, and photographs for all films are displayed in Table S1.

Figure 2. Variance within the UV absorbance of three different plant-based extracts at peak maximum. Ninefold deter-
mination (three films with three measurements conducted at random locations of each film). mA: milli absorbance units.
(a): Thymus vulgaris (TV) extract; peak maximum at λ = 283 nm; (b): Aesculus hippocastanum (AEH) extract; peak maximum
at λ = 274 nm; (c): Abies nordmanniana (AN) extract; peak maximum at λ = 275 nm.

Figure 3. Examples of cast PLA films including different concentrations of Abies nordmanniana extract, resulting in varying
degrees of inhomogeneity and turbidity. (a): F1 (0.2 mL extract per g PLA); (b): F4 (0.6 mL extract per g PLA); (c): F5 (1.0 mL
extract per g PLA).
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Following the approach of determining the highest possible extract concentration to
conduct further analysis on without considerably affecting homogeneity, F2 films (1.5%
v/v during preparation, 0.3 mL extract per g PLA) were considered the maximum ideal
formulation for GE and AN films, while the maximum ideal formulation for films enriched
with TV and AEH extracts was deemed F3 (2% v/v during preparation, 0.4 mL extract per
g PLA), as justified by the contextual variance. These results are supported by the results
presented in Section 3.1.1, in which turbidities were observed for extract concentrations
exceeding the determined maximum ideal formulations. However, the variance observed
for TV films was particularly low in comparison to other extracts, again possibly allowing
for an incorporation of higher extract concentrations as well.

The investigated extracts were applied in comparable dimensions with other plant-
based extracts discussed in the literature, such as olive leaf extracts applied at approxi-
mately 3 g extract per g PLA, or horseradish extract incorporated with approximately 2 g
per g PLA [45,54,55].

3.1.3. Migration Analysis

In the following section, film analysis following EU regulations 10/2011 and 1935/2004
on food contact materials is evaluated. After selecting the ideal formulation (F2 for GE and
AN extracts, F3 for TV and AEH extracts), bringing the dried films into contact with food
simulants, and storing the sealed film samples for 10 days at different temperatures, the
food simulants were removed from the film samples and analysed via GC–MS to evaluate
the possible migration of extract components during storage. GC–MS methods appro-
priate for analysis of expected compounds were modified to improve higher sensitivity.
Furthermore, as GC–MS was not suitable for detecting all extract components including
macromolecular AEH and AN constituents [8,9], the samples were analysed by the photo-
metric hyTAC method to determine whether antioxidants migrated into food simulants
regardless of molecular weight. This method was capable of quantifying 17 mg Trolox
equivalents per L, resembling the minimal contents of AEH or AN extracts. In the case of
solid food simulant E, tenax, a solvent desorption method, was developed during pretests.
Both analysis methods did not show any signals indicating migration, suggesting that no
relevant migration has occurred. This is particularly reasonable for AEH and AN extracts
as small molecules in general tend to diffuse more than molecules with a higher molecular
weight; thus, a notably low migration is expected for AEH and AN extracts. Depending on
their interactions with the PLA matrix, a higher migration rate could have been possible
for TV and GE extracts. The findings are supported by the formulation experiments on
TV extracts, which show that the limit of TV incorporation (based on optical properties)
might not even be reached yet. Low migration of plant-based materials in PLA matrices,
excluding highly concentrated essential oils, are observed in the literature as well [56,57].
Following the obtained results, all extracts are considered safe for food packaging when
applied in the given dosage and matrix [37]. This does not only apply to short-term storage
or storage at low temperatures, but also covers long-term storage at room temperature,
considerably expanding the possible range of applications for bio-based stabilisers. As
various studies report the good active packaging properties (the controlled release of active
substances into packed foodstuff) of, for example, TV essential oils or GE extracts [30,58,59],
the actions of plant-based stabilisers are highly dependent on the type of incorporation
within the material. Typically, extracts or essential oils are not directly incorporated into
macroscopic plastic materials but are applied, for example, as parts of nanocomposites,
nanofibers, or similar structures, thus promoting a release of the substances into the food-
stuff instead of binding them within the packaging material [30,58]. Furthermore, higher
proportions of extracts or highly concentrated essential oils are used [59], again resulting
in a higher migration as intended for active packaging applications.
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3.2. Analysis of Extract Synergism

For practical applications, it is crucial to examine the interactions of stabilisers to avoid
antagonistic effects in which the combination of two active substances results in an (partly)
inhibition and an effect smaller than anticipated. Ideally, synergistic effects can be observed
and utilised in which two active substances or extracts interact positively, resulting in
observed effects that surpass the ones anticipated [43]. Thus, synergism analysis displays
whether the combination of active substances shows the same quantifiable effect as the
sum of effects observed for the individual active substances suggests.

Section 3.2 focuses on the combination of extracts of different biomasses (cross-extract
synergism, Section 3.2.1), and on the combination of extracts with different isolated active
compounds (IAC) (IAC–extract synergism, Section 3.2.2). Each experiment was conducted
by applying the different constituents in different relations to include dose–response
variations. For evaluation, the anticipated value or “base value” (the calculated sum of
the effect of two IACs or extracts) is shown and corrected by the positive (synergistic) or
negative (antagonistic) effects observed in measurements.

3.2.1. Synergism of Extracts of Different Biomasses (Cross-Extract Synergism)

The combination of different extracts typically results in an altered TAC in both
lipophilic and hydrophilic surroundings. Figure 4 presents the measured liTAC values for
different extracts combined in different concentrations while contrasting the results with
the theoretical values obtained by mathematically adding up the relevant extracts’ results.

Figure 4. Base total antioxidant capacity (TAC) and determined synergistic effects of different plant-based extracts in
combination, analysed via liTAC Assay. Primary ordinate (bars): synergistic (+) or antagonistic (−) effect of extract
combinations (n = 3; standard deviation indicated via error bars). Secondary ordinate (horizontal markers): absolute
base TAC, based on TAC determination of pure extracts (n = 6) and subsequent mathematical accumulation. AN: Abies
nordmanniana extract; TV: Thymus vulgaris extract; AEH: Aesculus hippocastanum extract; TP: tomato paste extract; mE: milli
extinction units.

For all ratios of the AN/TV combination, antagonistic effects were observed; however,
an increasing share of TV extracts lowers the extent of antagonistic effects (−32.5% instead
of −57.5%). This effect roughly sets all combinations to a similar TAC of approximately
2–2.5 mE mL−1.
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For TV/AEH combinations, both synergistic and antagonistic effects occurred, de-
pending on the ratio of extracts. When AEH extracts overrode TV extracts, a synergistic
effect of up to 61.5% was observed. Due to the high liTAC of sole TV extracts, combinations
with high shares of TV extracts were still more antioxidant than the ones with low shares,
even when being lowered by antagonistic effects of approximately −30.5%.

A comparable situation is observed when interpreting the results for AN/AEH com-
binations as quite high synergistic effects were measured for high ratios of AEH extracts,
but these high synergistic effects were still exceeded by combinations with high shares of
AN extracts despite its base values being lowered by approximately 10%.

The trend of antagonistic effects rising to synergistic effects is continued for TP/AEH
extracts. However, for this combination, such high antagonistic and synergistic effects
(−67% to 159%) were met that the extracts with the highest base TAC (high TP combina-
tions) were exceeded by high AEH combinations due to the high synergistic effect.

For TP/TV combinations, synergistic effects were observed for all combinations, with
the effects increasing for higher shares of TV extracts. However, those combinations
also show slightly lower base values, thus showing an aligning effect and resulting in
approximately 6.5–7.5 mE mL−1 for all ratios.

For TP/AN combinations, synergistic effects were again found for all ratios, ranging
from 30% to 98%. This resulted in an aligning effect for all high AN combinations at
approximately 4.5–5.0 mE mL−1.

In most cases, so-called aligning effects were observed during which high base values
were lowered by antagonistic effects while low base values were raised by synergistic
effects, resulting in roughly comparable absolute values after all. Occasionally, however,
such as for TP/AEH, synergistic effects changed the base liTAC to an extent that influenced
the order of the highest liTAC results, making combinations more desirable which have
not been expected as such. The highest absolute liTAC, including antagonistic and syn-
ergistic effects, was reached by high AN combinations of AN/AEH extracts, resulting in
approximately 10.3 mE mL−1.

As the main constituents of AN and TV extracts are medium-weight proanthocyani-
dins and thymol, respectively [7,8,60,61], it is plausible to assume that those substances
are the main contributors to the observed antagonistic effects. The combination of TV and
AEH extracts (which again include proanthocyanidins, but with a much higher molecular
mass [9]), however, can result in synergistic effects when AEH extracts are included in even
or higher shares. This applies to all AEH combinations. As AEH extracts are the only ones
including high-molecular compounds, it is plausible to assume that high-molecular and
low-molecular substances tend to produce synergistic effects when combined, as long as
high-molecular compounds are added in excess. In other contexts, such synergistic effects
of substances with different molecular weights have been discussed in the literature [62].

Furthermore, it was observed that it is possible, or even granted, for most combinations
to create desired synergistic effects, particularly for combinations including TP extracts
with its main constituents, lycopene and β-carotene [44,63,64]. Generally, lycopene and
β-carotene seem to be the most potent low-molecular active compounds observed in this
experiment. Thus, it is plausible to see the highest synergistic effect observed at all for
TP/AEH extracts where both observed positive relations (presence of lycopene; contrast of
high-molecular and low-molecular compounds with high-molecular compounds in excess)
are applied.

The synergisms determined in hydrophilic surroundings, as depicted in Figure 5,
substantially deviate from the ones observed in lipophilic surroundings. However, as the
behaviour of antioxidants is dependent on the surroundings, changes in synergism are
expected.
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Figure 5. Base total antioxidant capacity (TAC) and determined synergistic effects of different plant-based extracts in
combination, analysed via hyTAC Assay. Primary ordinate (bars): synergistic (+) or antagonistic (−) effect of extract
combinations (n = 3; standard deviation indicated via error bars). Secondary ordinate (line markers): absolute base TAC,
based on TAC determination of pure extracts (n = 6) and subsequent mathematical accumulation. AN: Abies nordmanniana
extract; TV: Thymus vulgaris extract; AEH: Aesculus hippocastanum extract; TP: tomato paste extract; TEq: Trolox equivalents.

For AN/TV, only limited synergistic effects were observed for high-AN combinations,
while a 1:1 mixture of both extracts resulted in a comparably high antagonistic effect.
High-TV combinations roughly resemble the base antioxidant capacity already anticipated.
The highest synergistic effect was thus reached by the combination with the already highest
base antioxidant effect, resulting in a maximum observed TAC of approximately 600 µg
TEq mL−1. TV/AEH combinations showed a synergistic effect of up to +57% for 1:1 and
high-TV combinations, while showing negligible antagonistic effects (approximately −7%)
for high-AEH combinations. Including synergistic effects, 1:1 and high-TV mixtures thus
showed maximum TAC values of 760 to 807 µg TEq mL−1. AN/AEH combinations showed
synergistic effects only, reaching up to +72%. The combination of high synergistic effects
and/or absolute TAC values of single components resulted in maximum TAC values of
approximately 680 µg TEq mL−1 for high-AN mixtures. Roughly comparable to liTAC
results, TP/AEH combinations show a rising synergistic effect with increasing shares of
AEH extracts, ranging from −41% to +235%, which is the highest cross-extract synergistic
effect in hydrophilic surroundings. Due to comparably low absolute TAC values of those
high-AEH combinations, a 1:1 mixture was preferred, resulting in nearly 600 mg TEq
mL−1. For TP/TV combinations, only synergistic effects were observed, ranging from
+3% to +56% and increasing with a rising share of TV extract. However, as the base TAC
values decreased with an increasing amount of included TV extract, an aligning effect was
created. The high base TAC value of the combination with the highest share of TP extract
was preferred over the synergistic effects of other combinations in this case, resulting in
a maximum TAC of approximately 380 µg TEq mL−1. For TP/AN combinations, both
neglectable effects (for 1:1 and (TP) 4:1 (AN)) and synergistic effects (for other combinations)
of approximately +60% to +73% were observed. Due to comparably low absolute TAC
values, only a maximum TAC of 215 µg TEq mL−1 was reached by (TP) 2:1 (AN) mixture.

Generally, high antioxidant capacity values of up to 600–800 µg TEq mL−1 were
observed, particularly reached by combinations with AEH extracts and the AN/TV com-
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bination. In this experiment, even higher synergistic effects have been observed than in
lipophilic surroundings; however, these effects could not always overcome smaller absolute
TAC values. Fortunately, antagonistic effects occur at a very low rate.

In both lipophilic and hydrophilic surroundings, maximum synergistic effects were
observed for AEH/TP combinations, especially when AEH extracts were included in equal
or higher shares than TP extracts. AEH extracts contain hydrophilic active substances
(proanthocyanidins) [9], and thus show a much higher antioxidant potential in hydrophilic
surroundings, while TP extracts are particularly effective in lipophilic surroundings due
to the included lipophilic active compound lycopene, as determined in pretests and as
discussed in the literature as well [38,39]. Thus, it can be concluded that synergistic effects
are increased or are more likely to occur when active substances with opposite mechanisms
of action are combined. Such an assumption is supported by Graßmann, where the
synergistic effects, especially of combinations of hydrophilic and lipophilic compounds,
are observed [65]. Furthermore, the suggestion of molecular weight having an impact on
synergistic effects is plausible as it would again show that different types of antioxidant
mechanisms tend to enhance each other. However, there are much more influential factors
determining whether a synergistic effect is observed which are partly presented, including,
but not limited to, the ratio of extracts and the type of reaction surroundings.

3.2.2. Synergism of Extracts Combined with Isolated Active Compounds
(IAC–Extract Synergism)

In addition to different bio-based extracts analysed in combination to reveal potential
synergistic effects, the same extracts were combined with active substances with antioxidant
effects but different chemical properties, as displayed in Figures 6 and 7. In the experiment
setup, all four extracts (AEH, TV, AN, and TP) were crossed with the active compounds
ascorbic acid (AA), gallic acid (GA), quercetin (Qu), thymol (Th) and α-tocopherol (To)
in two different concentrations. Synergistic effects observed in this context could result
in new insights on how different groups of chemicals interact in regard to antioxidant
properties, they could hint at extract optimisation (particularly in Th and To combinations
as both compounds are found in analysed extracts as well), and they could indicate
further worthwhile opportunities of bio-based antioxidant extraction. In general, the
influence of IACs is small for low concentrations, and naturally increases with adding
higher concentrations (without considering synergistic and antagonistic effects). Thus,
synergistic effects observed for lower concentrations of IACs are of a higher direct relevance
as the base values show a limited distribution. For higher concentrations, the distribution
of base values typically increases, resulting in a more complex situation for synergism
interpretation.

Figure 6 shows the observed and anticipated antioxidant effects in lipophilic sur-
roundings. AEH extracts in general did not show relevant antagonistic effects (maximum
−6.0% for the high-concentrated (hc) Th combination), while synergistic effects of up to
+139.5% were reached for combinations with low concentrations (lc) of AA, GA, and Qu as
well as for AA-hc, GA-hc, and To-hc. The synergism observed for To combinations hints
at a linear correlation, as the synergistic effect increases by the factor of approximately
5 when increasing the concentration of To by the same factor. For both high and low
concentrations, ascorbic acid proved the highest synergistic effect, which is comparable
for both concentrations. A maximum liTAC of ca. 6.7 to 6.9 mE mL−1 was reached by
AEH/AA combinations for both high and low concentrations.

For TV extracts, high and medium antagonistic effects were observed for most combi-
nations. However, TV/AA-hc showed a limited synergistic effect of +23.6%. Due to this
synergistic effect, TV/AA-hc reached the maximum TV–liTAC value of approximately
2.2 mE mL−1, while other combinations, especially with low concentrations of AA and
GA, should be avoided as they lead to a high-grade reduction in liTAC. However, TV/AA
combinations are subject to comparably high scattering.
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Figure 6. Base total antioxidant capacity (TAC) and determined synergistic effects of different plant-based extracts in
combination with active standard substances, analysed via liTAC Assay. Primary ordinate (bars): synergistic (+) or
antagonistic (−) effect of extract combinations (n = 3; standard deviation indicated via error bars). Secondary ordinate (line
markers): absolute base TAC, based on TAC determination of pure extracts/standard solutions (n = 6) and subsequent
mathematical accumulation. AA: ascorbic acid; GA: gallic acid; Qu: quercetin; Th: thymol; To: α-tocopherol; AN: Abies
nordmanniana extract; TV: Thymus vulgaris extract; AEH: Aesculus hippocastanum extract; TP: tomato paste extract; mE: milli
extinction units.

AN extract combinations show antagonistic effects only. The best effect is obtained
by combining AN and AA-lc, resulting in an antagonistic effect of −2.6%. For other com-
binations, especially for Qu-lc, AA-hc, To-hc, GA-lc, and Qu-hc, antagonistic effects from
circa −60% to −88.9% were observed. Thus, the highest lc-liTAC value of approximately
0.75 mE mL−1 was reached by AN/AA-lc, with other values being even more neglectable.
For high concentrations, the highest liTAC was observed for AN/To due to its high base
value of 5.6 mE mL−1; however, this value decreased to approximately 1.3 mE mL−1 due
to high antagonistic effects.

For TP extracts, most combinations resulted in synergistic effects with relevant antago-
nistic effects observed for AA and GA only (up to−61.7%). However, the synergistic effects
reached remarkably high quantities with +726.4% (To-lc), followed by +300.8% (Qu-hc),
+231.4% (GA-lc), and +135.7% (Qu-lc). These extraordinary synergistic effects resulted in
record liTAC values of up to 8.1 mE mL−1 (TP/To-lc) for low IAC concentrations, while the
highest absolute liTAC for high concentrations was reached by TP/To-hc (7.6 mE mL−1),
which showed a comparably low synergistic effect of +35.8%, but an already high base
value of 5.6 mg mE−1.

In general, TP and AEH extracts are thus preferred in lipophilic surroundings, while
TV and AN extracts show a high risk of showing unintended antagonistic effects. When
applying targeted combinations of, for example, TP extracts and α-tocopherol or AEH
extracts and ascorbic acid, both exceptionally high synergistic effects and absolute antioxi-
dant potentials can be reached. High synergistic effects in combinations of α-tocopherol
and lycopene, which is found in tomato paste [38,39], are confirmed by Zanfini et al. and
Shi et al. [66,67]. Furthermore, β-carotene (which is also a constituent of tomato paste [44])
is known to show synergistic effects when combined with α-tocopherol in lipophilic
surroundings and thus contributing to the observed synergism [68]. The determined syner-
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gistic effect of tomato extracts and quercetin increasing with rising quercetin concentrations
is supported by Graßmann as well [65]. The observed antagonistic effects cannot be ex-
plained in detail, but are supported by the literature, for example, Hras et al. and Yin et al.
reported antagonistic effects for combinations of α-tocopherol and some (poly)phenols (as
included in TV, AN and AEH extracts) [69,70]. However, a comprehensive explanation for
the antagonistic effect of some, but not all, polyphenols has not yet been found despite both
synergistic and antagonistic effects of combined plant extracts being observed frequently,
as disclosing the underlying mechanisms is particularly challenging [71].

Figure 7. Base total antioxidant capacity (TAC) and determined synergistic effects of different plant-based extracts in
combination with active standard substances, analysed via hyTAC Assay. Primary ordinate (bars): synergistic (+) or
antagonistic (−) effect of extract combinations (n = 3; standard deviation indicated via error bars). Secondary ordinate (line
markers): absolute base TAC, based on TAC determination of pure extracts/standard solutions (n = 6) and subsequent
mathematical accumulation. AA: ascorbic acid; GA: gallic acid; Qu: quercetin; Th: thymol; To: α-tocopherol; AN: Abies
nordmanniana extract; TV: Thymus vulgaris extract; AEH: Aesculus hippocastanum extract; TP: tomato paste extract; TEq: Trolox
equivalents.

Figure 7 shows the synergistic and antagonistic effects observed for extract/IAC
combinations in hydrophilic surroundings. As in lipophilic surroundings, synergistic
effects are predominant for AEH combinations as antagonistic effects were observed at
−5.8% at maximum (To-hc), while synergistic effects reached from +101.0 to +103.0% for
Qu-hc and Th-hc combinations; both combinations showed comparably high synergistic
effects in low concentrations as well (+75.4%; +61.4%), which resulted in a maximum
hyTAC value of approximately 556 µg TEq mL−1 (Qu-lc). For high concentrations, both
quercetin and thymol showed comparably high hyTAC values of approximately 721 and
706 µg TEq mL−1.

TV extract combinations show lower synergistic, and increased, but still low, antago-
nistic effects. The synergistic effects still clearly dominate the results, with up to +66.2%
(To-lc), while GA-lc and Qu-hc combinations resulted in antagonistic effects from −17.6 to
−48.0%. Overall, a slight aligning effect was observed. Due to its comparably high syner-
gistic effect, TV/To-lc resulted in the maximum hyTAC of approximately 250 µg TEq mL−1

for low IAC concentrations, while high concentration combinations resulted in maximum
286 µg TEq mL−1 for TV/GA-hc.
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For AN extract combinations, low synergistic and antagonistic effects between −24.8
and +21.1% were observed for quercetin, thymol, and α-tocopherol in both concentra-
tions. For ascorbic acid and gallic acid, high synergistic effects were measured in both
concentrations with lc-synergisms reaching the highest observed values observed in the
hyTAC-experiment (AA-lc: +140.0%; GA-lc: +168.6%; AA-hc: +80.7%; GA-hc: +84.6%).
Thus, the maximum hyTAC-values reached by AN/GA combinations for both concentra-
tions were similar, resulting in approximately 325 µg TEq mL−1 for low and approximately
328 µg TEq mL−1 for high concentrations.

TP extract combinations showed a prevalence for strong antagonistic effects of up to
−66.3% (Th-lc). As in lipophilic surroundings, the highest synergistic effects for TP combi-
nations were reached by introducing α-tocopherol, resulting in +29.0% (lc) and +129.7% (hc).
The maximum hyTAC reached for low concentrations was approximately 52 µg TEq mL−1

(To-lc), while hc combinations obtained up to approximately 113 µg TEq mL−1 by applying
GA without utilising relevant synergistic effects or approximately 112 µg TEq mL−1 by
taking advantage of high synergistic effects of α-tocopherol.

Overall hyTAC evaluation showed that individual AN extract combinations show the
highest synergistic effects, followed by TP and AEH extract combinations. It is remarkable
that AN and AEH extracts, which have comparable ingredients, both consistently and
highly constructively interact with two IACs each when both pairs of IACs are different.
However, when evaluating the overall hyTAC results, AEH extract combinations show the
highest hyTAC values by far, approximately doubling the second-best values reached by
AN and TV extracts. Outstandingly, α-tocopherol interacts with the extracts and results in
positive synergistic effects for all tested combinations in hydrophilic surroundings, making
it a promising all-rounder to add to the formulation. This is supported by the literature
in which, in the context of in vivo antioxidant efficacy, the combined use of vitamins and
phenolic acids is recommended by Wang et al. [72]. Comparable antagonistic effects have
been reported by Becker et al. [73] who observed antagonistic effects for combinations
of quercetin and astaxanthin, a carotenoid with structural similarities to lycopene and
β-carotene, which are included in TP extracts [38,39,44].

It is also notable that the results seem to be highly dependent on the properties of
the surroundings as the IAC/extract synergism results highly deviate from each other
when changing from lipophilic to hydrophilic surroundings; this effect is less striking for
cross-extract synergism. However, depending on the added IAC, AEH extracts are a potent
base for combinations in both surroundings. The observed synergistic effects of AEH and
AN extracts in combination with AA are supported by the literature, as synergistic effects
for combinations of different polyphenols and ascorbic acid are described by Murakami
et al. [74]. It is also observed that the addition of quercetin (Qu) can lead to synergistic
effects, as observed in the literature [75]. In agreement with previous proposals, the effect
is observed particularly in combination with AEH extract (combining high-molecular and
low molecular compounds) or with TP extract (combining different polarities of active
compounds).

4. Conclusions

In general, plant materials are complex samples that are subject to fluctuations result-
ing from, for example, different environmental influences on individual plants, causing
altered chemical interactions within the plants. Nevertheless, this study successfully
demonstrated the feasibility of producing bio-based alternatives to common petrol-based
antioxidants and photostabilisers, and effectively incorporating them into plastic pack-
aging. The tests also showed that the stabilisers are still effective when added to their
required surroundings. All four analysed plant extracts can be incorporated into PLA
packaging films at different concentrations with the obtained films showing different sta-
bilising effects. Furthermore, concerns regarding health and safety of the films are rebutted
as migration studies did not show any anomalies. It is nevertheless recommended for
further studies to evaluate the use of food-safe solvents and extractants, such as water
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and ethanol instead of methanol and heptane, to fully eliminate a possible health risk.
Furthermore, the conducted synergism analyses successfully highlighted several possibil-
ities to increase antioxidant effects, some of which are already showing high synergistic
effects for cross-extract synergism or IAC/extract synergism, with only low concentrations
of active substances added. This allows for a further optimisation of environmentally
friendly solutions for biobased stabilisers. However, the entire underlying mechanisms
of synergisms still need to be uncovered. In addition to the findings already discussed, it
is worth noting that an addition of thymol to thyme extracts can synergistically improve
the antioxidant effects, suggesting that an upconcentration of thyme extracts could be a
worthwhile approach to disproportionately increase the antioxidant effect. However, this
approach needs to be verified, as cross-extract synergism analysis shows divergent results,
thus suggesting that thyme extracts act notably different than the IAC thymol, regardless
of thymol being the main ingredient [7]. Furthermore, synergism analysis clearly indicates
that tomato paste extracts could be a promising renewable resource for antioxidants as
TP combinations show remarkable overall synergistic effects. Based on the results of TP
combined with α-tocopherol, the combination of TP and GE extracts could be of special
interest as GE extracts serve as a renewable source of α-tocopherol [11]. The present study
successfully provides important impulses for proceeding works, especially for those pursu-
ing comparative industrial implementation and synergism mechanism break down. For
this purpose, promising combinations should be analysed in various concentrations to
receive a more detailed view.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pr9101838/s1, Table S1: Photographs of different PLA films, including up to 0.8% (w/w)
antioxidant plant extracts, as described in Section 3.1.
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