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ARTICLE INFO ABSTRACT

Keywords: The crisis of plastic waste highlights the urgent need for sustainable alternatives. Bioplastics are seen as a po-
Bioplastic tential solution; however, challenges persist as many are still derived from petroleum, lack biodegradability, or
Oleogel

fall short in essential properties such as mechanical strength, chemical stability, and ease of processing. This
study pioneers the use of ethyl cellulose-based oleogels as bioderived and biodegradable thermoplastics. These
groundbreaking bioplastics, obtained from renewable sources and waste oils, represent an environmentally
friendly and high-performance alternative to traditional plastics. The bioplastic named OleoPlast is processed at
temperatures ranging from 130 to 165 °C, utilizing different biobased oils and adjusting the oil-to-polymer ratio
from 10:3.5 to 1:2. This process yields a high level of versatility, offering broad opportunities for customized
applications in both research and industry. Remarkable stability under harsh environmental conditions and
biocompatibility pave the way for the adoption of such bioplastics in biocomposite structures, food packaging,
green electronics, and tissue engineering. Scalability is ensured by compatibility with both large-scale and high-
resolution manufacturing processes, including injection and compression molding, computer numeric control
(CNC) milling, and 3D fusion deposition modeling.

Overall, this work lays the foundation for a new class of gel-state bioplastics, favoring the transition from
traditional thermoplastics to sustainable options with vast perspectives of further exploration and customization
in both laboratory and industrial environments.

Green packaging

Green electronics
Biocompatible materials
Gel-state thermoplastic

issue. However, the scale of the problem makes it evident that recycling
is an insufficient mitigation measure [7]. Different plastics require

1. Introduction

Traditional petroleum-based plastics, known for their affordability
and durability, are extensively utilized in various industries, including
packaging, construction, electronics, and aerospace [1-4]. Such plastics
pose a significant environmental threat due to their slow degradation,
spanning hundreds to thousands of years. Predictions suggest an
alarming accumulation of approximately 11 billion tons of plastic waste
in both landfills and the oceans by 2025 [5], driving another critical
issue of our century: the proliferation of microplastics and their bio-
accumulation in different organisms, including humans [6]. Starting
from ‘70 s/‘80 s, recycling programs were implemented to address the
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separate recycling streams, which frequently results in higher costs than
using virgin plastic. Additionally, the recycling process often degrades
the quality of the plastic, requiring the addition of additives to restore its
original properties [8].

Bioplastics have been proposed as a potential solution to address the
challenges posed by traditional plastics [9,10]. Bioplastics, derived from
renewable resources or produced through biological processes, provide
substantial benefits, including a reduced footprint on both production
workflows and waste management systems, aligning with the Sustain-
able Development Goals outlined by the United Nations [11]. Currently,
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bio-based bioplastics represent approximately 2 % of the global plastics
production [12]. Nevertheless, not all bioplastics are inherently biode-
gradable and most of them still face limitations in terms of stability,
mechanical properties, processability, and recycling [10,13]. Moreover,
it is crucial to develop simple, solvent-free and sustainable methods for
fabricating bioplastics using abundant natural resources [14]. While
mechanical strength and robustness during use are a prerequisite and an
ongoing challenge for bio-based bioplastics, a delicate trade-off with
biodegradability and recyclability at the end of their lifespan must be
found to ensure sustainability.

A critical consideration in the implementation and development of
new bioplastics is their compatibility with existing large-scale
manufacturing techniques for plastics and composites, such as injec-
tion and compression molding, as well as extrusion. This entails the need
for a thermoplastic material with distinct melting and degradation
temperatures, coupled with favorable rheological properties. Concur-
rently, the use of thermoplastic materials should ensure the adaptability
of bioplastics to high-resolution prototyping techniques, including
micro-compression molding and 3D printing. Such a level of versatility
would facilitate seamless adoption across a broad spectrum of produc-
tion and prototyping workflows, ensuring easy integration into existing
production lines.

As the most widespread natural polymer, cellulose is earmarked as
the leading material for future biodegradable bioplastics innovations
[3,15]. However, its high degree of crystallinity poses challenges as it is
insoluble in common solvents and prone to strong degradation during
the melting process [16,17]. Despite cellulose derivatives have been
studied for over a century, they face limitations in thermal processability
and often exhibit poor mechanical properties due to their susceptibility
to moisture and UV light [15,18]. Ethyl cellulose (EC) stands out as an
exception to many of these limitations [19,20]. Being hydrophobic, it
can be solubilized in oils above its glass transition temperature, resulting
in the formation of stable oleogels, i.e. three-dimensional polymer net-
works that immobilize oils [21,22], similarly to how hydrogel traps
water molecules [23].

Currently, oleogels are mainly used in the food industry as functional
ingredients to enhance the texture, stability, and sensory properties of
food products [24-27]. They have been employed to improve the mouth
feel creaminess, and stability of various food formulations, including
spreads, bakery products, confectionery, and dressings. A key advantage
of oleogels, setting them apart from hydrogels, lies in their remarkable
thermal and chemical stability, effectively preventing issues tied to
evaporation. Additionally, oleogels offer a versatile platform for incor-
porating a wide array of hydrophobic molecules. These unique features
allow precise modifications of the mechanical, physical, and chemical
properties.

Here we introduce ethyl cellulose-based oleogels as the first eco-
friendly, gel-state thermoplastics. The exploitation of oleogels as bio-
plastics represents a unique and captivating avenue, offering an un-
conventional and promising alternative that has yet to be investigated,
with far-reaching implications for material science and engineering, as
well as for diverse industries seeking sustainable and scalable solutions.

This study investigates the development and evaluation of EC-based
oleogels, hereafter referred as OleoPlast, which is fully biobased and
produced using a range of vegetable oils (sunflower, soybean, and
peanut) with different EC ratios. The research aims to understand how
these factors influence key properties such as melting temperature,
processability, and mechanical performance. Techniques including in-
jection molding, compression molding, CNC milling, extrusion, and 3D
printing are utilized to explore the manufacturing flexibility and po-
tential applications of OleoPlast. The study also highlights the envi-
ronmental benefits of the material, including its recyclability, use of
exhausted oil, and biodegradability, show up its alignment with circular
economy principles. Proofs of concept have also been developed to
demonstrate the versatility of OleoPlast in various applications, such as
biofiber-reinforced composites, food packaging, green electronics, and
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innovative building materials for tissue engineering scaffolds.
2. Results and discussion

OleoPlast was produced through a straightforward method involving
the hot mixing of EC with vegetable oil at 165 °C until a clear and
viscous solution was obtained. Detailed production protocol is reported
in material and method section. Widespread and cost-effective vegetable
oils — sunflower (SF), soybean (SB), and peanut (PEA) — were used in
this study to develop an entirely biobased material. Additionally,
exhausted cooking oils were evaluated for the production of OleoPlast.
The resulting material, OleoPlast, was then ground to obtain pellets used
to produce the samples characterized in this work. The pellets can be
processed with various techniques and shapes, including filaments
suitable for 3D printing and thin sheets, Fig. 1a. These sheets can be
printed on using a standard inkjet printer, much like regular paper, as
demonstrated by the printed University of Salento logo and the EC
chemical formula. Differential scanning calorimetry (DSC) character-
ization was conducted to prove the thermoplastic nature of OleoPlast. In
Fig. 1b, the DSC analysis between —30 and 180 °C of pure EC, oil, and
OleoPlast with varying EC content, is presented. The EC exhibited a glass
transition at ~135 °C, while the oil displayed a linear heat flow across
the tested range, with a melting temperature centered at ~—5 °C.
OleoPlast shows an endothermic/exothermic peak at a temperature of
~110 °C, indicating the melting and solidification of the materials,
respectively. Significantly, the DSC analysis demonstrates the gel nature
of OleoPlast, evidenced by the peaks corresponding to the fusion and
solidification of the oil (<—5 °C), confirming the presence of oil in a
liquid state in the OleoPlast, highlighting its gel-state at room temper-
ature. Moreover, DSC analyses were performed on OleoPlast samples
using various oils, including PEA, SB, SF and exhausted oil (Extended
Data Fig. 1). The DSC analyses indicated no significant differences in the
thermodynamic behavior of OleoPlast when different oils were used,
except for the fusion and solidification temperatures of the oil itself,
which depended on the varying content of saturated and unsaturated
fatty acids. Table 1 details the average fatty acid composition of the
different oils employed in the study [28-30]. The exact fatty acid pro-
files for each oil employed in the study are detailed in the Materials and
Methods section. Within the analyzed range, OleoPlast displays
remarkable stability, as evidenced by thermogravimetric analysis (TGA;
details in Extended Data Fig. 2), where the degradation temperature was
recorded above ~350 °C. This emphasizes a significant difference be-
tween the processing temperatures (<170 °C) and the degradation
temperature, a desired characteristic in thermoplastics and often absent
in biopolymers (e.g. PHB [31]).

A critical aspect of a thermoplastic material is its ease of adoption in
large-scale manufacturing processes such as injection molding or
extrusion. For this reason, it is crucial to assess the flow behavior of the
material. Fig. 1c reports a temperature sweep rheological characteriza-
tion was performed to highlight the crossover points of the material,
marking the transition from a solid-like to a liquid-like behaviour
[22,32] The storage modulus (G’) and loss modulus (G’’) of OleoPlast
increase with the polymer concentration. At temperatures below 100 °C,
G’ consistently exceeds G’ indicating a predominantly elastic behavior.
The crossover temperature, where G*’ becomes greater than G’, also
rises with increasing polymer concentrations. Extended Data Fig. 3 re-
ports the phase angle, highlighting the gel behavior of the material and
the shift of the curve towards higher temperatures with increasing
polymer content. These temperatures were found to range between 140
and 160 °C (Fig. 1d), showing minimal variations with the type of oil
used and being primarily influenced by the polymer concentration in the
OleoPlast. Defining these temperatures is essential for establishing the
reprocessing conditions (e.g., injection molding, hot pressing, 3D
printing) of OleoPlast, where its viscous behavior plays a critical role. An
X-ray diffraction (XRD) analysis was conducted to assess the crystallinity
of OleoPlast, revealing an amorphous-like structure (Fig. 1e). Notably,
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Fig. 1. a) picture of OleoPlast in different forms: pellets, casted forms, and extruded filament. On the side, OleoPlast film was utilized as a substrate to print the
University logo and the chemical formula of Ethyl Cellulose; b) DSC characterization of EC, SB oil, and SB OleoPlast with varying polymer concentrations. Three ramp
cycles were conducted: one from —30 °C to 180 °C, the second from 180 °C to —30 °C, and the third from —30 °C to 180 °C. On the side, zooms are reported to
highlight the endothermic and exothermic peaks of fusion and solidification in OleoPlast; c¢) The figure shows the storage modulus (G’) and loss modulus (G*’) of
OleoPlast at different polymer concentrations. The data indicates that both G’ and G’’ increase with higher polymer content. Initially, G’ is greater than G,
signifying a predominantly elastic behavior. The crossover temperature, where G’* surpasses G’, also rises with increasing polymer concentration. d)The temperature
crossovers of OleoPlast, marking the transition from a solid-like to a liquid-like behavior; e) XRD analysis of EC and SB OleoPlasts with different polymer con-
centrations; f) FTIR fingerprint of SB OleoPlasts. g-h) show zoomed-in views and overlays of the peaks at 1745 cm ™' and 3477 cm ™}, which are characteristic of the
ester groups in fatty acids of the oils and the hydroxyl groups in EC, respectively. These peaks align with the concentrations of oil and EC.

Table 1
Saturated Monounsaturated and polyunsaturated fatty acid average composition
(%) of employed vegetable oils.

Oil Saturated Monounsaturated Polyunsaturated
SF 9-13 25-33 55-65

SB 14-16 20-25 55-65
PEA 16-20 50-60 20-30

the peak at 10° associated with EC is strongly reduced in the OleoPlast
due to the plasticizing effect of the oil within the polymer matrix
(Extended Data Fig. 4 reports the XRD analysis on different OleoPlasts).
In Fig. 1f, the FTIR analysis illustrates the chemical fingerprint of the
material, showing a distinctive overlap of EC and oil spectra that char-
acterizes the OleoPlast. Fig. 1g-h report specific peaks, particularly at
~1745 em ™! corresponding to the ester groups in triglycerides [33] and
at ~3477 ecm™! corresponding to the hydroxyl groups in cellulose
[20,34]. As observed, OleoPlast formulations exhibit both peaks pro-
portionally to the oil and polymer content, without significant frequency
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shifts. This confirms that the oleogels are primarily structured by weak
bonds such as van der Waals and hydrogen bonds [23]. A comprehensive
FTIR characterization is reported in Extended Data Fig. 5.

The elongation at break, maximum sustained stress, and Young’s
modulus of OleoPlast were assessed through tensile testing. Injection
molding was employed to process OleoPlasts, generating dog bone
specimens (Extended Data Fig. 6). Stress—strain curves for different SB
oil and EC ratios are shown in Fig. 2a. The values of the maximum
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sustained strain, stress, and Young’s modulus are shown for all the
pristine oils types (i.e. SF, PEA, SB), and 0il-EC ratios (i.e. 10:2, 10:3.5,
10:5 and 1:1) in Fig. 2a (experimental details in the Materials and
Methods section). In general, with the increase in polymer content, a rise
in modulus and maximum sustained stress was observed, accompanied
by a reduction in maximum sustained strain. Noteworthy, OleoPlast can
own a wide range of Young modulus, spanning from ~2 MPa to ~250
MPa, emphasizing the significant tunability of its mechanical properties.
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Fig. 2. a) stressstrain curves of SB Oil OleoPlast at different polymer oil concentrations and their respective elongation at break, maximum sustained stress, and
Young’s modulus; b) Stress—strain curves of SB OleoPlast 1:1 aged in a climatic chamber and the respective elongation at break, maximum sustained stress, and
Young’s modulus. The inset shows a picture of the OleoPlast at different time points; c¢) Stress—strain curves of UV-aged SB OleoPlast 1:1 and their respective
elongation at break, maximum sustained stress, and Young’s modulus. The inset displays a picture of the OleoPlast at different time points.
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Interestingly, samples with SB oil exhibited superior stretchability, with
an ~80 % average increase of maximum sustained strain with respect to
other oils. This is attributed to the higher affinity of SB oil with the EC,
which enhances chain mobility and improves the plasticity of the
OleoPlast [32]. Each type of oil has distinct compositions of saturated,
monounsaturated, and polyunsaturated fatty acids, significantly influ-
encing the polymer matrix interaction [35]. It is plausible that further
exploration or incorporation of different oils, fatty acids and their blends
could finely tune and augment these characteristics. The utilization of
different vegetable oils does not impact the water wettability of Oleo-
Plast, which remains around 90° (Extended Data Fig. 7).

The study investigated the impact of increasing the polymer con-
centration to a 1:2 oil-to-EC ratio, assessing the maximum solubility of
EC in oil. OleoPlast with this ratio exhibited an increase in Young’s
modulus, reaching approximately 500 MPa, and maximum sustained
stress around 10 MPa, though extensibility decreased to less than 5 %
compared to the 1:1 ratio, as shown in Extended Data Fig. 8. However,
small benefits from higher polymer concentration were offset by longer
solubilization times and potential cost increases. Additionally, the work
evaluated the use of exhausted cooking oil, a common food industry by-
product, in OleoPlast to test its compatibility with the production pro-
cess. The use of such oil did not significantly affect the mechanical
properties of OleoPlast in terms of Young’s modulus, elongation at
break, and maximum sustained stress, as illustrated in Extended Data
Fig. 8. This demonstrates the adaptability of OleoPlast and its suitability
for circular economy applications. However, since OleoPlast produced
with the different oils exhibited similar mechanical properties, except
for OleoPlast made with SB which displayed the highest elongation at
break, subsequent characterizations were carried out using SB oil as the
standard. Systematic use of exhausted oil was avoided to ensure the
reliability of the study, as the formulation of such oil is inherently var-
iable and can differ significantly from batch to batch.

One of the main problems of bioplastics is their poor stability to
environmental conditions such as humidity, temperature, and UV light
[36-39]. OleoPlast has been aged under harsh conditions in a climatic
chamber and under UV exposure in order to assess its stability. Fig. 2b
comprehensively illustrates the mechanical properties of OleoPlast after
3, 7, 14, 21, and 30 days of conditioning within a climatic chamber
maintained at 90 % humidity and 40 °C. OleoPlast highlighted a
decrease in its maximum strain (~40 % after 30 days) and an increase in
its Young modulus (~20 % after 30 days). This process might be
attributed to the recrystallization of EC, caused by the increased
mobility of polymer chains within the gel during aging in the climatic
chamber [40,41]. However, no significant change in the crystalline
degree is observed, likely due to the high oil content in the material, as
shown in Extended Data Fig. 9. Extended Data Fig. 10 reports a reduc-
tion in water contact angle likely linked to a segregation phenomenon
concerning EC during the aging process. This segregation alters the
surface dynamics, affecting the interaction between the material and
water. Noteworthy, the samples kept at room temperature showed no
change in the mechanical properties even after 3 months, Extended Data
Fig. 11.

OleoPlast was subjected to a 7-day UV aging process, providing an
equivalent of approximately 3.5 years of UV exposure (details in the
methods section). Interestingly, the UV exposure positively affects the
plastic field deformation of the material increasing the maximum sus-
tained stress (+35 %) and doubling the stretchability of OleoPlast,
Fig. 2c. The change in mechanical properties is primarily due to the
chemical modifications of OleoPlast, as observed in the FTIR in
Extended Data Fig. 12. UV exposure leads to the formation of epoxides
on the double bonds of the fatty acids in SB oil and to transesterification
reactions between these and the cellulose [42,43]. Additionally, UV
exposure resulted in a bleaching effect on the OleoPlast, as visibly
depicted in the inset picture, confirming alterations at a molecular level
[44]. The UV exposure does not affect the water contact angle Extended
Data Fig. 13.
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Importantly, no additives (e.g. plasticizers, thermal stabilizers,
radical inhibitors, UV stabilizers, antioxidants) were introduced to
assess the intrinsic mechanical properties and stability of the OleoPlast
under challenging environmental conditions, representing a founda-
tional stage that can be further enhanced with potential additives in the
future.

The end-of-life management of plastics is an enduring challenge.
Many plastics encounter difficulties in terms of reusability and recy-
clability due to molecular degradation and the prevalent use of additives
in finished products [45,46]. The recycling processes tend to be detri-
mental to plastics, whether they are petroleum-based or bio-based. This
results in substantial declines in their mechanical properties [10,47-49].
For instance, PET experiences a reduction of over 75 % in elongation at
break and more than 50 % in tensile strength after undergoing five
recycling cycles [50]. Similarly, Polylactic acid (PLA), a widely pro-
duced biopolymer globally, can only be recycled a few times, as its
physical properties, including stress and strain at break, consistently
decrease by more than 40 % after five recycling cycles [13,51]. Oleo-
Plast displays significant mechanical recyclability, successfully with-
standing up to 5 recycling cycles, Fig. 3a. During this process, OleoPlast
has shown only a minor reduction in maximum sustained stress (~5%)
associated with a darkening of the material. Notably, Young’s modulus
and elongation at break remained consistently stable as well as the water
contact angle (Extended Data Fig. 14). The notable recyclability po-
tential of OleoPlast is linked to two key factors: i) its gel state nature,
being 50 % polymer, results in lower polymeric degradation during
mechanical recycling processes; ii) the notable difference between its
processing and degradation temperature (AT>100 °C), as evidenced by
DSC and TGA studies. These findings emphasize the promising potential
for material reusability, highlighting its capacity to significantly
contribute to a sustainable circular economy.

Unfortunately, even though recycling is the preferable route for a
circular economy, a considerable amount of plastic ends up dispersed in
the environment, particularly in the oceans, leading to severe environ-
mental impacts [9]. As such, recyclability does not suffice, and a high
degree of biodegradation in the environment is necessary to ensure
sustainability. An assessment of OleoPlast biodegradation in seawater
was therefore conducted, adopting a Biochemical Oxygen Demand
(BOD) analysis for a 30-day period [52]. The biodegradation process
starts after 3 days in seawater and progresses until the end of the
experiment (Extended Data Fig. 15 for detail). In Fig. 3b, the final BOD
values of OleoPlasts are compared with those of other common bio-
plastics. OleoPlast exhibited notable biodegradation, with a final BOD
comparable to that of polyhydroxybutyrate (PHB), a widely recognized
biodegradable bioplastic [53].

The solubility and stability assessment of OleoPlast in the most
common organic solvents, water, and a phosphate buffer saline (PBS)
solution was evaluated. This characterization defines the reprocess-
ability of OleoPlast via solvent-based methods, paving the way for ap-
plications like solvent casting and thin coating. Simultaneously, it
explores the recovery potential of OleoPlast components—EC and oil-
—enabling integration into new supply chains. This approach aligned
with sustainability goals promotes the circular use of OleoPlast con-
stituents in different industrial processes. OleoPlast demonstrated high
solubility in nearly all pure organic solvents, but not in water and PBS, in
which it exhibited stability for over 10 days, Extended Data Fig. 16.
Realistically, plastics rarely encounter pure solvents in typical use cases.
The OleoPlast stability in diluted solvent solutions of 80 % and 50 % has
been evaluated, Fig. 3c and d. In the 80 % diluted solutions, OleoPlast
dissolved within a day in THF and alcoholic solutions, within 3 days in
an acetic acid solution, and displayed swelling when exposed to acetone.
On the contrary, at a 50 % dilution, the material remained stable in all
organic solutions except THF, Extended Data Fig. 17. The results high-
light how OleoPlast could be incorporated and reprocessed in different
industrial streams through the use of organic solvents while remaining
compatible with common applications.
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Fig. 3. a) stress—strain curves of recycled OleoPlast and their respective elongation at break, maximum sustained stress, and Young’s modulus. The inset displays
pictures of the OleoPlast after each recycling cycle; b) Final Biological Oxygen Demand (BOD) of OleoPlasts and a comparison with other plastics, CTR is represented
by the empty bottle. A picture of OleoPlast placed on green grass in the inset.; ¢) Solvent stability of OleoPlast in different solvents at 50% and 80%.

One of the most promising applications of OleoPlast is in food
packaging, which represents approximately 40 % of the total plastic
usage. However, plastic currently adopted in food packaging has a very
short lifespan ranging from days to months, representing the first source
of plastic pollution [7,54]. OleoPlast is made by EC (authorized by the
European Food Safety Authority with E number 462) and vegetable oil,
both approved for human consumption, which makes oleogels inher-
ently suitable for food contact applications and potentially as edible
food packaging [55]. Oxygen and water vapor transport rates (Fig. 4a
and b) and UV-vis transmittance (Fig. 4c), key properties for food
packaging film development, were assessed for various OleoPlast for-
mulations. A lower permeability has been observed in OleoPlast with
higher polymer content, suggesting that the polymer plays a role in
enhancing the gas barrier properties. Concerning oxygen transmission
rate (OTR), OleoPlast showed comparable levels to low-density poly-
ethylene (LDPE) and cellulose acetate (CA), ~5k ml/mz/day. In terms of
water vapor transmission rates (WVTR), the values fell within the range
of the most common bioplastics used in packaging: PLA, Poly-
hydroxyalkanoates (PHA), and Polycaprolactone (PCL), ~400 ml/m?/
day. Food products typically require also protection from UV light
exposure, as it induces or accelerates degradation [56]. OleoPlast

favorably shows a remarkably high absorbance in terms of UV light
(<380 nm), as shown in Fig. 4c. The ability to directly print onto the
surface, as illustrated in Fig. 1a, introduces an attractive additional food-
packaging feature, which could enable the direct printing of food labels
onto OleoPlast without the need for additional layers or films, improving
sustainability and recyclability of the material.

Another pivotal and rapidly expanding market that necessitates
sustainable and biodegradable plastic substrates is electronics, in de-
mand of effective tools to tackle the electronic waste management
problem [51]. OleoPlast, with inherent mechanical tunability, recycla-
bility, biodegradability, and edibility, can emerge as a substrate of
choice for growing sectors such as green electronics, flexible electronics,
and even edible electronics [57-61]. In this regard, the dielectric
properties of OleoPlast have been assessed, revealing a dielectric con-
stant (g;) spanning from 2.7 to 3.1 and a loss tangent (tan &) of
approximately 0.05 in the frequency range 1.5-3.5 GHz [62] (Fig. 4d
and e). Notably, these properties remained stable across various oil
types, with only a slight reduction in ¢, observed in OleoPlast with lower
polymer content. These values align precisely with those of poly-
dimethylsiloxane (PDMS) and polyimide (e.g. Kapton), which currently
stands as a gold standard in soft and flexible electronics [63,64]. To
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Fig. 4. a-b)Oxygen transmission rate (OTR) and water vapor transmission rate (WVTR), compared with common polymers, respectively. A picture of a coffee capsule
coated with OleoPlast in the inset.; ¢) UV-Vis absorbance of OleoPlasts obtained with different polymer concentrations and oils; d-e) Dielectric constant (e,) and loss
tangent (tan &) of OleoPlast obtained with different polymer concentrations and oils; f) Measured and simulated impedance of the developed antenna; g) Measured
and simulated reflection scattering parameter S;; of the OleoPlast antenna. A picture of the developed antenna in the inset; h) Quantification of HepG2 cell viability
in different incubation groups, non-contact mode; i) On the left, quantification of HepG2 cell viability in different incubation groups, in-contact mode. On the right,

bright-field, live/dead (green), and DAPI (blue) fluorescent images of the same cell groups. (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001); j) Comparison
of stress—strain curves among OleoPlasts and cotton fabric-OleoPlast composites; k) SEM cross-section of OleoPlast 1:1 — Cotton fabric (scale bar 100 um), inset

details the fiber impregnation (scale bar: 50 um).

demonstrate the potential of OleoPlast as a dielectric component in
electromagnetic devices, a proof of concept of a wide-band monopole
antenna with circular polarization has been redesigned for the OleoPlast
substrate [65]. The resonance of the antenna, realized using an edible
gold leaf as electrode, was tuned within the frequency range spanning
from 1.5 GHz to 3 GHz [65], a bandwidth encompassing communication
technologies such as WiFi, Bluetooth, GPS, etc. Simulation results, per-
formed using the tool CST Microwave Studio [66], displayed a good
match with the experimental impedance data (Fig. 4f). The reflection
scattering parameter S;; below —10 dB indicates efficient electromag-
netic coupling in terms of impedance and maximum power transfer with
a 50 Q reference port [67], Fig. 4g.

Biocompatibility of alternative thermoplastics is of paramount
importance, given the increasing demand for sustainable materials
serving emerging applications such as implantable and wearable devices
and drug release systems, as well as systems for tissue engineering.
Biocompatibility of OleoPlast was preliminary assessed using the
immortalized human hepatocarcinoma cell line HepG2, commonly
employed as a model for investigating cytotoxicity, metabolism, and
drug release systems [68,69]. OleoPlast exhibits excellent biocompati-
bility according to non-contact [70,71] MTT assays, (Fig. 4h), demon-
strating no release of toxic compounds into the medium, regardless of
the polymer concentration and the type of oil used (Extended Data
Fig. 18). After confirming the non-contact biocompatibility of OleoPlast,
a comprehensive assessment of its biocompatibility was undertaken
through in-contact testing [72], which encompassed a morphological,
live/dead (green) and DAPI (blue) fluorescent analysis. Notably, both
bright-field and fluorescent staining images revealed regular cell
morphology in both control and OleoPlast groups. On the contrary, the
positive control group (20 % Dimethyl sulfoxide — DMSO) showed se-
vere cell death as indicated by the bright blue color typical of apoptotic
nuclei using DAPI staining, Fig. 4i. MTT assays further confirmed the
results obtained, indicating high cell viability with no significant dif-
ferences compared to the control group.

Bioplastics can play a key role also in the highly demanded and
emerging field of sustainable composites, exploiting renewable and
waste products to produce alternatives to composites made from resins
and inorganic fibers, posing challenging waste management issues
[73,74]. Fig. 4j and k illustrates the mechanical properties and SEM
cross-section of a cotton fabric (CF) impregnated with the OleoPlast
through compression molding, obtaining a fiber-reinforced composite.
The stress-strain curve shows a remarkable enhancement in material
properties, triplicating the modulus to ~700 MPa and increasing ~5
times the breaking load to ~40 MPa, with respect to the pristine Oleo-
Plast (Extended Data Fig. 19 reports the complete characterization). The
impregnation is efficiently performed resulting in a defect-free and ho-
mogeneous fiber-OleoPlast interface, which leads to the aforementioned
reinforcement, as can be appreciated in the SEM images in Fig. 4k. The
demonstrated capability to develop OleoPlast-based composites could
pave the way for a broad range of biobased and biodegradable com-
posite materials utilizing different matrices and fiber combinations.

The processability of bioplastics, especially those derived from cel-
lulose, has long been a significant challenge due to their thermal and
mechanical degradation, along with the need for solvents or plasticizers
[10,15,20]. OleoPlast, however, shows remarkable versatility in this
regard, showing compatibility with various prevalent large-scale and
high-resolution industrial and laboratory manufacturing techniques, all

achieved without the use of any solvent. In addition to the conventional
thermoplastics production process of injection molding and hot pressing
adopted to fabricate the samples under test in the previous experiments,
OlePlast compatibility with more refined techniques was tested, CNC
milling, micro compression molding, and 3D printing.

Fig. 5a shows pictures of “LEGO” like pieces produced through
milling. The process yields a smooth finish, enabling a good fit between
the pieces. Notably, the process avoids material overheating and fusion,
a common occurrence with plastics (e.g. PLA). Furthermore, micro-
patterning capability of OleoPlast has been demonstrated through
compression molding, producing a replica of an Arundo donax leaf
(Fig. 5b and c), wherein structures of a few microns, such as stomata
[75], can be appreciated in the inset. This property positions the ma-
terial as a potential new platform for bio-soft robotics and microfluidics,
presenting itself as a sustainable thermoplastic alternative to PDMS,
which currently stands as a preferred choice in these fields. OleoPlast
has also been extruded to produce a standard 1.75 mm filament
(Fig. 5d), specifically for utilization in Fused Filament Fabrication (FFF)
3D printing. This enabled the prototyping of a simple porous scaffold
with details as fine as 300 um (Fig. 5e). These results mark a significant
milestone, introducing a new bio-based, biodegradable, biocompatible,
and even edible material into the field of 3D printing, offering OleoPlast
as a novel platform material, an alternative to petroleum-based plastics
and PLA, in the rapid prototyping for both academics and industry.

3. Conclusion and perspectives

OleoPlasts, namely ethyl cellulose-based oleogels, were introduced
as a gel-state sustainable bioplastic platform. OleoPlast stands out as a
versatile gel-state bioplastic, offering tunable mechanical, electrical and
biocompatible properties, showing stability in harsh environmental
conditions and holding high potential for a broad range of applications.
It exhibits exceptional processability across large-scale and high-
resolution manufacturing processing, including injection molding, 3D
printing, CNC milling, and micro-compression molding. The exceptional
tunability of OleoPlasts in mechanical properties, ranging from ~2 MPa
to ~600 MPa, and their capability to form fiber-based reinforced com-
posites, with Proof-of-concept prototypes in fields as diverse as struc-
tural composites, food packaging, green electronics, and tissue
engineering, demonstrate OleoPlast potential in several sectors neces-
sitating a transition to sustainable approaches. The possibility to
incorporate exhausted oils and the notable stability of properties upon
reuse further emphasize the alignment of OleoPlast with the principles
of a circular and green economy.

The remarkable thermoplastic properties of OleoPlast, which ach-
ieves an unprecedented trade-off with biodegradability in seawater with
the combination of vegetable oil and EC, mark the starting point of a
broad field of research. In the future, further explorations will involve
additional oils, not necessarily of vegetable origin, to modulate both
biodegradability and mechanical properties. To clearly position Oleo-
Plast within the plastic landscape, Table 2 provides a comparison of keys
OleoPlast mechanical and physical properties with LDPE, the prevalent
petroleum-based plastic, and PLA, a prominent biobased alternative.

This work demonstrates the use of oleogels, currently predominantly
employed in food science, in applications previously unexplored in the
realm of materials science. In the future, the OleoPlast concept can be
widely extended, by studying the incorporation of additional molecules
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Fig. 5. a) the 1:1 OleoPlast has been processed with CNC to fabricate LEGO-like structures. The dark coloration was achieved by incorporating 0.1 % w/w Oil Blue
into the OleoPlast; b) SEM image of an OleoPlast-replicated Arundo donax leaf using compression molding (scale bar: 400 um). Inset highlights microstructure details
of stomata (scale bar: 20 um); ¢) SEM image of the same microstructure tilted at a 45° angle, highlighting the 3D pattern of the leaf (scale bar: 100 um); d) Extruded
1:1 OleoPlast filament with a 1.75 mm diameter, along with a cross-section detail provided in the inset (scale bar: 100 um); e) 3D-printed 1:1 OleoPlast scaffold with
details of approximately 300 um and 400 um, from left to right respectively. SEM image of the scaffold with a detail of ~300 um in the inset (scale bar: 1 mm).

Table 2
Comparison of OleoPlast mechanical and physical properties with LDPE and
PLA.

LDPE PLA OleoPlast
Bio-based No Yes Yes
Melting temperature (°C) ~110 ~180 ~150
Degradation temperature (°C) ~390 ~290 ~350
Young Modulus (GPa) 0.1-0.4 1-3 0.003-0.6
Elongation at break (%) 200-500 2-5 20-25
Biodegradation in seawater No No Yes
Recyclability Yes Poor Yes
OTR (ml/m?/day) ~5k ~1k ~5k
WVTR (ml/m?/day) ~10 ~200 ~400

such as free fatty acids, waxes, stabilizers, plasticizers, synthetic oils and
chemical crosslinking agents. Concerning packaging, barrier properties
can be tuned and improved with the addition of free fatty acids and
waxes that have already proven their barrier capabilities [76,77];
moreover, the development of phase-changing food packaging that ex-
ploits the gel state of OleoPlast can be envisioned [78]. In electronics,
OleoPlast has the potential to offer powerful new opportunities within
the emerging domains of organic, green and even edible electronics.
Both dielectric and conductive properties could be modified in OleoPlast
through the addition of salts, ceramics, or conductive fillers (e.g.,
carbon-based or metallic), paving the way for 3D- OleoPlast printable
electronics. Furthermore, the possibility to micropattern the OleoPlast
will open the door to new microfluidics systems based on OleoPlast. In
tissue engineering, OleoPlast could represent a game changer in the
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development of 3D-printable systems for tissue engineering that can be
easily modified by researchers and clinical requests. This is facilitated by
the gel state of OleoPlast, allowing for the addition of bioactive proteins
or ceramics.

This foundational work sets the stage for further tailoring and cus-
tomization of a sustainable bioplastic system, paving the way for the
evolution of this material platform to meet the evolving demands of
sustainable scientific and industrial landscapes, spanning from pack-
aging to electronics and tissue engineering. Looking forward, the vast
potential of OleoPlast holds exciting prospects for the development of
innovative, eco-friendly solutions across different domains.

4. Materials and methods
4.1. Materials

Ethylcellulose (48-49.5 w/w ethoxyl basis), Oil Blue, and all the
solvents were bought from Sigma Aldrich. Vegetable Oils (Peanuts,
Soybean, and Sunflower) were bought in a supermarket. Specifically, we
chose Desantis brand oil. The peanut oil contains 19 % saturated fatty
acids, 53 % monounsaturated fatty acids, and 28 % polyunsaturated
fatty acids. The soybean oil contains 15 % saturated fatty acids, 24 %
monounsaturated fatty acids, and 61 % polyunsaturated fatty acids. The
sunflower oil contains 12 % saturated fatty acids, 32 % mono-
unsaturated fatty acids, and 56 % polyunsaturated fatty acids. Edible
gold leaf was bought from Kinno (thickness < 500 nm). Exhausted oil,
kindly provided by local fast food, was used after being filtered using a
paper-based method to remove solid particles. Plain-woven and
bleached 100 % cotton fabric, with 180 + 5 g/m? mass density, was
purchased from a market for use in the experiments. The fabric has a
thread density of 24 threads/cm in both the warp and weft directions.

4.2. Methods

4.2.1. OleoPlast production

OleoPlast was produced via hot mixing at 165 °C. In general, oleogels
form at temperatures above the glass transition temperature (of EC,
approximately 135 °C, as confirmed by DSC (Fig. 1b). The optimal
mixing temperature for our setup was determined to be 165 °C, which is
around 10 °C above the crossover temperature observed in rheological
analyses (Fig. 1b and c). This temperature ensures a significant reduc-
tion in viscosity by about three orders of magnitude, as estimated by the
Williams-Landel-Ferry equations, facilitating efficient material mixing.

In the production process, the oil was heated to 165 °C while stirring
at 50 RPM. EC was gradually introduced to the heated oil to prevent
clumping and ensure uniform incorporation. Once all EC was added, the
mixture was maintained at temperature until a clear solution was ach-
ieved, indicating complete dissolution. The dissolution times varied
depending on the polymer concentration: formulations with a 10:3.5
and 10:5 ratio required 30 to 40 min, the 1:1 ratio formulation needed
about 60 min, and the 2:1 ratio formulation, due to its higher viscosity,
required approximately 120 min.

Following mixing, the material was allowed to cool to room tem-
perature and then frozen at —20 °C. This freezing step is essential for
facilitating subsequent grinding, which was carried out using a vertical
mill.

4.2.2. Injection molding

The ASTM D638 Type V specimens were fabricated using Injection
molding (BOY Machine XS). Specifically, the feeding chamber was set to
a temperature of 160 °C, the central chamber to 150 °C, and the nozzle
to 135 °C. The injection pressure was maintained at 20 bar, the holding
pressure at 15 bar, and the plasticization pressure at 1 bar.

4.2.3. Extrusion
The extrusions were conducted using the Felfil Evo Filament
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Extruder at a temperature of ~130 °C to obtain a uniform filament with
a diameter of 1.75 mm.

4.2.4. CNC and 3D printing

Computer numerical control (CNC) and Fused Filament Fabrication
(FFF) printing were conducted using a Creality CPO1. Specifically, CNC
operations were performed using a 3 mm diameter cutting tool, while 3D
printing was conducted at a temperature of ~140 °C, utilizing nozzles
with diameters of 0.3 mm and 0.4 mm.

4.2.5. Compression molding

Compression molding was carried out with a hot press at 165 °C. The
master employed in this procedure was a freshly harvested leaf of
Arundo donax.

4.2.6. DSC

DSC analysis was carried out using a DSC Q2500 (TA Instruments).
Samples weighing 20.0 + 1 mg were securely sealed in aluminum pans
and subjected to a series of heating and cooling cycles. Each sample
underwent heating from —30 °C to 180 °C at a rate of 5 °C/min, followed
by cooling to —30 °C at the same rate, and then heating again to 180 °C
at 5 °C/min. An empty aluminum pan served as the reference.

4.2.7. TGA

TGA analysis was conducted using a TGA Q500 instrument manu-
factured by TA Instruments with aluminum pans. Measurements were
conducted using 3-5 mg of the samples, which were placed in an
aluminum pan and exposed to a flow of inert N, gas at a rate of 50 mL/
min. The pan underwent heating from 0 to 800 °C at a rate of 10 °C/min.
The recording of weight loss was performed, tracking its variation over
time and temperature.

4.2.8. Rheology

The rheological temperature tests were conducted using a parallel
plate rheometer (Malvern Kinexus Pro + -Worcestershire, UK) on 1 mm
thick films of OleoPlast. The tests were performed in a temperature
range from 40 °C to 180 °C, with a controlled ramp rate of 5 °C per
minute at frequency of 1 Hz and amplitude of 0.1 %. During these tests,
both the elastic shear modulus G’ and the viscous shear modulus, G’
have been recorded.

4.2.9. XRD

The crystallinity of OleoPlast and EC was analyzed using X-ray
diffraction (XRD) technique. The measurements were conducted with a
Rigaku Ultima X-ray diffractometer (Rigaku, Tokyo, Japan), employing
monochromatic Cu Ka radiation (A = 0.154 nm) at an operating voltage
of 40 kV and current of 20 mA. Diffractograms were recorded at a
scanning rate of 0.02° min~! within the angle range of 2° to 50°.

4.2.10. FTIR
FTIR measurements were conducted using a Perkin Elmer Spectrum
instrument (Waltham, USA) within the spectral range of 4000-500

cm™!, employing a resolution of 0.1 cm™*.

4.2.11. Stress—strain

The mechanical properties were evaluated at room temperature
through uniaxial tensile testing utilizing a Zwick/Roell universal testing
machine (Ulm, Germany) and employing dogbone-shaped ASTM D638
Type V specimens. A testing velocity of 5 mm/s was utilized for the
assessments. Each measurement was performed in triplicate, and an
average value was calculated for analysis.

4.2.12. Aging climatic chamber

The aging experiments in controlled temperature and humidity
conditions were conducted in a Binder climatic chamber set at 40 °C and
90 % relative humidity (RH) for 30 days.
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4.2.13. Aging UV

The UV lamp power was calculated using CR10 radiometer, yielding
UV-A and UV-B values of 0.6 and 0.73 W/m? at 340 and 310 nm,
respectively. This translates to daily energy levels of 52 and 63 kWh,/m?.
Extrapolating to an annual UV exposure of approximately 100 kWh,/m?,
constituting 10 % of the total solar UV radiation on Earth, the 7-day
aging in this study simulates about 3.5 years of UV exposure.

4.2.14. Contact angle

The contact angle of OleoPlasts was measured using the sessile drop
method at room temperature. In this method, a droplet of water was
carefully placed on the surface of the OleoPlast film. The static contact
angle, which is the angle at which the droplet meets the surface, was
measured. This was done using First Ten Angstroms, FTA 1000 software
(Newark, California, USA) equipped with a CDD camera.

4.2.15. SEM

The morphological characterization of OleoPlast was performed by
Zeiss Field-emission Scanning Electron Microscope (FESEM), (Sigma VP,
Carl Zeiss, Jena, Germany) with an accelerating voltage of 10 kV. The
morphological analysis of (CF)-OleoPlast was carried out using a JEOL
JSM-6490LA SEM microscope. The cross-sectional samples were sub-
jected to immersion in liquid nitrogen followed by fracturing. These
fractured samples were affixed to aluminum stubs using carbon tape and
coated with a 10 nm layer of carbon through sputter coating. Micro-
graphs were captured at various magnifications, employing a 5 kV
accelerating voltage and a load current of 78 pA.

4.2.16. Recycling
Mechanical recycling involved grinding the OleoPlast, followed by
thermoforming using the injection molding process.

4.2.17. BOD

We investigated the biodegradation in water by assessing the
biochemical oxygen demand (BOD) using the OxiTop-IDS system. Ox-
ygen consumption was observed in a sealed bottle containing 432 mL of
seawater, serving as the sole carbon source, along with a small quantity
of each sample. The experiments were conducted at room temperature
using dark glass bottles hermetically sealed with the OxiTop measuring
head. Sodium hydroxide was used as a CO5 scavenger to capture carbon
dioxide generated during biodegradation. The biotic consumption of
oxygen in the bottles’ free volume was recorded based on the pressure
decrease. Raw data of oxygen consumption (mg Oy/L) were analyzed by
subtracting the mean values of the blanks, determined by measuring the
oxygen consumption of seawater without any test samples. Following
this correction, the values were normalized to the mass of the individual
samples and expressed as mg O3/100 mg of a sample.

4.2.18. Solubility

The chemical solubility of OleoPlasts was evaluated in 50 % and 80
% solutions of the following solvents: water, PBS, ethanol, methanol,
acetone, tetrahydrofuran, and acetic acid. For this purpose, 1 cm?
squared specimens were cut and immersed in 10 mL of solution. The
dimensions and weight were measured for up to 10 days. The experi-
ment was conducted in triplicate.

4.2.19. Composite development

The composite material (CF)- OleoPlast was obtained via compres-
sion molding within a 10 x 10 cm? frame with a thickness of 200 mm.
2.2 g of OleoPlast pellets were distributed below and above a layer of
cotton fabric, cut to fit the 10 x 10 frame, the ensemble was molded
between thin Teflon sheets at a temperature of 165 °C using a CARVER
4122 hydraulic press [51]. The molding sequence included a 5-minute
heating phase without applying pressure, followed by an additional 5
min under a load of 4 tons and subsequent water cooling.
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4.2.20. Gas barrier properties

The gas barrier properties of OleoPlast were assessed through mea-
surements of water vapor permeability (WVP) and oxygen permeability
(O2P). To determine WVP, aluminum-based permeation capsules (7 mm
inner diameter and 10 mm inner depth) were filled with 350 pL Milli-Q
water, creating a humid environment (100 % RH). These capsules were
sealed on top with the OleoPlast samples using two O-rings and a ring-
shaped lid secured with screws. The analysis was conducted in triplicate
for all samples. The sealed capsules were stored in a chamber at 0 % RH,
simulated with dried silica gel. The weight of the capsules was moni-
tored over time. The weight loss (g) of the capsules against time (s) was
plotted, and the slope obtained after linear fitting was divided by the
exposed film area (m?) to determine the water vapor transmission rate
(WVTR). To obtain the WVP (g m ! s~ Pa~1) was employed the formula
WVP=WVTRxt/PH,OxARH. t is the mean thickness of each sample
(m), PH,O (Pa) is the vapor pressure of water at saturation and testing
temperature (20 °C), and ARH is the variation in vapor pressure across
the film. The measurement of O,P for the OleoPlast was conducted using
an Oxysense 5250i instrument (Oxysense, USA), equipped with a film
permeation chamber. This chamber comprises a cylinder divided in two
parts: a measurement well and a drive well. The sensing well contains a
fluorescent sensor, the OxyDot, sensitive to oxygen concentration. The
sensing well is purged with nitrogen while the driving well is exposed to
the environment. Rectangular pieces of the films (6 cm x 6 cm) are
placed in the chamber to separate the two wells. A fiber optic OxySense
pen measures oxygen from the OxyDot at specific intervals. The oxygen
transmission rate (OTR), defined as the volumetric flow rate of oxygen
per unit area of film per unit time (mL m~2 day ), is measured by the
instrument until a steady state is achieved. The oxygen permeability
(02P) of the films is then calculated using the following formula: O2P
(mL pm m2 day™ Tatm™) = OTR. t/ AP, where t is the film thickness
(pm), and AP is the partial pressure of oxygen (1 atm). All tests were
conducted under ambient conditions (23 °C and 50 % relative humidity)
following the ASTM method F3136-15 [79].

4.2.21. UV-vis

The absorbance of OleoPlast was experimentally evaluated using a
Cary 6000i UV-Vis-NIR spectrophotometer (Agilent Technologies, USA)
in the range of 210-800 nm. The reported data corresponds to the
absorbance of a 500 um film obtained through hot pressing.

4.2.22. RF characterization

To evaluate the dielectric constant (g;), and the loss tangent (tand) of
the materials under test, the method of the T-Resonator has been used
and properly implemented according to the methodology proposed in
[80]. This last consists in a two-port microwave circuit that has a
microstrip line with an open-ended stub resonating at odd-integer
multiples of its quarter-wavelength corresponding frequency. By
measuring the scattering parameter Sy; both the dielectric constant (e;)
and loss tangent (tand) of the substrate under test can be determined.
This is possible because the former is related to the frequency point of
the resonance, while the latter is related to the Q-factor of the resonator.
A lab-made instrument [62] exploiting this method has been used to
characterize the material, previously cast in the form of a substrate of
size 100x50x3 mm°. Dielectric constant and tand values have been used
to define the new dielectric material in a full-wave simulation software,
allowing the precise simulation of the final device which has been
chosen to be a wideband monopolar antenna, whose design was previ-
ously published in [65].

4.2.23. Cell culture and biocompatibility assay

HepG2 cell line were maintained in high-glucose Dulbecco’s Modi-
fied Eagle’s Medium (HG-DMEM D5796, Sigma-Aldrich, Milano, Italy),
supplemented with 10 % Fetal Bovine Serum (FBS), penicillin/strepto-
mycin (100 IU/ml), and 2 mM L-glutamine, and incubated at 37 °C with
5 % COs. Cell proliferation assay was performed by using the 3-[4,5-
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dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide (MTT) test at
different time points (1 and 3 days). MTT is a colorimetric method used
to assess the cellular viability through the metabolic activity of viable
cells in converting the yellow tetrazolium salt into an insoluble purple
formazan precipitate. By spectrophotometric analysis, it is possible to
quantitatively assess the intensity of the staining, which is related to the
amount and vitality of cells.

Non-contact: To evaluate the biocompatibility and the eventual
release of potentially toxic compounds over time, circle-shaped Oleo-
Plast with a diameter of 15 mm and 0.5 mm thickness were put in
contact with 500 pl of cell culture medium described above and left at
37 °C with 5 % COg for 1 and 3 days. For each experimental condition,
HepG2 cells were cultured at a density of 6 x 10* cells/well in a 24-well
plate in HG-DMEM medium. After 24 h, the culture medium from each
well was replaced with 500 pl of the conditioned medium obtained from
the incubation with OleoPlast sample, whereas control cells (CTR) were
incubated with fresh medium. After 24 h, the proliferation assay was
performed by adding 5 mg/ml MTT that had been 1:10 diluted and after
2 h formazan crystals formed in the cells were dissolved in 1 ml acidified
isopropanol (37 % HCl in isopropanol). The absorbance was measured at
570 nm using a Multiskan FC ELISA reader (Thermo Fisher Scientific,
Rodano-Italy). The viability is shown as a percentage of absorbance
relative to untreated CTR cells, which will be green for the Live/Dead
assay and blue for the DAPI assay.

In-contact: Further investigations were done to exclude the cell
cytotoxicity of OleoPlast directly added to HepG2 cells, (ISO 10993-
5:2009). For this purpose, HepG2 cells were seeded at a density of 6
x 10* cells/well in a 24-well plate in HG-DMEM medium. After 24 of
incubation, the culture medium was replaced with 500 pl of fresh me-
dium together with 15 mm diameter OleoPlast. 20 % DMSO/full me-
dium mixture was adopted as a positive control and pure culture
medium was added as a negative control. All samples were incubated at
37 °Cwith 5 % CO3 for 24 h. At the end of the incubation period, an MTT
assay was performed to quantify the cell viability following the same
protocol as described above. Furthermore, Live/Dead assay (Fixable
Aqua Dead Cell Stain, Thermo Fisher, Hong Kong) and DAPI assay were
used to qualitatively appreciate the cellular viability. In particular, live
cells interact with the reactive dye only on the surface, showing a weak
fluorescence signal, while cells with compromised membranes interact
throughout their volume, observing a brighter signal.

4.3. Statistical analysis

The data are presented as the Mean + Standard Deviation (SD) for
the indicated number of experiments. The statistical analysis was con-
ducted by using One Way ANOVA, followed by Tuckey’s test for mul-
tiple ¢ omparisons with respect to the control (CTRL). In all
comparisons, p < 0.05 was considered statistically significant, and the
significance level was reported when present.
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