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ARTICLE INFO ABSTRACT

Keywords: The hierarchical structure and high molecular weight of bovine collagen fibres, along with their widespread
Collagen availability, make this animal protein a promising candidate for biofilm production. However, unlike conven-
Supercritical carbon dioxide tional thermoplastics, collagen processing is challenging due to its complex intra- and intermolecular in-
gizsﬁtﬁzamn teractions. This study investigated the use of supercritical carbon dioxide (sCO3) as a plasticising agent to modify
Packaging these interactions during a pretreatment phase prior to film formation via extrusion-compression moulding.

Different supercritical conditions were tested, and the combined effect of sCO5 and glycerol (Gly), a common
plasticiser, was evaluated. Microstructural analyses of the pretreated powders and resulting biofilms revealed an
unconventional plasticisation mechanism, characterised by the loss of the triple-helix structure and the formation
of a randomly cross-linked network. This effect was particularly pronounced under supercritical conditions at
higher temperatures (80 °C and 80-300 bar), where the loss of surface water from the collagen fibres and in-
teractions between functional groups in denatured fibres led to enhanced plasticity. As a result, the extruded
films exhibited a reduction in stiffness of up to 20 % and an increase in elongation at break by more than 50 %. In
contrast, pretreatments at lower temperatures and pressures (35 °C and 80 bar) caused only minor chain scission,
preserving the triple-helix structure and yielding rigid films with limited deformability. These findings demon-
strated that controlling supercritical conditions in the presence of glycerol during collagen pretreatment is an
effective strategy to enhance the processability and mechanical performance of collagen-based biofilms.

1. Introduction and Pedersen, 2021; Tardy et al., 2022; Versino et al., 2023). Under-

standing the origin, nature, and availability of bio-based raw materials is

In recent years, there has been a significant increase in interest in
researching and developing more sustainable and environmentally
friendly materials, particularly in the packaging industry, which is one
of the largest contributors to waste generation (Fogt Jacobsen et al.,
2022). This sector has led to a massive accumulation of plastics in the
environment due to its linear economy model, characterised by the rapid
use and disposal of products. In the context of various scientific studies,
bio-based materials are considered to be at the forefront of the transition
towards a more circular and sustainable economy in this sector (Mendes

crucial to efficiently harness their value in achieving this transition.

In this regard, research in biomaterials for packaging is extensive
(Asgher et al., 2020; Attaran et al., 2017; Sid et al., 2021). Various
bio-based raw materials have been used in the preparation of food
packaging films, such as microbial-origin biopolymers (e.g., PHA)
(Meereboer et al., 2020), wood-based polymers (cellulose, hemicellu-
lose, starch, and lignin) (Miranda et al., 2015; C. Zhang et al., 2020) and
protein-based polymers (e.g., plant-based such as zein, gluten, soybean,
etc., or animal-based such as whey, casein, gelatine, keratin, etc., and
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their combinations) (Calva-Estrada et al., 2019; Martins et al., 2021; R.
Zhang et al., 2024). All these studies shared a common focus: investi-
gating the plasticisation and cross-linking of bio-based chains, with
particular attention to the required functionality, such as improving
moisture and gas barrier properties, extending food shelf life, and,
crucially, reducing environmental impact.

Gelatine, a significant collagen derivative obtained through physical,
chemical, or biochemical denaturation and hydrolysis of collagen triple
helix (Gorgieva and Kokol, 2011), has proven to be a valuable material
in the production of biodegradable and edible films and coatings due to
its excellent film-forming properties, easy availability, low cost, and
biodegradability (Luo et al., 2022; Ramos et al., 2016). However, gela-
tine films are composed of low molecular weight peptide chains that
have lost their folding and triple-helix conformation due to the breaking
of their covalent bonds and their strong secondary interactions. This
results in high water solubility and poor mechanical properties, limiting
their use in durable, non-edible packaging applications. Significant
research has been conducted to improve the properties of these films,
including the use of bio-additives (Martucci et al., 2015; Stejskal et al.,
2020), cross-linking (Lin et al., 2019; Martucci et al., 2012), polymer
blends (Dong et al., 2023) and nanotechnology (Riaz et al., 2020;
Shankar et al., 2019). Nevertheless, the gelatine films studied are
generally produced by non-commercial methods such as dissolution or
casting, and it is important to note that their application in the pack-
aging industry directly competes with their current extensive use in the
food and pharmaceutical industries (Alipal et al., 2021).

In response to these limitations, the use of collagen in a more native
state, with a lower degree of hydrolysis (Coll), could offer significant
advantages. Unlike gelatin, collagen largely retains its quaternary
structure, consisting of highly oriented fibres with a high molecular
weight. This structural integrity may enhance the mechanical properties
of films produced from collagen, presenting a viable alternative to
conventional polymers used in packaging, such as polyolefins. However,
processing this type of collagen as a conventional thermoplastic (i.e., via
conventional extrusion processes) presents significant challenges due to
strong inter- and intramolecular interactions that restrict mobility.
Under heat and shear, during processing, Coll chains tend to degrade or
undergo partial cross-linking before adequate moulding is achieved
(Kliiver and Meyer, 2013). Consequently, some degree of prior hydro-
lysis is necessary. In cases where the preservation of the primary
conformation is desired, complex chemical processes are required
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during moulding (Oechsle et al., 2016).

The hypothesis of this study was to use supercritical carbon dioxide
(sCO») as a plasticising agent to enhance the extrusion and moulding of
Coll films. Under supercritical conditions, CO, exhibits properties be-
tween those of a gas and a liquid, allowing it to penetrate the peptide
chains of Coll fibres. This interaction alters intermolecular and intra-
molecular forces, increasing molecular mobility and reducing viscosity,
thereby facilitating the plasticisation process.

This hypothesis is supported by the studies presented in Table 1,
where the technique has been applied to various fossil-based polymers,
leading to a significant reduction in their glass transition temperature
(Tg) and consequently improving their flexibility and processability.
Furthermore, Table 1 highlights that, over the past five years, the use of
lubricants such as glycerol remains a topic of interest in polymer plas-
ticisation research, including in protein-based materials.

Although sCO; has been applied to Coll fibres for various purposes,
none of them is used in film manufacturing. For example, sCO5 was used
to remove excess cross-linking agents like glutaraldehyde, where studies
reported a 95 % removal of impurities with minimal impact on the
physicochemical properties of Coll when sCO5 is used at 20 MPa and
37 °C (Casali et al., 2018), in bioelectronics, sCO, (100 bar, 40 °C) has
been successfully used to remove free amino acids from porcine Coll,
enhancing its electro-optic performance when used as a dielectric layer
in capacitors (Huang et al., 2022). Additionally, sCO5 has been applied
in the sterilization of Coll sponges and membranes used in medical de-
vices and tissue engineering (20 MPa, 35 °C), proving to be a better
alternative to y-irradiation sterilization (Meyer et al., 2015). In cartilage
tissue engineering, CO2 has been utilized to create Coll hydrogels as
scaffolds (25 °C, 50 bar) (Fernandes-Silva et al., 2013), and as a medium
for transforming hydrolysed Coll into a drug carrier material, such as
lycopene, where drug impregnation was achieved at 100-140 bar and
40-50 °C (Aredo et al., 2022). In the above-mentioned studies, the au-
thors employed mild supercritical CO, conditions to achieve their spe-
cific objectives, minimising any potential impact on the proteins
microstructure. This approach aligns with the current state of research,
as no studies to date have thoroughly investigated such effects.

The present study provides the first comprehensive investigation into
the use of supercritical CO; as a plasticising agent to improve both the
processability and mechanical properties of collagen-based films. Su-
percritical CO, was selected for its ability to modify inter- and intra-
molecular interactions within collagen fibres, facilitating thermoplastic

Table 1
Summary of plasticisation conditions and key results for various polymers using supercritical co, and glycerol as a plasticiser.
Plasticising Polymer Plasticisation conditions Main results Ref.
system
Supercritical Polystyrene 1-4 % wt. de CO in extrusion process (188-220 °C and An effect of CO,, plasticisation on the viscosity of the  Leeetal. (1999)
CO, 5-30 MPa). polymer was found.
Poly(L-lactic acid) 150 °C, 5-25 MPa and 0.5-2 h inside of a pressure vessel. ~ Plasticisation of engineering polymers by lowering Watanabe et al.
Polycarbonate their Ts. (2020)
Polysulfone
Polyphenylsulfone
Polyetherimide
Polyethylene
Polyamide 6
Glycerol Cellulose acetate 1.8, 3.6, 5.4 and 7.2 M concentration of glycerol + Optimal light protection and low plasticiser Teixeira et al.

cellulose.
Chitosan

Thermoplastic starch
Extrusion and granulation process.
Poly(lactic) acid
carbonates.
Plasticisation under N, atmosphere.
Cellulose

%).
Soy protein isolate
plasticizers.

10, 30 and 50 % of glycerol (w/w%) with respect to
chitosan mass for solvent casting preparation.

Urea + glycerol as plasticizers in different proportions. In
Synthesis of organic carbonates from glycerol and diethyl
Solvent casting of cellulose dissolved in trifluoracetic

acid + variable amounts of glycerol (up to 30-50 % wt.

Injection moulding of SPI + 30-45 wt % of different

exudation. (2021)
Enhanced hydrophobicity, lower brittleness and Caroni et al.
higher Ty for cellular growth. (2021)
Urea + glycerol is more effective for plasticisation Paluch et al.
than only glycerol. Prevents starch retrogradation. (2022)

Strain at break improvement. Tensile strength slightly
reduced.

Seo et al. (2024)

Benitez et al.
(2024)

Films evolved from rigid to ductile. Improved oxygen
permeability and grease resistance.

Improved deformability and transparency. Aguilar et al.
(2020)
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extrusion. Additionally, glycerol was incorporated as a conventional
plasticiser to explore potential synergies between both plasticisation
strategies. The chosen glycerol concentration was based on the most
optimised proportion for polymers plasticisation, as demonstrated in
Table 1. Meanwhile, the supercritical conditions were systematically
varied, ranging from mild to severe, with two intermediate states
designed to differentiate the effects of pressure and temperature. This
study also examined the microstructural evolution of collagen
throughout the different processing stages—sCO, pretreatment, extru-
sion, and compression moulding—and evaluates the mechanical and
thermal properties of the resulting biofilms. Finally, the results provided
insight into the plasticisation mechanism induced by this approach and
its influence on the final properties of the films.

2. Materials and methods
2.1. Materials

Collagen powder (Coll) 100 % bovine called KAPRO B95 was sup-
plied by DCP-Industry (purity >95 %, w/w) and glycerol (99 %) E—422
(Gly) supplied by Quimidroga S.A. The water used was always distilled
and deionized.

2.2. Methods

The methodology followed is outlined in Fig. 1, serving as a visual
guide to help readers follow the sequence of experiments and charac-
terisations performed.

2.2.1. Pre-treatment: swelling of Coll powders in sCO2

Collagen (Coll) powders were introduced into a reactor (pressure
vessel model PARR 4681 provided by Parr Instrument Company) for 1 h
under the sCO; conditions described in Table 2 (See setup in Fig. 2 (a)).
Four distinct pre-treatments were selected: a mild condition (Cond. A:
35 °C - 80 bar), two moderate conditions (one low temperature/high
pressure and one high temperature/low pressure., Cond. B: 35 °C - 300
bar and Cond. C: 80 °C - 80 bar, respectively), and a severe condition
(Cond. D: 80 °C - 300 bar). These conditions were selected to compre-
hensively explore the effects of supercritical CO, while ensuring the
structural integrity of collagen was preserved. Given that the minimum
conditions for achieving the supercritical state are 31.1 °C and 73.8 bar
and considering that collagen fibres begin to denature and degrade at
temperatures above 80 °C (Miles and Bailey, 1999), an upper temper-
ature limit of 80 °C was set to maintain their stability. Consequently, the
selected temperature range for the supercritical treatments was between
35 °C and 80 °C. For pressure, values within the commonly used range
for supercritical CO, applications were chosen, between 100 and 300
bar. The highest pressure of 300 bar was selected based on previous
studies that have demonstrated successful polymer plasticisation under
similar conditions (Watanabe et al., 2020). These pre-treatments were
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Table 2
Experimental conditions for pre-treatment of collagen powders using super-
critical COs.

Conditions Temperature ©c) Pressure (bar)
Mild condition A 35 80
Moderate conditions B 35 300

C 80 80
Severe condition D 80 300

designed to differentiate the effects of pressure and temperature on the
material and to establish the optimal conditions for collagen
plasticisation.

The pressure is controlled through a pressure pump model SFT-
Nex10 Liquid Carbon Dioxide Pump supplied by Supercritical Fluid
Technologies Inc. Additionally, a clamp heater connected to a temper-
ature controller model CAL 3000 from West Control Solution is used to
adjust the temperature of the system. Finally, an electro valve model
GS048620N supplied by Parker with Kv = 1.1 L/min allows fast pressure
release. The reactor was depressurised at a constant and equal rate in all
cases.

Experiments were carried out in duplicate: Raw Coll (without Gly)
and Coll mechanically mixed with Gly (30 wt%) at room temperature.
The choice of 30 wt% glycerol was based on its widespread use in the
literature as a plasticisation level for protein-based films, including
collagen (Langmaier et al., 2008). This concentration ensures a balance
between mechanical flexibility and structural stability, preventing
brittleness at lower concentrations while minimising excessive plasti-
ciser migration at higher levels.

The amount of Coll and Gly removed during depressurization was
negligible. The collected powders were stored in sealed containers until
the film fabrication and characterization process. However, for the CO4
solubility tests, the samples were tested immediately.

2.2.2. Characterisation of sCOz pre-treated Coll powders

All swelling pre-treatments were repeated 10 times, and each batch
was characterised separately according to the protocol defined below.
Once the reproducibility of the microstructure for each batch was
confirmed, the batches were combined for each condition before pro-
ceeding with the film fabrication tests.

Water solubility A portion of the CO; pre-treated powders was
placed inside a small stainless steel mesh bag (type 316L, 50 pm pore
size) to prevent particle loss while allowing water circulation and
diffusion of soluble fractions. The mesh bag containing the powders was
then placed in an oven at 60 °C for 24 h to dry, and the initial mass was
recorded. After drying, the mesh bag with the powders was submerged
in a beaker with distilled water (pH = 6, at a water/sample ratio of
450:1) and gently stirred at 23 °C for 24 h. Following this, the non-
soluble residue, still contained within the mesh bag, was dried at
60 °C for 24 h in an oven under a pressure of 30 mbar. (Gomez-Estaca

Pre-treatment:
Swelling of Coll
powdersin sCO,,

Characterisation : .
Film preparation
of sCO, pre-
from pretreated
treated Coll
Colls
powders

® Four sCO, treatments
were used, defined as
mild (A), moderate (B and

¢ Water solubility
e Solubility of CO,

C) and severe (D) as a *DSC

function of temperature ¢ TGA

and pressure. e FTIR
* The pre-treatments were

carried out with and * GPC

without Gly e SEM

Characterisation
of Coll films
obtained
® Extrusion ¢ DSC
® Casting *TGA

* Mechanical properties

Fig. 1. Schematic representation of the methodology applied in this study, illustrating the key stages of the process.
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- (a) Swelling pre-treatment process:

>t

The temperatures and pressures
of the CO, supercritical
conditionsin pre-treatments A, B,
C and D are established:

Coll powders

Collsaturating Saturated Coll

CondA:35°C - 80 bar

Cond B: 35 °C - 300 bar
Cond C:80°C -80 bar
Cond D: 80 °C - 300 bar

The pre-treatment takes one hour
until saturation.

[ (b) Method to obtain CO, solubility:

co, >y

t>t, y=-0.0851 + 2.7801

(Short time)
(saturated mass)

80

175 R2=0.9996
1.80 —— —<—

1754
1704

Mass (g)

170+

[=) [=) (=)

1.65+
160+

1554

A4 A A

Saturated Coll

=/

Coll powders 145

The reactor is rapidly depressurised and the saturated material is
placed on a balance to record the loss of CO, absorbed.

160 T T T T
15 120 125 130 135

Time®® (s°%)

1.50 4

Mass (g)

1.40 4

1.354

10 20 30 4
05
)

Time®® (s

Fig. 2. (a) Swelling pre-treatment process in which CO, is dissolved in the material under controlled conditions of pressure and temperature. (b) Methodology for
CO, solubility determination, in which mass loss is recorded as COs is released from the sample after removal from the saturation process. An example of a desorption
curve of mass vs. square root of time and zoom in on the first seconds of the desorption curve is also presented. Extrapolation of the CO, solubility value for time O s.

et al., 2009). The solubility of the powders was calculated as Equation
1.:

Solubility in H,O (%) = %-1 00 1)

where, m( = Initial mass of the sample (including the mass of the metal
mesh used to separate the soluble and insoluble fractions, which remains
constant throughout the experiment), m¢ = Mass of the undissolved
dried powder residue (also including the mass of the metal mesh).

This water solubility measurement is inversely proportional to the %
of crosslinking resulting in the collagen powders after the sCO;, pre-
treatment.

Solubility of CO2 in collagen powders was determined from the
mass increase between the initial sample and the saturated sample after
the swelling process in the reactor (see Fig. 2 (b)). This method is widely
used to evaluate the solubility of gases in polymeric materials, such as
polymethyl methacrylate (PMMA) (Martin-de Leon et al., 2024) or
polycarbonate (PC) (Guo & Kumar, 2015).

The mass difference between the initial sample and the saturated
sample corresponds to the amount of CO; dissolved in the material and
was quantified using an analytical balance model AT261 supplied by
Mettler-Toledo (minimum detectable mass: 0.015 mg), recording the
evolution of mass loss as a function of time after reactor depressuriza-
tion. This process is necessary because the gas trapped in the collagen
samples gradually diffuses out of the material after it is removed from
the reactor in the saturation process. To estimate the saturated mass,
mass loss was plotted as a function of the square root of time and fitted
linearly in the initial region (see Fig. 2(b)). This estimation was used
because pure collagen powders can be approximated as a collection of
spheres, allowing the application of Fick’s diffusion equations for

spherical geometry. However, the aim of this study was to compare the
CO4 adsorption capacity of pure collagen (Raw Coll) and collagen with
glycerol (Coll + Gly). Since the addition of glycerol alters the material’s
morphology, representing the data as a function of the square root of
time provides a more suitable basis for comparing both formulations. All
solubility tests were repeated 10 times per sample.

The volumetric expansion was investigated using Scanning elec-
tronic microscopy (SEM), FlexSEM 1000 VP-SEM (Hitachi High-
Technologies). Samples were cryo-fractured, and the cross-sections
were sputter-coated with gold before microscopic observation. The
structures obtained from the collagen samples were visualized using
scanning electron microscopy (SEM). A FlexSEM 1000 VP-SEM micro-
scope at 10 kV was used for the observations, and the samples were
metallized with a thin layer of gold approximately 13 nm thick using a
sputter coater (model SCD 005, from Balzers Union). At least three mi-
crographs at different magnifications and from different areas were
taken for each sample.

Thermal transitions were measured using Differential Scanning
Calorimetry (DSC) with a DSC model 821e thermal analysis system
supplied by Mettler Toledo. The temperature range was set from 10 to
150 °C, with a heating rate of 5 °C min~! under a nitrogen flow. The tests
were conducted on the powders almost immediately after pre-treatment
in sCO2 and repeated after two months to assess the possible reversibility
of the changes induced by sCO,. Thermogravimetric analysis (TGA) was
used to study the thermal stability of Coll powders and the amount of
water and plasticiser lost in sCOy pre-treatment. Thermograms were
obtained in a nitrogen atmosphere with a temperature sweep from 50 °C
to 950 °C and a heating rate of 20 °C min~! using a model TGA851e
thermal analysis system supplied by Mettler Toledo. All thermal tests
were repeated 10 times.
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FTIR (Fourier Transform Infrared Spectroscopy) was used to
monitor the changes in the secondary structures of collagen. The
equipment used was a model Tensor27 spectrometer supplied by Bruker.
All measurements were conducted between 600 and 4000 cm ! using an
attenuated total reflection (ATR) accessory equipped with a diamond
ATR crystal. Each spectrum was obtained with 32 scans at a resolution of
4 cm™L. At least 10 spectra were obtained from different parts of the
same sample.

The molecular weight was determined using Gel Permeation
Chromatography (GPC), utilizing columns specifically designed to
determine molecular weights exceeding 1 million Daltons. An model
1260 HPLC system was employed for this purpose supplied by Agilent,
equipped with both a refractive index detector and a dual-angle static
light scattering detector. For the chromatographic separation, four col-
umns with varying pore sizes were utilized: a Proteema precolumn (5
pm, 8 x 50 mm), Proteema 1000 10\, Proteema 300 A, and Proteema 100
A. Collagen samples, both Coll and Coll + Gly (with or without pre-
treatment in CO3), were dissolved in the mobile phase (3 mg/mL) and
subjected to continuous stirring for 24 h to achieve optimal dissolution.
The samples were then centrifuged and filtered. Subsequently, 100 pL of
the filtered solution was injected for chromatographic analysis. Data
analysis was conducted using the Agilent GPC/SEC A.02.01 software.

The complete dissolution of the studied samples was not possible, so
only the soluble fraction was analysed using this test. In this regard, only
samples A and D, both with and without glycerol, were analysed by GPC
(three GPC tests were repeated for each sample). This decision was made
because no significant changes were observed in their soluble fractions
after treatment under moderate conditions (B and C).

2.2.3. Film preparation from pre-treated Colls

Two methods for moulding films from the pre-treated collagen
samples were employed to demonstrate the potential of the technology,
comparing conventional extrusion (by melt) with a laboratory-scale
casting technique, which was also used to isolate the effect of mechan-
ical stress induced by extrusion on plasticisation.

2.2.3.1. Melt. The pre-treated Colls were homogenised by melt
blending in a twin-screw extruder model ZK 25 T supplied by Collins,
length-to-diameter ratio (L/D) of the extruder was 24. Using tempera-
ture profile ranging from 70 °C to 90 °C, with a rotational speed of the
screw of 60 rpm. If the samples did not contain the plasticiser from the
sCO;, pre-treatment, it was added during the extrusion process (30 wt %)
to ensure consistency across samples and to better understand the effect
of CO; on the incorporation of the plasticiser. After cooling, the material
was pelletised using a pelletising die model SP-1 supplied by Collins. The
various Coll pellets were then thermoformed into films using a model
P200E hot plate hydraulic press supplied by Collins. The compression
moulding process was conducted at a temperature of 80 °C and a pres-
sure of 30 bar over 5 min.

2.2.3.2. Casting. The Coll solutions were prepared according to the
traditional casting method, wherein pretreated Colls were mixed with
distilled water at a ratio of 50 wt % under mechanical stirring at 70 °C
for 30 min (not all samples reached solubilisation). In the same way, as
in the melting process, the pre-treated Coll samples without Gly were
plasticised by adding the plasticiser to the solution (30 wt %). The so-
lutions, prepared with the same dry matter content to ensure consistent
thickness, were poured onto glass Petri dishes. The solutions were dried
at 30 °C in a convection oven until a constant weight was achieved.

All resulting films had a thickness of approximately 80 pm, and they
were then stored at 23 + 2 °C in a chamber with 50 + 2 % relative
humidity.
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2.2.4. Characterisation of Coll films obtained by extrusion and casting
process

The same DSC and TGA method used to study the thermal transitions
and structural rearrangement of the pre-treated Coll powders were used
for the final biofilms. The mechanical properties of the resulting biofilms
were measured as follows: Young’s modulus at a speed of 1 mm min~!
and Tensile strength was measured at a speed of 50 mm min ™" following
the guidelines of ISO 527-1:2019, "Plastics — Determination of tensile
properties — Part 1: General principles.” At least twenty type 1A spec-
imens were tested, and the measurements were conducted using a uni-
versal testing machine Model 5500R60025 of the Instron brand.

Statistical analysis. Data were presented as mean value =+ standard
deviation of realised replicates. Additionally, the Shapiro-Wilk
normality test was conducted using the Python programming language
(version 3.8) with the ’SciPy’ library. The results of the tests demon-
strated that all data obtained in the study followed a normal
distribution.

3. Results

The results were presented in two parts: the first focused on the
morphological changes in the protein powders after the sCO; pretreat-
ment, while the second examined the mechanical characterisation of the
biofilms produced from this pre-treated material, aiming to establish the
relationship between the pre-treatment and the plasticisation.

3.1. sCOy pre-treatment: pre-moulding step

Once the Coll powders, with and without Gly, were subjected to the
sCO; treatment described in the experimental section 2.2.1, the char-
acterisation of the powders yielded the following results:

Solubility tests. Two important parameters can be crucial in
describing the plasticising effect of sCO; on the collagen structure: its
solubility in water and its ability to absorb CO3 into its structure.

The change in water solubility may indicate an increase or loss of
molecular weight, which is related to molecular mobility. Native
collagen is insoluble in water due to its fibrillar structure, but when
subjected to hydrolysis (either enzymatic or acidic), the bonds that
maintain this structure are broken, forming smaller collagen peptides
that can interact with water. These soluble collagens have been the most
studied in film formation (Tang et al., 2022). The collagen used in this
research has a water solubility of around 50 wt %, indicating that it is
partially hydrolysed. In the case of CO; solubility in collagen, it is used
as a measure to describe the interactions between the gas and the
COy-philic chemical groups within the protein, as a means of over-
coming the strong secondary interactions that limit its movement. Gas
sorption in macromolecular chains results in an increase in free volume
and the mobility of polymer segments, acting as a "lubricant" (Kikic
et al., 2003). To study these two aspects, solubilisation tests were
designed in four conditions (A, B, C, and D) were selected (see Experi-
mental Section).

Fig. 3 presents the results for water solubility (shown as lines on the
left) and CO; solubility (shown as bars on the right), divided into two
populations: those without Gly (unshaded area, above) and those con-
taining Gly (shaded area, below). Additionally, both tests are repre-
sented as a function of temperature (T) and pressure (P) to clearly
illustrate the individual effects of each parameter on the measured
properties.

The following important observations can be seen from the results
depicted in Fig. 3.

1. In the samples without Gly (unshaded area), the water solubility
results show that changing from a mild to a moderate pre-treatment
in sCO; (e.g., from Cond. A to Cond. C (increased temperature) or
from Cond. A to Cond. B (increased pressure), see blue lines in Fig. 3)
can lead to an increase in solubility of approximately 10 % and 20 %,
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Fig. 3. Water solubility tests (lines on the left) and solubility of CO, in Coll (bars on the right), for samples with Gly (unshaded area, top) and without Gly (shaded
area, bottom). The same results are presented as a function of temperature and pressure.

respectively. Pressure appears to be the most significant factor, as
indicated by the steeper slope. This behaviour is completely reversed
when the change occurs from a moderate to a severe pre-treatment
(e.g., when comparing Cond. B and Cond. D (temperature change)
or Cond. C and Cond. D (pressure change)), where the samples lose
approximately 25 % of their water solubility in either case. Addi-
tionally, there appears to be a directly proportional relationship
between water solubility and COy absorption capacity. The more
soluble the sample is in water, the greater the amount of CO; it can
absorb (see when comparing the change from mild conditions (A) to
moderate conditions (B or C), blue line in Fig. 3), and the less soluble
the sample is, the less CO, it can absorb (see when comparing the
change from medium conditions (B or C) to severe conditions (D),
orange line in Fig. 3).

2. All samples containing a plasticiser (shaded area) exhibit a signifi-
cant loss of water solubility, which appears to be more pronounced
under the most severe treatment (nearly 60 % loss of water solubility
when comparing the untreated collagen sample with the one treated
under Cond. D, see Fig. 3). Additionally, compared to the samples
without a plasticiser, they have drastically lost their ability to absorb
CO,, particularly when pre-treated at higher temperatures (Cond. C
and D).

In the present study, the sCO5 treatments aimed to enhance its ab-
sorption to disrupt secondary interactions between collagen fibres and
improve plasticisation. The results suggest that a mild to moderate pre-
treatment in sCO; can facilitate greater COy absorption, provided no
plasticiser is present. Interestingly, the use of a plasticiser appears to
induce a form of cross-linking that reduces both water solubility and CO,
absorption. In light of these findings, the following sections discuss the
microstructural changes induced by these treatments in collagen, how
they influence the observed results, and the underlying plasticisation

mechanism when using sCO, and glycerol as a plasticiser.

GPC. When the GPC results were analysed (see Table 3 and Fig. 4), it
was observed that the two extreme conditions studied, Cond. A (mild)
and Cond. D (severe), in both samples with and without glycerol,
showed significant changes in the molecular weights of their soluble
fraction, which explains the previous observations. The intermediate
conditions (Cond. B and Cond. C), as they did not show significant

Table 3

Molecular weight measurements of the soluble fraction of raw collagen samples
and collagen samples subjected to pre-treatments a and d, with and without
glycerol, using GPC analysis and its standard deviation.

Sample Peak Molecular weight (kDa)"

456 + 42
84+6
321 £21
108 +7
87 +£11
33+4
721 £ 38
217 + 14
167 + 6
628 + 44
306 + 26
184 £18

Raw Coll

Without Gly A

With Gly A

155 £19

A WNHFHFBDBWONFEFDAWONFEBRONDRE DB WND-

# Three samples were analysed for each material type, and the standard de-
viation of these measurements is reported.
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Fig. 4. GPC curves representing the different molecular weight distributions of
the soluble portion for the two extreme conditions studied (Cond. A and D),
with and without glycerol, compared to untreated pure collagen.

changes in water solubility, were not analysed by GPC. Instead, the
study focused on the most divergent conditions.

In this regard, subjecting pure collagen fibres, without a plasticiser,
to mild supercritical conditions (Cond. A) resulted in breakage of the
protein fibres, causing the peaks in the GPC curves to shift, and a lower
molecular weight peak is observed (see peak 4 in Fig. 4), which explains
the increase in water solubility. However, when without Gly fibres are
subjected to more severe conditions (Cond. D), the GPC signals shift to
lower retention times, indicating the presence of fractions with higher
molecular weights. This suggested the occurrence of chain cross-linking,
which was responsible for the loss of solubility in water under these
conditions. In the case of samples with plasticiser, regardless of the su-
percritical conditions, cross-linking always occurred; indeed, the sample
with pre-treatment D with Gly had practically lost all of its soluble
fraction.

With molecular weight being the factor that determines water solu-
bility, it would be important to understand the mechanisms driving
these changes during collagen pretreatment in COy with and without
glycerol. In this regard, the results of Casali and collaborators (Casali
et al., 2018) suggested in their studies on the purification of collagen
fibres that under sCO, conditions (20 MPa and 37 °C), there may be a
decrease in pH due to the combined presence of carbon dioxide and the
structural water of collagen at saturation pressures, which forms car-
bonic acid (see Equation (2)).

CO, + HLO —» H,CO3

# HCOs_ + H30+

Numerous studies demonstrate the crucial importance of adjusting
pH in collagen formulations, as it significantly affects the stability of the
triple helix and, consequently, its solubility. The effect of pH on collagen
films is primarily related to the isoelectric point of the protein
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(Branderburg et al., 1993). The isoelectric point of collagens similar to
those used in this study typically falls between 6 and 7.5. When collagen
is far from its isoelectric point, the repulsive forces within the molecule
increase, causing the molecular chain to stretch and exposing the in-
ternal groups on the surface (T. Zhang et al., 2022). Particularly at low
pH levels (2.5-5.0) in bovine collagen fibres, soluble collagen trimers
tend to form into disorganised molecular aggregates and dissociate into
poorly formed their solubility (Harris and Reiber, 2007). However, as
the pH rises, the exposed disulfide bonds and thiol groups react with
each other, ultimately leading to an increase in the degree of cross-
linking (Hellauer and Winkler, 1975; Mauri and Ano6n, 2006).

Thus, this could explain the behaviour of the pre-treated samples in
sCO,. On one hand, in pre-treatment A (35 °C-80 bars), the intrinsic
water absorbed by collagen in a compressed liquid state acidifies the
medium and causes breakage of the fibres (increased water solubility,
see Fig. 3). On the other hand, in pre-treatment D (80 °C-300 bar), the
samples lost almost all surface water, as demonstrated by the TGA tests
(described later), and simultaneously exhibited a significant reduction
in water solubility (suggesting cross-linking, see Fig. 3). However, water
loss alone does not necessarily imply that it is the cause of cross-linking.
Rather, the increased molecular mobility in the presence of the plasti-
ciser could have facilitated interactions between reactive groups on the
collagen fibres, leading to the formation of a cross-linked network, as
evidenced by the FTIR analyses presented later. This, in turn, may have
reduced the ability of the collagen to reabsorb water, which remains in a
compressed liquid state under these pre-treatment conditions.

Interestingly, Miles et al. (2005) demonstrated that collagen
cross-linking induces dehydration by reducing intermolecular spacing,
thereby decreasing intrafibrillar water content and increasing thermal
stability. Although our study does not directly examine the same
mechanisms, our findings align with the idea that a cross-linked collagen
structure retains less water. In this context, the surface water loss
observed in pre-treatment D could be a consequence of the cross-linking
process.

However, it is important to note that the denaturation temperature of
the protein is reported to be between 40 and 50 °C (Hellauer and Win-
kler, 1975; Miles and Bailey, 1999) therefore, as the supercritical con-
ditions become more severe, particularly in terms of temperature, there
is greater mobility that exposes nearby reactive groups, enhancing
cross-linking—especially if the plasticiser is present, as the results have
demonstrated.

DSC. Table 4 and Fig. 5 present the results of the analysis of the
endotherms from the DSC tests. The dotted lines in Fig. 5 (a) and (b)
represent the same test repeated after the samples had been stored for
two months to determine whether the changes in conformation were
reversible.

Several observations can be drawn from these results. Firstly, in all
sCO;, pre-treatments of Coll samples without Gly (Fig. 5 (a)), no signal of
a glass transition temperature (Tg) is observed, nor is there a significant
change in the shape of the endotherm (indicating that the high confor-
mational hierarchy of the triple helix is maintained). However, the en-
thalpies, or the area under the curve, and the peak temperatures of the
endotherms have changed slightly (See Table 4). As the pre-treatment
becomes more severe, the peak temperatures increase, and the en-
thalpies decrease. These results confirm the solubility findings, sug-
gesting that cross-linking is promoted, but within a more disordered
structure.

A bimodal denaturation process for collagen in nitrogen has gener-
ally been described in DSC tests: an initial endotherm at lower tem-
peratures signals the disassembly of supramolecular complexes (i.e., the
separation of different collagen molecules from one another), and a
larger second endotherm indicates the unfolding of each individual
triple-helical collagen molecule into a random coil formation (Staicu
et al., 2015). As can be seen in the samples without Gly (Fig. 5 (a)), only
the second denaturation mechanism is possible, meaning a rearrange-
ment into a more disordered conformation occurs. This type of
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Table 4
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Enthalpy values, peak endothermic temperature (ty,.y), and glass transition temperature (Tg) of the studied collagen powders (a) with glycerol and (b) without
glycerol, measured by DSC analysis with standard deviations.

Samples (a) Without Gly* (b) With Gly*

Enthalpy (J/g) Tmax CC) Tg (°C) Enthalpy (J/g) Timax °C)
Coll 72.21 +£1.43 83.31 + 1.60 54.10 + 2.16 13.72 + 0.62 88.75 + 1.89
A 65.63 + 1.82 82.55 +1.23 52.58 + 2.36 25.12 + 0.26 85.58 + 2.25
B 67.26 + 1.38 82.48 +1.88 51.22 +£1.82 22.30 + 0.55 81.17 + 2.28
C 60.80 + 1.37 87.46 + 1.43 54.85 + 2.65 9.12 +£ 0.29 86.18 + 1.59
D 56.65 + 1.56 91.06 + 1.34 50.97 + 1.87 9.77 £ 0.19 84.85 + 1.87

@ Ten samples were analysed for each material type, and the standard deviation of these measurements is reported.
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Fig. 5. Thermal transition curves for collagen powders pretreated in sCO5: (a) DSC curves for samples without glycerol, (b) DSC curves for samples with glycerol, (c)
TGA curves for samples without glycerol, highlighting changes in surface water loss, and (d) TGA curves for samples with glycerol, showing the absence of surface
water and a consistent glycerol content across all samples.
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denaturation requires a lower peak temperature in samples with lower
molecular weight (Cond. A) and a higher temperature in those with
cross-linking (Cond. D), as expected.

The completely opposite behaviour is observed in the pre-treated
samples with a plasticiser (see Fig. 5 (b)). In all cases, a type of glass
transition is clearly noticeable around 50 °C, which indicates a molec-
ular transition that confers greater mobility or plasticisation. Addition-
ally, a very broad endotherm with two merged peaks can be seen,
indicating that, in this case, both previously mentioned denaturation
mechanisms are occurring. It is remarkable that this substantial
enthalpy loss, potentially associated with the formation of a new cross-
linked structure, was compatible with a material exhibiting a pro-
nounced glass transition, suggesting increased molecular mobility.

Finally, after two months of storage, the DSC tests were repeated,
revealing that the changes were largely maintained over time. Any
minor variations observed could be attributed to the increased molec-
ular mobility conferred by glycerol and its natural exudation process
over time (see Fig. 5 (b)).

TGA. Thermogravimetric analysis has allowed for the confirmation
of the sample composition and their thermal stability, providing further
support for the previous results. The decomposition of the samples oc-
curs in four main steps: Step 1 corresponds to the free water in the
collagen structure (boiling around 90 °C) and it represents a key indi-
cator for monitoring the amount of surface water in collagen after each
treatment and its potential influence on the plasticisation process.; Step
2 corresponds to the evaporation of the plasticiser, in the case of samples
containing it (around 255 °C); Step 3 corresponds to the decomposition
of the protein (around 335 °C); and finally, there is an inorganic fraction
residue that does not decompose before 815 °C.

Table 5 and Fig. 5 (c) and (d) present the residue values at the cor-
responding decomposition temperatures for each case. Firstly, the
samples without glycerol, as expected, do not show any plasticiser
weight loss, while the samples with glycerol appear to have a fairly
homogeneous composition, with approximately 30 wt % of plasticizers.
This demonstrates that there was no significant loss of plasticiser during
the applied procedures. On the other hand, the samples without glycerol
subjected to mild conditions (i.e. Cond. A) retain the largest amount of
water present in the collagen structure, supporting the hypothesis of
medium acidification when CO5 and water are present, leading to the
potential chain scissions observed in the GPC tests.

As discussed in previous sections, the fraction of surface water de-
creases in collagen samples after pre-treatment under conditions C and
D, meaning that water does not play a determining role in the plasti-
cisation process under these conditions. Additionally, an increase in
thermal stability is observed, as the protein decomposition temperature
rises from 331 °C in Condition A to 342 °C in Condition D, representing
an increase of over 10 °C in thermal stability (see Table 5). This is
consistent with other cross-linking evidence, such as reduced water

Table 5
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solubility, and with the findings of Miles et al. (2005) who establish a
relationship between thermal stability and the water content in
cross-linked collagens. Furthermore, the most cross-linked samples
(those pre-treated with Gly) exhibit the highest decomposition tem-
peratures, supporting the formation of a new interlinked structure under
these conditions.

Finally, it is noteworthy that the samples pre-treated with glycerol
generally exhibit a lower capacity to absorb water compared to their
glycerol-free counterparts (see Fig. 5(c) and (d)). It is important to
remember that glycerol acts as a plasticiser by interacting with amino,
carboxyl, and hydroxyl functional groups, forming hydrogen bonds
(Maria Martelli et al., 2006). Additionally, glycerol is quite hydrophilic,
which would typically suggest that samples with Gly would have a
greater capacity to absorb water. However, the overall results obtained
demonstrate that, in sCO», plasticiser does not function in conventional
form; instead, it promotes cross-linking, thereby reducing the avail-
ability of functional groups in collagen for water absorption.

FTIR. These studies confirmed the availability of functional groups
in collagen to interact with glycerol, CO2, or to form cross-links
following the applied pre-treatments. Fig. 6 (a) presents the curves for
all the samples studied, along with the quantitative analysis of the
characteristic Amide A peak at approximately 3300 cm ™!, which cor-
responds to the stretching vibration of the N-H bond in conjunction with
the O-H bond (see Fig. 6 (b)). Additionally, the ratio of (AIII/A1450) is
displayed in Fig. 6 (c).

The most noticeable aspect of Fig. 6 (a) is that the samples containing
glycerol exhibit a greater area under the Amide A bands compared to
their glycerol-free counterparts, regardless of the applied pre-treatment.
Furthermore, as the conditions in supercritical CO5 become more severe,
the Amide A peak shifts to lower wavelengths and displays a reduced
area under the curve (regardless of whether the sample contains glyc-
erine, see Fig. 6 (b)). This suggests that the -NH and -OH groups are
strongly involved in the morphological changes described thus far.

In general, the monitoring of the plasticisation of collagen fibres
involves tracking the change in the characteristic Amide A peak as an
indication of the presence of hydrogen bonds between collagen chains. A
decrease in this peak signifies the disruption of protein-protein in-
teractions, as demonstrated by Albuquerque et al. (2020). Interestingly,
the samples exhibiting a greater area are those containing the plasticiser;
thus, in conjunction with previous results, it can be established that
glycerol, in the presence of supercritical CO3, does not function as a
conventional plasticiser. On the contrary, these chain-chain interactions
are more pronounced due to the crosslinking that has already been
indicated in the earlier results.

However, when only the samples containing glycerol are examined,
an increase in pre-treatment severity results in a decrease in absorbance
and area (see Fig. 6 (b)), which is incompatible with the crosslinking
signals presented in the earlier tests. This phenomenon may be

Weight loss percentages for the thermal transitions of studied collagen samples: step 1 (surface water loss), step 2 (glycerol evaporation), step 3 (protein degradation),
and step 4 (inorganic residue), measured through TGA analysis with its standard deviations.

Samples ~ Without Gly* With Gly®
Step 1 (%) Step 2 Step 3 (%) Step 4 (%) Step 1 (%) Step 2 (%) Step 3 (%) Step 4 (%)
(%)
Coll 12.1 £ 0.6 - 72.7 £ 1.5 17.0 £ 1.0 2.14+0.2(92°C) 33.1+26 48.7 £ 1.6 15.0+1.3
(91 °C) (334°0) (815 °QC) (256 °C) (340 °Q) (815 °QC)
A 9.0 +£0.3(88°C) - 70.7 + 2.4 17.1 £ 0.8 3.0+0.1 31.4 +2.0 45.5 £ 2.1 11.1 £ 1.8
(331 °Q) (815 °C) (101 °C) (254 °C) (345 °C) (815 °C)
B 6.1 +0.2(89°C) - 71.0 £ 1.3 17.0 + 1.5 329+ 1.6 47.8 £2.0 12.0 + 1.1
(329°0) (815 °Q) (254 °C) (348 °Q) (815 °Q)
C 1.24+£02091°C) - 70.7 £1.2 17.8 £ 1.6 - 329 +1.2 49.2 +1.8 11.1 £ 1.2
(338 °C) (815 °C) (257 °C) (348 °C) (816 °C)
D - - 71.6 £ 1.6 16.6 + 0.9 - 328 +1.7 47.0 £1.1 12.0 £ 1.3
(342°Q) (815 °Q) (254 °C) (350 °C) (815 °Q)

# Ten samples were analysed for each material type, and the standard deviation of these measurements is reported.
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Fig. 6. (a) FTIR spectra of collagen powders pretreated with sCO,, (b) quantitative analysis of the characteristic Amide A band to track collagen chain—chain in-
teractions under each applied treatment, and (c) absorption ratios of AIII/A1450 to assess the stability of the triple-helix structure of collagen fibres after treatment.

explained by the physical swelling effect that supercritical CO, has on
the protein, which expands its structure and disrupts the hydrogen
bonds of Amide A, forming voids within the structure. The monitoring of
the microstructure via SEM is illustrated, starting from the untreated
collagen sample (Fig. 7 (a)), followed by the swollen collagen powder
after pre-treatment D without glycerol (Fig. 7 (b)), and finally, the
porous structure formed upon applying pre-treatment D to the collagen
powder with glycerol.

sCO, produces a swelling effect that generates mobility within the
polymer chain, which subsequently may reduce the penetration of the IR
beam, resulting in less intense interactions within the collagen
(Albuquerque et al., 2020). Furthermore, in more crosslinked structures,
this physical foaming phenomenon becomes quite evident, as the mo-
lecular entanglements contribute to an enhancement of the "melt
strength," promoting a stable cellular structure as the protein becomes
more crosslinked (see Fig. 7 (c)), this is similar to the foaming behaviour
observed in synthetic polymers (Escudero et al., 2016). This foaming
effect has been found to be irreversible following depressurization;
however, as will be demonstrated in the following section, it disappears
when the film is produced.

Another relevant aspect of the volumetric expansion or foaming
induced by sCO- in the presence of glycerol is the generation of signif-
icant free volume between the protein chains. This free volume could be
responsible for the pronounced glass transition (Tg) observed in the DSC
tests (see Fig. 5 (b)). Thus, the appearance of Tg in the thermograms
could be primarily attributed to a physical effect. However, when ana-
lysing the curve for collagen with glycerol without pre-treatment, this

transition can already be inferred, highlighting the crucial role of glyc-
erol in the plasticisation process, beyond the mere swelling of the pro-
tein after the sCO5 treatment. In this context, it is relevant to mention
previous studies on the foaming of synthetic polymers, where it has been
reported that the confinement of chains in cellular walls tends to limit
their mobility, particularly in nanocellular structures (Martin-de Ledn
etal., 2024). Nevertheless, in this case, the protein chains appear to be in
a swollen and interlinked state (with irregular cells at the micrometric
scale, see Fig. 7 (c)), which, along with the plasticising effect of glycerol,
results in very pronounced glass transitions.

Finally, when returning to FTIR results (Fig. 6 (a)), additional ob-
servations can be made. For instance, less significant changes are
observed in the characteristic peak of Amide B at approximately 3085
em™}, attributed to the O-H stretching vibration, as well as in the sym-
metric and asymmetric stretching vibrations of aliphatic -CH groups in
-CH3 and -CHj, respectively, near 2852 em L However, in pre-
treatment D, both with and without glycerol, the absorbance and area
tend to be lower than in the other treatments, as these groups are also
involved in the formation of highly branched structures (T. Zhang et al.,
2022).

Very minimal changes are also observed in the peaks of Amides I, II,
and III. The first, near ~1630 cm ™, corresponds to the C=0 stretching
vibration of the peptide bond; the second, near ~1545 cm’l, is associ-
ated with the N-H bending vibration and C-N stretching vibration; and
the third, near ~1236 cm™!, relates to the C-N stretching and N-H
bending vibrations of the amide bonds, as well as the -CH; bending
vibration from the glycine and proline side chains (Sionkowska, 2004).

Fig. 7. Scanning electron microscopy (SEM) of collagen powders (a) Raw Coll, (b) Coll without Gly with pre-treatment D and (c) Coll with Gly with pre-treatment D.
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This suggests that primarily the -OH and -NH groups (broad Amide A
peak) are involved in the observed cross-linking, which appears to be
random in nature.

The peak at the wavelength of 1034-1036 cm ™! in all samples con-
taining plasticiser is associated with the -OH group, primarily due to
glycerol (Hoque et al., 2011). This peak exhibited a smaller amplitude,
and a slight band shift compared to the control raw Gly band. This in-
dicates that the glycerol is present and not removed during
pre-treatment, as confirmed by the TGA analysis, and further suggests
that it interacts with the matrix.

Finally, the characteristic FTIR bands also allow for the study of the
absorbance ratio (AIII/A1450), which indicates the integrity of the
collagen triple helix structure. According to findings by Andrews et al.
(2003) the absorbance ratio (AIlI/A1450) for collagen with an intact
triple helix structure is approximately 1, and this value decreases with
the loss of triple helicity. The data reported in Fig. 6 (c) align with the
notion that the integrity of the collagen triple helix structure in the
samples decreases after treatments that induce crosslinking compared to
non-crosslinked samples. This reduction could be attributed to the co-
valent crosslinks formed within the helix, which would disrupt the
hydrogen bonds that maintain the triple helix structure.

Finally, it is demonstrated that collagen powders do not respond
uniformly under all supercritical conditions. However, there is a clear
trend where, as the conditions become more severe and in the presence
of a plasticiser, a type of interconnected random coil structure tends to
form.

3.2. Evaluation of films obtained from sCO, pre-treated collagen:
moulding step

Up to this point, it has been demonstrated that subjecting collagen
powders to different conditions of sCO5, with and without Gly, results in
significant changes in the microstructure that are not entirely related to
the typical concept of plasticisation: the breaking of intra- and inter-
molecular secondary interactions, denaturation, high CO5 absorption, or
significant increases in solubility. However, it is possible to assess the
utility of these changes on the mechanical properties of films obtained
from the treated collagens. In Fig. 8, Young’s Modulus, Tensile Stress,
and Elongation at Break measured in a unidirectional tensile test for the
films obtained from pre-treated Coll at different sCO;, conditions, with
and without plasticiser are showed.

Before describing the results, it is important to emphasise, as out-
lined in the experimental section, that all characterised films contain
glycerol in the same amount (30 wt %). The difference lies in the timing
of its addition during the processing. The results presented in Fig. 8 (a)
correspond to films in which the precursor powder was pre-treated with
supercritical COy without glycerol, the plasticiser was added during the
extrusion process. In contrast, Fig. 8 (b) corresponds to the results of
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films where the plasticiser was incorporated during the precursor pre-
treatment in sCO9, meaning that no additional plasticiser was intro-
duced during extrusion. The results of the TGA test confirmed this ho-
mogeneous composition (see Table 5).

The collagen film derived from untreated collagen, plasticised during
extrusion, generally exhibits a stiffer behaviour (see Fig. 8). However,
the significant measurement errors and the quality of the extrudate and
pressed material indicate that it is not a stable, well-plasticised material.
Moreover, it exudes the plasticiser within a few days, as has been
observed (Sothornvit and Krochta, 2005), (see Fig. 9, where the quality
of the extrudate and a lightly pressed film is observed).

Regarding the films obtained from the treated collagen powders, the
various microstructural changes in collagen induced by the different
conditions of supercritical COy have indeed altered the mechanical
behaviour of the reference material. For example, in the films obtained
from the powders without glycerol during the pre-treatment in sCO2
(Fig. 8 (a)), it is clear that the loss of molecular weight and the preser-
vation of the hierarchical triple helix conformation in sample form
Cond. A are reflected in the higher stiffness values and the lower elon-
gation at break values. As the pre-treatment in sCO5 becomes more se-
vere, the previously described signs of crosslinking emerge, indicated by
an increase in deformability, and in the most crosslinked sample (i.e.
Cond. D), there is also an increase in tensile strength, suggesting a
possible type of strain hardening. It is important to remember that the
films were obtained through compression moulding; thus, unaligned
films are tested, and a rearrangement of the collagen fibres can occur in
the direction of the stress, thereby increasing their strength through the
formation of new secondary interactions.

In the case of focusing on the samples that contained glycerol from

Fig. 9. Comparative between pressed extrudates obtained from untreated
collagen (Coll) and collagen with pre-treatment D with glycerol (Coll D).
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their pre-treatment in sCO5 (Fig. 8 (b)), a clear increase in elongation at
break can be observed across all applied treatments, in addition to lower
values of modulus and tensile strength. This can be inferred from the
characterization results of the powders: the pre-treatment in supercrit-
ical COy and glycerol work synergistically in a type of plasticisation
based on the disruption of secondary interactions, resulting in a disor-
dered interconnected structure, indicative of a type of cross-linking. This
disordered interconnected bovine conformation does not provide sig-
nificant improvements in mechanical strength, as is often observed in
crosslinked polymer structures. However, it contributed to considerable
stability and flexibility in the film (as evidenced by the reduction in error
bars).

Finally, it can be discerned whether the final mechanical properties
are significantly influenced by the thermo-mechanical shear of the
extrusion process or if they are solely a consequence of the micro-
structure of the precursor powders following pre-treatment. To investi-
gate this, the evolution of the microstructure was compared through
DSC testing for three groups of pairs: precursor powder (Coll,,) versus the
resulting films (Collg) in Fig. 10 (a). Group I corresponds to collagen
without pre-treatment, group II corresponds to collagen subjected to
pre-treatment D without Gly, and the third group corresponds to
collagen pre-treated with Cond. D and Gly.

In the case of the first group, it is evident that there are minimal
conformational changes from the powder to the film, as has been re-
ported (Kliiver and Meyer, 2013; Oechsle et al., 2016) without a real
plasticisation process due to the limited molecular movements of the
triple helix. Once again, the rough product and orange peel texture of
the extrudate from the reference material (Coll) can be observed in
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Fig. 9. In any case, the extrusion did not result in a significant change in
the microstructure of the film.

In group II, the change from precursor powder to film is surprising
(practically all of the area under the endotherm has disappeared, indi-
cating the loss of the conformational hierarchy of the collagen triple
helix), demonstrating that merely subjecting the protein to that pre-
treatment under severe supercritical COy conditions significantly en-
hances the thermo-mechanical effect of extrusion on the microstructure
and plasticisation.

Finally, in the third group, the powder has considerably changed its
microstructure compared to pure collagen powder due to the previously
described synergy between the use of glycerol and supercritical CO2
during the pre-treatment. Nevertheless, a loss of enthalpy and a broad-
ening of the endotherm are still observed in the final film, indicating that
this structure continues to evolve towards a more disordered arrange-
ment after moulding process. Remarkably, even after extrusion, the
presence of a secondary transition (Tg) remains clearly observable in
this group of samples. This indicates that it is not merely a physical effect
due to the foaming of the precursor, as discussed earlier, but rather that
there is indeed a plasticisation in the powder structure that is retained
and even enhanced during the formation of the film. This is evidenced by
the decrease in Tg (see the change in the glass transition in Fig. 10 (a)),
which may result from improved interaction and penetration of the
plasticiser within the structure due to the sCO,, based on how it was
added.

It may be reasonable to think that the changes could be associated
with alterations in the final composition of the films. However, Fig. 10
(b) demonstrates that all the films have a very similar composition, as

800

Tensile stress (MPa

Fig. 10. (a) DSC curves for three pairs of precursor powder groups (Coll,) versus their corresponding films (Colly), for samples without sCO, pre-treatment (I), with
pre-treatment D without Gly (II) and with Gly (III), (b) TGA curves of the films analysed in (a), (c) Tensile stress-strain curve for films obtained by extrusion, with a
sample of the film from Coll D with Gly shown at the bottom of the image, and (d) Tensile stress-strain curve for films obtained by casting, with a comparison of a film
from raw Coll and from Coll with pre-treatment D with Gly shown at the bottom of the image.
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evidenced by a decomposition step of 30 wt % of the mass occurring at
around 220 °C, which is attributed to the plasticiser. Furthermore, no
changes can be observed in the region corresponding to the water
decomposition.

Finally, the collagen powder subjected to pre-treatment D with and
without Gly was used not only to obtain films by melt extrusion (see the
quality of the film, particularly Coll D with Gly at the bottom of the
image, and the mechanical properties graphs in Fig. 10 (c)) but also by
casting process (see the obtained films and summary of mechanical
properties in Fig. 10 (d)). This demonstrates that not only the treatment
in sCO2 can enhance extrusion but also casting processes that are typi-
cally used only for soluble proteins.

Although the collagen powders subjected to pre-treatment D showed
a decrease in solubility, the resulting microstructural change-
——characterised by a more disordered and denatured net-
work—improves solvent penetration and swelling, which in turn
facilitates the formation of cast films. This is illustrated in the image at
the bottom of Fig. 10 (d): on the left, the untreated collagen is insoluble,
resulting in uneven areas in the film, while on the right, a well-formed
film with a smooth surface is observed, owing to the homogeneous
swelling of the pre-treated collagen powder. These cast films possess
mechanical properties consistent with this method of fabrication, which
are not comparable to those obtained via melt extrusion
(Hernandez-Izquierdo and Krochta, 2008; Ochoa-Yepes et al., 2019).
However, the use of this method has allowed for a retrospective com-
parison between the commonly used laboratory technique for obtaining
protein films and a commercial method, such as those employed in the
production of thermoplastic films.

The successful formation of these films by extrusion indicates true
plasticisation of the collagen powders, achieved through the adjustment
of pre-treatment conditions in supercritical CO5. This process does not
lead to protein degradation but instead induces notable conformational
changes, which present an interesting avenue for further study and po-
tential applications.

4. Conclusion

The use of supercritical CO, for plasticising collagen-based biofilms
has not been explored until now. This study presents a method to sys-
tematically investigate the influence of each step in the film production
process, starting from collagen pre-treated with sCO5, on the mechanical
properties of the final biofilms. The results demonstrate that when
collagen is treated under sCO, conditions above its denaturation tem-
perature (80 °C, 80-300 bar), the combination of COy and glycerol
significantly alters its secondary structure and intermolecular in-
teractions. This leads to a more disordered, cross-linked structure that
facilitates the production of highly plasticised films. The treated
collagen powders, which swell due to gas absorption and show increased
molecular mobility, become more water-insoluble and perform better
during extrusion, preventing issues such as melt fractures or uneven
surfaces. As a result, the films produced exhibit up to 20 % less rigidity
and a 50 % increase in elongation at break. These findings provide
valuable insights into how more extreme supercritical CO» conditions
affect collagen fibres compared to conventional processing methods.
This knowledge extends beyond biofilm production, offering a founda-
tion for applications where controlled conformational changes in
collagen are desired, positioning supercritical CO; as an effective tool
for modifying collagen’s microstructure.
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