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Abstract

In this work, the effect of hydrolyzed keratin on the properties of soy protein-
based films was analyzed when different manufacture processes were employed. It is
widely known that the processing method selected can affect the film properties as a
function of the structure obtained during the film formation. Therefore, the assessment
of hydrolyzed keratin/soy protein films processed by casting and compression moulding
was carried out by means of the analysis of physicochemical, thermal, mechanical,
optical and surface properties. It was observed that the incorporation of hydrolyzed
keratin, obtained from a simpler, environmentally friendlier and more sustainable
extraction method, resulted in the improvement of the thermal stability of the films,
irrespective of the processing method employed. Moreover, the films processed by
compression moulding showed enhanced tensile strength, which increased with the

incorporation of hydrolyzed keratin due to the formation of disulfide bonds.
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1. Introduction

The research of new applications and alternative sources of biopolymers has
experienced a huge increase in the last years, mostly due to the growing interest in the
economical valorisation of agro-industrial wastes and by-products as well as their
environmentally friendly management [1-3]. In fact, a huge amount of agricultural
waste is produced every year, but the vast majority is underutilization; thus, a great
opportunity to valorise it and reduce its environmental impact is missed [4].
Interestingly, the studies in this field are becoming more and more frequent. Bhatnagar
et al. [5] valorised the solid waste product from oil industry and employed it as an
adsorbent for water pollution; Liu et al. [6] used the sunflower head residue as a
reinforcement in polymeric materials; Uranga et al. [7] studied the employment of fish
gelatin, which is obtained from fish processing waste, as packaging films; and Xu et al.
[8] employed grape pomace, obtained from juice or winemaking, as antimicrobial agent.
The above mentioned works are some recent examples of the potential of industrial

wastes and by-products to obtain raw materials and increase resource efficiency.

Chicken feathers, waste from the poultry industry, are considered a critical
problem in many countries due to their limited applications [9]. Indeed, feathers are
commonly burned or buried, even disposed as a total waste in landfills, causing
environmental problems [10]. Therefore, the employment of chicken feathers as a
source of raw materials for applications such as packaging, tissue engineering, water
purification, or fuel storage could be an alternative [11-14]. It is well known that
feathers are mainly composed of a structural protein, keratin (> 90%), rich in
hydrophobic residues and cysteine, which promotes crosslinking by disulphide bonds
[15]. The high content of cysteine turns keratin into a potential source of sulphur, which

could promote interactions by disulphide bonds, enhancing the film stability. Although
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S-S bonds provide strength and stiffness to the keratin in the solid state, they can be an
impediment during the film processing in solution since they cause the insolubility of
keratin [16]; hence, feather keratin must be pre-treated. Physical and chemical
treatments have been reported [17]. Physical treatments involve high temperature (80-
140 °C) and/or high pressure steam (70-100 kPa) to hydrolyze feathers. Additionally,
chemical treatments used acids or alkalis at the boiling temperature for over 2-3 h. In
this work, the application of high temperatures was avoided in order to use an
inexpensive, simple and environmentally friendly method to obtain hydrolyzed keratin
by a more sustainable manner. It was observed that the addition of sodium hydroxide as
a reducing agent was effective in breaking disulphide bonds and, therefore, peptides and
free amino acids were obtained, which meant the solubilisation of keratin. The
hydrolyzed keratin (HK) solution was employed along with soy protein isolate (SPI) to

develop fully renewable films.

Soy protein, a by-product from soy oil production, can be purified to obtain soy
protein isolate. This protein has been widely used as an alternative to petroleum-derived
polymers due to its attractive properties, such as renewability, abundance and
biodegradability [18]. Soy protein fractions can be classified in four categories by its
sedimentation rate in fractional ultracentrifugation: 2S, 7S, 11S and 15S. Among these
four protein fractions, 7S (B-conclycinin) and 118 (glycinin) represent more than 80%
and the 7S/118 ratio is estimated to be around 0.5-1.3 [19]. B-Conclycinin has a
molecular weight of 180 kDa and disulfide bonds are not present in its structure; unlike
glycinin, which has a molecular weight of 320-350 kDa and a total of 20 disulfide
bonds [20]. However, the hydrolyzed keratin has around 11% of cysteine and 4-fold
sulphur content than SPI, so that the incorporation of hydrolyzed keratin into soy

protein isolate solution can promote the formation of disulfide bonds and enhance the



film properties. In this work, SPI/HK films were processed by solution casting and
compression moulding. Overall, the processing of films is based on three main steps.
Firstly, chemical agents and/or processing conditions break the intramolecular
interactions among polymeric chains. Afterwards, these chains are rearranged and,
finally, a new three dimensional network is formed by intermolecular interactions
among the components of the film forming formulation. These three steps are involved
in both casting and compression moulding methods; however, the last step differs from
one technique to the other, since the protein chains have more time to rearrange in the
solution casting method and, thus, the final properties can change [21, 22]. Hence, the
employment of different processing methods allows to tailor the film properties as a

function of the properties required for a specific application [23].

In view of the above, solution casting and compression moulding processes were
employed in this research work to manufacture SPI/HK films and the effect of each
processing method on film properties was analyzed. Moreover, the behaviour of the
films with different HK contents was assessed by the analysis of physicochemical,

thermal, mechanical, optical and surface properties.

2. Materials and methods

2.1 Materials

Soy protein isolate (SPI), with a minimum of 90% protein content on dry basis,
was obtained from ADM Protein Specialties Division, Netherlands. SPI contains a
maximum of 5% moisture, 4% fat, 5% ash and its isoelectric point is 4.6. Chicken
feathers were kindly supplied by Lumagorri S.L. Glycerol, supplied by Panreac, was

used as plasticizer.



2.2 Preparation of hydrolyzed keratin (HK)

Chicken feathers were washed with water and dried at room temperature. Then,
the quills and the barbs were cut into small pieces and grinded. Afterwards, the grinded
feathers were treated in a Soxhlet device with methanol during 3 h and then, they were
dried. Pre-treated chicken feathers (CF) were mixed with NaOH (1 M) in a CF/NaOH
ratio of 1:20 (w/v) and the mixture was stirred during 8 h at room temperature. After
that, 100 mL of distilled water were added and the solution was filtered. In order to
determine the sulphur content in HK solution, elemental analysis was carried out using
an Euro EA Elemental Analyzer (EuroVecto, Italy). The determined sulphur content

was 4.2%.

2.3 Preparation of films

Films were prepared by solution casting (wet method, W) or compression
moulding (dry method, D). SPI film forming solution was prepared by dissolving 5 g of
SPI in 100 mL of HK solution prepared as described above. The concentration of CF in
HK solutions was fixed at 3, 6 or 9 wt % (based on SPI dry basis). The pH was
appropriately adjusted to 10 before heating the dispersion at 80 °C for 30 min under
magnetic stirring. After that, 30 wt % glycerol (based on SPI dry basis) was added and
the solution was maintained at the same temperature for 30 min. On one hand, the
solution was poured into Petri dishes, dried at room temperature and films were peeled
from the dishes. These films were designated as HKO-W (control sample for solution
casting), HK3-W, HK6-W and HK9-W. On the other hand, the solution was freeze-
dried using an Alpha 1-4 LD freeze dryer. The powder obtained was thermally
compacted by applying a pressure of 12 MPa for 2 min, using a caver laboratory press,

previously heated up to 150 °C. The films were designated as HK0-D (control sample



for compression moulding), HK3-D, HK6-D and HK9-D. All films were conditioned in
an ACS Sunrise 700 V controlled bio-chamber at 25 °C and 50% relative humidity for

48 h prior to testing.
2.4 Characterization of films
2.4.1 Moisture content (MC), water uptake (WU) and total soluble matter (TSM)

Three square-shaped samples of each film were weighed (m,,) and dried in an
air-circulating oven at 105 °C for 24 h. After that time, the films were reweighed (my)

and the MC was determined by the following equation:

MC (%) = "o 100 (1)
My,
Then, samples were completely immersed in 70 mL of distilled water at room
temperature. After 1-8 and 24 h, the samples were removed from water, wiped, weighed

(m;) and immersed again into water. The WU of each film was calculated as:

WU (%) =2 T 100 2)

m,

Afterwards, specimens were dried in an air-circulating oven at 105 °C for 24 h
and weighed (my). TSM was expressed as the percentage of film dry matter solubilised

after 24 h of immersion in distilled water [24]:

TSM (%) =—— " 4100 3)

m,

2.4.2 Water vapour permeability (WVP)



Water vapour permeability (WVP) was analyzed in a controlled humidity
environment chamber PERME™ W3/0120 according to ASTM E96-00 [25]. Circles of
7.40 cm diameter and a test area of 33 cm? were cut for each sample. The set up was
subjected to a temperature and a relative humidity of 38 °C and 90%, respectively.

Water vapour transmission rate (WVTR) was calculated by the following expression:

WVTR( S jz G )

scm? ) txA

where G is the change in weight (g), t is time (s), and A is the test area (cm?). WVP was

calculated as:

WVP g _ WVTRxL (5)
cm s Pa AP

where L is the thickness of the test specimen (cm) and AP is the partial pressure
difference of the water vapour across the film (Pa). WVP was calculated and reported

for three specimens of each sample.
2.4.3 Water contact angle (WCA)

Water contact angle measurements were performed at room temperature with a
Neurtek contact angle meter model Oca20 Dataphysiscs Instruments. A film sample
was laid on a movable sample stage and about 3 pL of distilled water were placed onto
the film surface to estimate the hydrophobic character. The contact angle images were
recorded at 0, 5 and 10 min after dropping the water on the sample, using SCA20

software. Five replicates were made per formulation.

2.4.4 Colour measurements



Colour was analyzed with a colourimeter CR-400 Croma Meter, Konica-
Minolta. Films were placed on the surface of a white standard plate (calibration plate
values L"™=97.39, a™= 0.03 and b*= 1.77) and L", a" and b" colour parameters were
measured using the CIELab scale: L™= 0 (black) to L*= 100 (white), -a*(greenness) to
+a”*(redness) and -b*(blueness) to +b*(yellowness). Ten replicates were made per
formulation and the colour difference (AE"), referred to the control film, was calculated

by the following equation:

AE" =/ (AL')*+(Aa")* +(Ab )’ (6)
2.4.5 Transparency (T)

A spectrophotometer V-630 UV-Jasco was employed to determine the

transparency (T) of the film. T was calculated by the following equation:

A
T = 22600 7
= (7

where Agg 1s the absorbance at 600 nm and L is the films thickness (mm). Three

specimens were tested for each composition.
2.4.6 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were performed on a
Mettler Toledo DSC 822. Samples of around 4 mg were subjected to a heating ramp
from -50 °C to 225 °C at a rate of 10 °C/min under nitrogen atmosphere to avoid
oxidative reactions. Sealed aluminium pans were used to prevent mass loss during the

experiment.

2.4.7 Thermogravimetric analysis (TGA)



Thermogravimetric analysis (TGA) was performed using a Mettler Toledo
SDTA 851 equipment. Experiments were carried out in a temperature range from 25 °C
to 800 °C at a constant rate of 10 °C/min under nitrogen atmosphere to avoid thermo-

oxidative reactions.

2.4.8 Tensile testing

Tensile strength (TS), elongation at break (EB) and elastic modulus (EM) were
measured according to ASTM D638-03 standard [26], using a MTS Insight 10
electromechanical testing system. Samples were cut into strips of 4.75 mm x 22.25 mm
and the crosshead rate was 1 mm/min. Five specimens were tested for each

composition.

2.4.9 Dynamic mechanical analysis (DMA)

Thermo-mechanical measurements were performed using a DMA Explexor 100
N, Gabo Qualimeter. Experiments were performed in a temperature range from -100 °C
to 120 °C at a heating rate of 2 °C/min. The measurements were carried out under

tension at a constant frequency of 1 Hz and the strain applied was fixed at 0.05%.

2.4.10 X-ray photoelectron spectroscopy (XPS)

XPS was performed in a SPECS spectrometer using a monochromatic radiation
equipped with Al Ka (1486.6 eV). The binding energy was calibrated by Ag 3ds,, peak
at 368.28 eV. All spectra were recorded at 90 ° take-off angle. Survey spectra were
recorded with 1.0 eV step and 40 eV analyser pass energy and the high resolution
regions with 0.1 eV step and 20 eV pass energy. All core level spectra were referenced

to the C 1s neutral carbon peak at 284.6 eV. Spectra were analysed using the CasaXPS



2.3.16 software, and peak areas were quantified with a Gaussian—Lorentzian fitting

procedure.

2.4.11 Gloss measurements

Gloss was analyzed at 60 ° incidence angle according to the ASTM D523-14
[27] using a Konica-Minolta Multi Gloss 268 plus gloss meter. Measurements were

taken ten times for each sample.

2.4.12 Scanning electron microscopy (SEM)

The morphology of the film surface was visualized using a Hitachi S-4800

scanning electron microscopy. Samples were mounted on a metal stub with double-side

adhesive tape and coated under vacuum with gold, using JEOL fine-coat ion sputter
JFC-1100 in an argon atmosphere prior to observation. All samples were examined

using an accelerating voltage of 15 kV.

2.4.13 Statistical analysis

Data were subjected to one-way analysis of variant (ANOVA) by means of a
SPSS computer program (SPSS Statistic 23.0). Post-hoc multiple comparisons were

determined by the Duncan's test with the level of significance set at P < 0.05.

3. Results and discussion

3.1 Physical properties

The study of the behaviour of the films in presence of water can provide
information about the film integrity and stability in humid environments. Therefore,

properties such as moisture content (MC), total soluble matter (TSM), water vapour
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permeability (WVP), water uptake (WU) and water contact angle (WCA) were
analyzed. Firstly, MC, TSM and WVP values are presented in Table 1. As known,
moisture content is important as far as it can act as a plasticizer in the polymeric matrix.
As can be observed, moisture content values were higher for the films processed by
casting. However, these values showed no significant difference (P > 0.05) when
hydrolyzed keratin was incorporated. Regarding TSM, an upward trend was followed
for the films processed by both methods, and the values increased with HK addition.
This trend may be due to the presence of free amino acids or low molecular weight
peptides that are not connected by covalent crosslinkages with other film components.
Therefore, the rise in HK content resulted in an increase of the film solubility. In
relation to WVP, an improvement was observed when solution casting was employed.
This improvement could be due to the reorganization of protein chains since a longer
drying period is provided when the wet process is used. Concerning HK incorporation,
WVP values did not change significantly (P > 0.05) in HK-W films; however, the
addition of HK into HK-D formulations resulted in the increase of the water vapour

permeability.

The water resistance can be expressed in terms of water uptake. WU is related to
the diffusion process in which small molecules are transported randomly from one side
to the other, which is influenced by crosslinking, molecular interactions, crystallinity, as
well as the presence of fillers in the film [28]. For all films, the rate of water absorption
was fast in the first hour and then, the equilibrium was reached after few hours (Fig. 1).
In the case of HK-W films, the WU values started to decrease within 24 h of immersion
due to the beginning of the film disintegration. In contrast, the films processed by
compression moulding maintained the water uptake values constant after 24 h,

indicating the major stability of these films. Furthermore, it was observed that the
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incorporation of hydrolyzed keratin affected the uptake capacity, allowing a higher

water uptake, obtaining 2-fold values when 9 wt % HK was added.

The knowledge of the hydrophobicity of the films allows for the detection of
changes in the orientation of hydrophobic groups toward the surface, caused by changes
in the molecular structure of the protein upon denaturation [29]. The hydrophilic or
hydrophobic character of the films was evaluated by measuring the water contact angle
on the film surface as a function of time and the values are displayed in Fig. 2. Overall,
WCA values higher than 90 ° correspond to a hydrophobic character or low wettability
of films [30]. In this instance, the films processed by casting showed higher values than
those processed by compression and HKO-W films showed values around 90 °,
confirming their hydrophobicity. This behaviour can be attributed to a lower
concentration of polar groups toward the surface because of a longer period of time for
the interactions between the blend components in the case of processing by casting. On
the other hand, the hydrophilic character of the films was promoted by the addition of
hydrolyzed keratin due to the incorporation of the hydrophilic amino acids present in
HK. Furthermore, WCA values decreased with time, indicating the wettability of the

films.

Regarding optical properties, colour and transparency of the SPI-based films
were assessed and the results are displayed in Table 2. The films processed by casting
had higher L* values, resulting in brighter films. However, the addition of HK darkened
the films significantly (P < 0.05) to the detriment of lightness in comparison to the
control film. An opposite trend was found for a* and b* parameters. In fact, it was
observed that b* parameter showed high values mainly due to the characteristic
yellowish colour that soy protein provides to the film. This parameter increased with the

addition of HK, which provided a higher yellowish colour to the films. Furthermore,
12



HK content strengthened significantly (P < 0.05) the redness of the films (a*), as well as
the colour difference (AE"). Meanwhile, the employment of compression moulding as
processing method increased the values of the above mentioned parameters due to the
application of a higher temperature. Besides colour, transparency values of the films are
also shown in Table 2. As can be seen, the processing method also affected the
transparency of the films. Although all films were transparent (Figure S1), transparency
values indicated that the films processed by compression moulding were more
transparent, since the lower the T value, the higher the transparency [31]. However,
these values did not change regardless of the amount of HK incorporated. These
transparency values for compression films were similar to the values obtained for
oriented polypropylene (OPP) [32]. The difference between the two methods employed
in this study could be related to the use of a higher temperature by compression
moulding, which favoured the denaturation of SPI and, thus, the interactions with HK,

increasing the compatibility between both components.

3.2 Thermal properties

The thermal behaviour of the developed films was evaluated by differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA) and results are
presented in Fig. 3 and Fig. 4, respectively. In all the DSC thermograms, one
endothermic peak was detected. This peak represents the denaturation of one of the
major globular proteins in SPI, -conglycinin (7S) [33]. In the case of the films
processed by casting, this thermal transition was observed around 80 °C, but this
temperature increased up to 100 °C for compression films. It is well known that
denaturation temperature of 7S globulin is strongly dependant on moisture content, thus,
higher temperature values were obtained at lower moisture content [34]. As shown in

Table 1, MC values for compression films were lower than those for casting films, in
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agreement with DSC results. Additionally, the incorporation of hydrolyzed keratin
caused a shift of the peak attributed to 7S globulin to higher temperatures, increasing

the thermal stability of films.

As can be seen in Fig. 4, TGA curves showed that thermal degradation occurred
in three steps. The first stage (< 100 °C) corresponded to the loss of absorbed moisture.
In this step, casting films had a weight loss of 10%, whereas the weight loss of
compression films was around 5%. The point of this behaviour was a lower MC in HK-
D films. The second stage, starting around 210 °C, was related to the evaporation of the
glycerol used as plasticizer. As shown in other works [35, 36], the good compatibility
between protein and glycerol induced the increased of the boiling temperature of
glycerol, which is 182 °C. The third stage appeared at around 300 °C and it was related
to the thermal degradation of soy protein. It was observed that both control films (HKO-
W and HK-D) experienced higher weight loss above 300 °C than the rest of the films,
suggesting that the incorporation of hydrolyzed keratin enhanced the thermal stability of

the films due to a higher amount of disulfide bonds.

3.3. Tensile and dynamic mechanical properties

Mechanical properties of SPI-based films with different HK contents were
evaluated by measuring the tensile strength (TS), elongation at break (EB) and elastic
modulus (EM) and the results are set out in Table 3. The films prepared by compression
moulding possessed an enhanced tensile strength in comparison to those processed by
casting. Moreover, the incorporation of HK increased significantly (P <0.05) TS values
from 7.47 to 9.52 MPa for HK9-D. At the same time, compression films also exhibited
higher EB values, but the addition of HK caused a decrease of EB from 131% to 94% as

the HK content increased from 0 to 9 wt %. Regarding the elastic modulus, these values
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were slightly higher for the films prepared by compression moulding; however, no
change was observed when hydrolyzed keratin was incorporated. This change in the
mechanical behaviour of the films can be related to the increase of sulphur content in
film forming formulations by the incorporation of HK. As reported in the literature [37],
the crosslinking by disulphide bonds in proteins is favoured at basic pH, the pH used in
this work, and it is promoted by heating due to a higher degree of protein denaturation,
which would explain higher TS values for compression films. Since crosslinking
restricts chain mobility, increasing stress and decreasing deformation, this is in

accordance with the values shown in Table 3.

In order to support the above mentioned effects on chain mobility, the
temperature dependence of storage modulus (E’), loss modulus (E’’), and loss tangent
(tand) for SPI-based films processed with different HK contents by casting and
compression is shown in Fig. 5. As noticed in Fig. 5a and 5S¢, E’ and E’’ values were
higher for films processed by compression moulding, confirming a higher thermal
stability, as shown by DSC analysis. For all samples, the storage modulus was always
higher than the loss modulus in the whole temperature range. However, the increase of
temperature affected the thermo-mechanical behaviour of the films. As the temperature
increased, the moduli values dropped sharply and a minimum value was obtained at
around 45 °C for compression films and at 30 °C for casting films. Afterwards, and up
to 80 °C, an increase was observed. As reported in the literature, this increase in moduli
can be related to the crosslinking by disulphide bonds in proteins [38]. From that
temperature on, moduli values for casting films started to decrease, while those for

compression films remained stable until 120 °C.

The mechanical properties can also be related to tand, whose maximum defines

the glass transition temperature (T,). It is worth noting that the increase of T, resulted in
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the increase of the resistance of the films [39]. In this context, Fig. 5Sb and 5d showed
the curves related to tand, where two transitions were observed. The first one, at around
-45 °C for HK0-W and -40 °C for HKO0-D, was attributed to the glass transition of
glycerol (T,;) where glycerol is loosely bound to proteins. The second one, at around 50
°C for HKO-W and 45 °C for HKO0-D, corresponded to the glass transition of protein
(Ty2) where glycerol forms a hydrogen-bound structure with proteins [40, 41]. The
addition of HK contributed to the increase of Ty and T, not only for casting films but
also for compression films. This increase resulted in higher TS values and lower EB

values, in accordance with the values displayed in Table 3.

3.4 Surface properties

The effect of the hydrolyzed keratin incorporation in soy protein films in terms
of the chemical modification of the surface was analyzed by XPS. Fig. S2 showed 4
different peaks related to C 1s, N 1s, Na 1s and O 1s. Sodium was related to the amount
of NaOH employed in the chicken feather hydrolysis; thus, an increase of the peak
intensity was observed when a higher amount of HK was added. It is known that the
band frequency of C and O atoms changes depending on the interactions between the
blend components, hence, a change in the intensity of the peaks was expected to occur
when different processing methods were employed, as well as when different amount of
hydrolyzed keratin was added [42]. In the case of HK0-W, the intensity of C 1s was
higher than that related to O 1s. However, the intensity of both bands equalled with the
HK incorporation. The opposite occurred for compression films, in which the peak

intensity of C and O atoms was similar when no hydrolyzed keratin was incorporated.

In order to complete the information appeared in Fig. S2, the concentration of C

1s, O 1s and N 1s atoms on the film surface, as well as the O/C and N/C ratios, are
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provided in Table 4. As above mentioned, the surface composition differed from one
film to another depending not only on the processing method employed but also on the
amount of hydrolyzed keratin incorporated. In the case of the films processed by
compression moulding, the changes were more remarkable. With the addition of HK,
the concentration of C increased whilst the concentration of O decreased, as shown in
Fig. S2; therefore, the O/C ratio changed from 0.34 to 0.23 as the amount of HK
increased from 0 to 9 wt %. Regarding N content, its concentration increased with the
incorporation of HK content for casting films, while decreased for compression films;
thus, the N/C ratio increased in the case of the films processed by casting and decreased
for the ones processed by compression moulding. This fact could indicate that the
content of amino groups on the film surface was higher in the films processed by

casting.

C 1s peak was divided into three peaks designated as C1 (C-C and C-H), C2 (C-
O and C-N) and C3 (C=0) functions. C1 indicates the hydrophobic character of the film
surface, whereas C2 and C3 correspond to those functional groups which benefit the
wettability of the surface [43, 44]. As can be seen in Table 5, C1 content was higher for
compression films. Moreover, C1 values increased with HK incorporation, increasing
the hydrophobic character of the films, as confirmed by WCA values. This fact could
evidence the reorganization of the chemical groups at the surface upon hydrolyzed

keratin incorporation which might promote the change in surface hydrophobicity.

In order to provide further information about the surface properties of the films,
the assessment of gloss was carried out. In fact, gloss is directly related to the surface
roughness, being lower when surface is rougher [45]. Table 6 shows gloss values for
the films with different HK contents processed by casting and compression. Gloss

values higher than 70 ® were taken as frame of reference to define the film as a glossy
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material with smooth surface [46]. Films prepared by compression moulding showed
higher values of gloss than those prepared by casting due to a smoother surface, in
accordance with SEM images shown in Figure S3, as a consequence of the application
of pressure during processing. Furthermore, the incorporation of hydrolyzed keratin into
the films decreased significantly (P < 0.05) the gloss values. For instance, with the
addition of 9 wt % HK, the gloss values of casting films decreased from 10.60 ° to 4.40
¢ and, in the case of compression films, from 33.60 ° to 23.40. These results indicated
that the films processed with HK were glossier, in agreement with their smoother

surface observed in Figure S3.

4. Conclusions

Soy protein-based films reinforced with hydrolyzed feather keratin and
processed by casting and compression moulding were successfully manufactured due to
the good compatibility among the components, resulting in transparent films. Films
processed by compression achieved better mechanical properties in terms of tensile
strength, which increased with the incorporation of hydrolyzed keratin. Interestingly, it
was observed that the water uptake of the films remained constant after 24 h, indicating
a high stability and structural integrity of the manufactured films. Consequently, the
incorporation of hydrolyzed keratin into soy protein formulations opens up new

opportunities to develop sustainable films with higher stability.
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Figure captions

Fig. 1. Water uptake of SPI films processed by casting (W) and compression (D) as a
function of HK content.

Fig. 2. Water contact angle values (°) of the control films and the films with 9 wt % HK
processed by casting (W) and compression (D) and recorded at 0, 5 and 10.

Fig. 3. DSC thermograms of SPI films processed by casting (W) and compression (D)
as a function of HK content.

Fig. 4. TGA and DTG curves of SPI films processed by casting (W) and compression
(D) as a function of HK content.

Fig. 5. Temperature dependence of the storage modulus (E’), loss modulus (E’”) and
loss tangent (tand) curves for SPI films processed by casting (a and b) and compression
(c and d) as a function of HK content.

Supplementary figures

Fig. S1. Images of the films containing 0 and 9 wt % of hydrolyzed keratin processed
by casting (HK0-W and HK9-W) and compression moulding (HK0-D and HK9-D).

Fig. S2. XPS survey spectra of SPI-based films processed by casting and compression
as a function of HK content.

Fig. S3. SEM micrographs of the surface of those films containing 0 and 9 wt % of
hydrolyzed keratin processed by casting (HK0-W and HK9-W) and compression
moulding (HKO0-D and HK9-D).

Table Captions

Table 1. Moisture content (MC), total soluble matter (TSM), and water vapour
permeability (WVP) of the films processed by casting (W) and compression (D) as a
function of HK content.

Table 2. Colour (L*, a*, b* and AE") and transparency (T) values of SPI films processed
by casting (W) and compression (D) as a function of HK content.

Table 3. Tensile strength (TS), elongation at break (EB) and elastic modulus (EM) of
SPI films processed by casting (W) and compression (D) as a function of HK content.

Table 4. Compositional information by XPS of the SPI-based films processed by
casting (W) and compression (D) as a function of HK content.

Table 5. Content of C1, C2 and C3 determined by XPS for SPI-based films processed
by casting (W) and compression (D) as a function of HK content.

Table 6. Gloss values of the SPI-based films processed by casting (W) and compression
(D) as a function of HK content.
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Table 1. Moisture content (MC), total soluble matter (TSM), and water vapour
permeability (WVP) of the films processed by casting (W) and compression (D) as a
function of HK content.

Film MC TSM WVP
(%) (%) (102 g cm/cm? s Pa)

HKO0-W  17.45+£0.772 29.06 +(0.922 3.74 + 0.242
HK3-W 1732+ 1.572 31.13 +£3.022 3.45+0.342
HK6-W  17.03 £0.432 32.11 £3.74% 3.55+0.172
HK9-W 1584 +1.442 36.87 £2.47° 3.54+0.472
HKO0-D 11.58+0.11° 28.57 £0.382 5.62+0.142
HK3-D 11.07 £ 0.028 31.02 £0.29° 5.82 +0.39>
HKe6-D 11.67 +£0.12° 33.03+0.14¢ 6.74 +0.15°
HK9-D 12.88 £0.25¢ 34.74 £+ 0.044 6.76 + 0.330

+dTwo means followed by the same letter in the same column and in the same section
are not significantly (P > 0.05) different through the Duncan's multiple range test.



Table 2. Colour (L*, a*, b* and AE*) and transparency (T) values of SPI films
processed by casting (W) and compression (D) as a function of HK content.

Film L* a’ b* AE" T

HKO0-W  90.78 +£ 0.37% -1.26 £ 0.06* 20.98 £ 0.27* 8.71
HK3-W  86.03 £0.37° 1.09 +0.15° 27.84 +£0.75° 8.67+0.82¢  7.81
HK6-W  80.07 + 0.32°¢ 426+0.17¢ 36.70 +£ 0.49¢ 19.81+0.54>  7.02
HK9-W  76.43 +0.20¢ 6.36 +0.104 40.11 £0.144 25.17+£0.25¢  6.83
HKO0-D  78.94 +£0.80? 2.84 £0.602 46.53 £1.202 1.16
HK3-D  71.19+0.79° 9.87 +0.28Y 53.37 £ 0.72° 12.54+0.88* 1.17
HK6-D  68.11 +£0.83¢ 11.72 £0.42°¢ 52.67 +0.84b¢ 1535+0.52> 1.25
HK9-D  66.65 +0.24¢ 14.63 £ 0.36¢ 54.42 + 0.37¢ 18.79 £0.37¢°  1.35

*dTwo means followed by the same letter in the same column and in the same section

are not significantly (P > 0.05) different through the Duncan's multiple range test.



Table 3. Tensile strength (TS), elongation at break (EB) and elastic modulus (EM) of
SPI films processed by casting (W) and compression (D) as a function of HK content.

Film TS (MPa) EB (%) EM (MPa)

HK0-W 4.03 +£0.14 103.92 + 10.10° 113.79 + 4.422
HK3-W 4.83 +£0.27° 97.80 + 7.442 104.25 + 13.192
HK6-W 5.12 + 0.66" 98.03 + 8.49° 99.28 + 10.06
HK9-W 5.59+0.53¢ 97.68 + 8.99 97.29 + 10.87
HKO0-D 747 +1.01° 131.37 + 7.832 112.68 £9.622
HK3-D 8.09 + 0.832 110.44 + 8.23b 109.40 + 10.042
HK6-D 8.92 + (.56 101.34 + 2.65% 104.19 + 5.99a
HK9-D 9.52 + 0.90° 94.27 +9.78¢ 101.58 + 8.95¢

a“Two means followed by the same letter in the same column and in the same section
are not significantly (P > 0.05) different through the Duncan's multiple range test.



Table 4. Compositional information by XPS of the SPI-based films processed by

casting (W) and compression (D) as a function of HK content.

Film C (%) 0 (%) N (%) 0/C N/C
HKO-W 7229 20.91 6.45 0.29 0.09
HK3-W  68.81 21.61 9.26 0.31 0.13
HK6-W 7022 21.09 8.16 0.30 0.12
HK9-W  70.47 20.86 8.03 0.29 0.11
HKO0-D 69.08 23.41 6.95 0.34 0.10
HK3-D 72.16 22.89 433 0.32 0.06
HK6-D 73.88 19.80 5.49 0.27 0.07
HK9-D 75.85 17.26 5.14 0.23 0.07




Table 5. Content of C1, C2 and C3 determined by XPS for SPI-based films processed
by casting (W) and compression (D) as a function of HK content.

Film C1 (%) C2 (%) C3 (%)
HKO-W  52.82 12.66 6.78
HK3-W  45.78 13.31 9.69
HK6-W  46.76 15.43 8.02
HK9-W  48.68 14.08 7.71
HKO0-D 44.75 16.61 7.72
HK3-D 50.65 15.96 5.55
HK6-D 51.91 15.20 6.76

HK9-D 55.09 14.49 6.27




Table 6. Gloss values of the SPI-based films processed by casting (W) and compression
(D) as a function of HK content.

Film Gloss (°)
HKO0-W 10.60+0.112
HK3-W 8.20 +0.05°
HK6-W  5.50 £ 0.04¢
HK9-W 4.40+0.114
HKO0-D 33.60+1.232
HK3-D 6.60 = 0.364
HK6-D 10.60 +2.61¢
HK9-D 23.40+1.17°

*dTwo means followed by the same letter in the same column and in the same section
are not significantly (P > 0.05) different through the Duncan’s multiple range test.





