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Abstract
Biodegradable polymers for food applications have emerged as a sustainable alternative to reduce plastic waste. In this work, 
compostable films based on blends of poly(ε-caprolactone) (PCL) and thermoplastic gliadins (TPG) were developed for 
packaging applications. Firstly, gliadins were extracted from wheat gluten and plasticized with glycerol. Then, PCL/TPG 
films were prepared by cast-extrusion processing at pilot scale and samples were characterized in terms of their structural, 
morphological, thermal, mechanical, barrier and optical properties. The addition of TPG increased the glass transition 
temperature (Tg) of PCL, reduced the oxygen permeability at 0% and 50% relative humidity values, and improved the seal 
strength properties of the films, having a minimal effect on the thermal stability, transparency, and the high stretchability 
characteristic of PCL. On the other hand, the presence of gliadins led to more water sensitive materials, resulting in a slight 
increase in the water vapor permeability. Finally, the home-compostability assessment of the films revealed that the presence 
of gliadins accelerated the aerobic biodegradation and the disintegration with respect to pristine PCL film, thus, showing 
the potential interest of the developed materials for sustainable packaging applications.
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Introduction

The use of non-biodegradable polymers derived from petro-
chemical resources to manufacture short-term or single-use 
plastic products (e.g., food packaging) has been revealed as 
a serious environmental concern in the last years [1]. Spe-
cifically, packaging applications represent the largest sector 
with around 30 % of total plastic consumption worldwide, 
and of that quantity, ca. 45 % is used for single-use pack-
aging [2–4]. Therefore, current trends and efforts in food 
packaging science and technology are mainly focused on 
substituting non-biodegradable materials by biodegrad-
able and compostable ones. Currently, it is already possible 
to find a wide list of compostable plastics available in the 
market including polylactic acid (PLA), polyhydroxyal-
kanoates (PHAs), poly(ε-caprolactone) (PCL), polybutyl-
ene succinate (PBS) or polybutyleneadipate-co-terephthalate 
(PBAT) [5–7]. Among these polymers, PCL has gained great 

attention in recent years due to its great stretchability, low 
glass transition temperature, Tg = −60 °C, and good misci-
bility and compatibility with other polymers [8]. In addi-
tion, PCL can decompose into carbon dioxide, methane, 
water, inorganic compounds, and biomass by the enzymatic 
action of both, aerobic and anaerobic microorganisms [9]. 
However, PCL also has some drawbacks. Firstly, commer-
cial PCL is not considered biobased since it is synthesized 
through the ring-opening polymerization of ε-caprolactone 
in the presence of a catalyst and a macroinitiator. On the 
other hand, the low melting point (60-65 °C) of PCL restricts 
its use in many applications and processes that have high 
temperature requirements, and, finally, the manufacturing 
process of PCL is complex and expensive with market prices 
above 14 €/kg, thus, limiting its application in food pack-
aging [10, 11]. With this in mind, blending polycaprolac-
tone with food hydrocolloid matrixes such as carbohydrate 
polymers (e.g., starch and chitosan) or proteins has been 
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positioned as an encouraging strategy to enhance PCL prop-
erties and reduce its price. Starch has been the preferable 
option for preparing PCL-based blend films. For example, 
Avella et al. prepared blends of PCL with 45 % of starch, 
resulting in fully biodegradable materials with enhanced 
biodegradation rate thanks to the presence of starch [12]. 
Ramirez-Arreola and coworkers studied the influence of 
PCL concentration on the functional properties and blow-
up ratio of PCL-thermoplastic starch blown films [13]. It is 
also possible to find commercial grades consisting of PCL/
starch blends under the trade names Mater-BiTM and Envar 
supplied, respectively, by Novamont (Italy) and BioPlastics 
Inc. (The Netherlands). With respect to PCL/protein blends, 
Corradini et al. prepared polycaprolactone/zein sheets at 
diverse concentrations by compression molding and studied 
their mechanical and thermal performance, showing that the 
thermal stability and the elongation at break decreased as the 
content of zein in the blend increased [14]. Several works 
also report the development of blends of PCL and wheat 
gluten. John et al. extruded PCL and PCL-grafted with 
maleic anhydride (MA) with different amounts of wheat 
gluten and concluded that the presence of MA improved the 
interaction between PCL and wheat gluten, thus, resulting 
in a better mechanical performance [15]. Finkenstadt and 
coworkers used a pilot-scale twin-screw extruder to obtain 
biodegradable PCL-based films incorporating up to 50 % 
w/w of wheat gluten [16]. More recently, Gutiérrez et al. 
developed films by extrusion followed by thermo-molding 
consisting of crosslinked blends of PCL and thermoplastic 
gluten by the action of chrome octanoate as catalyst. They 
showed that the incorporation of the catalyst resulted in more 
crystalline materials with better water-resistant properties 
whereas the compostability was not significantly affected 
by the crosslinking [17]. These works showed promising 
alternatives to enhance the performance of PCL, increase the 
renewable and bio-based content of material in the formula-
tion and make the PCL-based plastic more cost-effective. 
Some research works on gluten proteins have also estab-
lished that the two components comprising gluten, gliadin 
and glutenin, can be used individually to expand their range 
of applications [18]. Following this approach, in the present 
study, gliadins, the major component of wheat gluten, were 
selected due to their easy extractability in alcoholic solutions 
and great film-forming capacity, to obtain a thermoplastic 
gliadin (TPG) resin for its further use in the development of 
blends of PCL and TPG by a conventional film-extrusion 
transformation process.

Therefore, the overall objective of this research was 
to prepare and ascertain the performance of compostable 
films based on PCL blended with 30 wt. % and 50 wt. % of 
thermoplastic gliadins. To this aim, gliadins were extracted 
from wheat gluten and plasticized with glycerol in order to 
improve their processability by melt-extrusion. Then, films 

of PCL and TPG were obtained in a pilot-scale extruder 
and characterized by means of structural, morphological, 
thermal, mechanical, optical and barrier properties aiming 
to determine their suitability for food applications. Finally, 
the compostability of the films was assessed to determine the 
influence of gliadins on the biodegradation and disintegra-
tion rate of PCL under home-composting conditions.

Materials and Methods

Materials

Poly(ε-caprolactone) (CapaTM 6500, Ingevity) was supplied 
by Ravago Chemicals Spain S.A. (Barcelona, Spain). Wheat 
gluten was provided by VicorQuimia S.A. (Badalona, Barce-
lona, Spain). Glycerol, ethanol, and microcrystalline cellu-
lose (particle diameter around 20 µm) were purchased from 
Sigma-Aldrich Química S.A. (Madrid, Spain). Water was 
obtained from an ultrapure water system Barnstead GenPure 
Pro (Thermo Fischer Scientific, Massachusetts, MA, USA).

Gliadin‑Rich Fraction Extraction from Wheat Gluten 
and Plasticization

The gliadin fraction was extracted from wheat gluten follow-
ing the method reported by Balaguer et al. [19]. In brief, 1 kg 
of wheat gluten was dispersed in 4 L of 70 % (v/v) ethanol/
water mixture and stirred vigorously at room temperature 
overnight. The gliadin-rich fraction was recovered by using a 
pressure filter pocket (ICT Filtration S.L., Barcelona, Spain). 
Then, the solid content of the solution was determined, and 
glycerol was added in 25 wt. % with respect to the gliadin 
fraction. Finally, the solvent was allowed to evaporate, and 
the final material was powdered using a cutting mill SM 
2000 (Retsch GmbH, Haan, Germany).

Preparation of Films Based on PCL‑Gliadin Blends 
by Extrusion Processing

Blend films of PCL, and PCL incorporating 30 wt. % (PCL-
TPG30) and 50 wt. % (PCL-TPG50) of plasticized glia-
dins were prepared in a pilot scale co-rotating twin-screw 
extruder Brabender TSE 20/40 with a 20 mm diameter screw 
and a length-diameter ratio (L/D) of 40. PCL pellets were 
fed through the main hopper employing a gravimetric feeder 
(MGF-3-ST, MAGUIRE, Staffordshire, United Kingdom) 
while plasticized gliadins in powder form were introduced 
downstream of the extruder by using a side volumetric 
feeder. The screw speed was set at 35 rpm, and the oper-
ating temperature were, from hopper to die, 85-90-90-95-
95-95 °C. Films, around 8 cm in width and thicknesses in 
the range of 160-220 µm were obtained using an extrusion 
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roller calender line and stored in multilayer PET/Aluminum/
LDPE bags.

Characterization of Melt‑Extruded Compostable 
Films

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis in attenuated total reflection mode was carried 
out using a TENSOR 27 Spectrophotometer (Bruker, Mas-
sachusetts, USA) coupled to a diamond ATR Golden Gate™ 
Specac accessory (Teknokroma, Barcelona). Spectra were 
recorded in the range of 4000-700 cm−1, averaging 32 scans 
at a resolution of 4 cm−1.

Morphological and Structural Characterization.

The microstructural evaluation of the cross sections of the 
films was carried out by scanning electron microscopy 
(SEM-FEG Hitachi S-4800, Hitachi Ltd, Tokyo, Japan) 
using an accelerating voltage of 10 kV and a working dis-
tance of 12 mm. Films were cut crosswise with a crioultra-
microtome and the cross areas were coated with a thin layer 
of Au/Pd prior to the analysis to increase their conductiv-
ity. The particle/agglomerate size of gliadins in PCL-TPG 
blends was analyzed using ImageJ software.

The crystalline structural characterization was examined 
with a D8 ADVANCE A25 X-ray diffractometer (Bruker, 
Massachusetts, MA, USA). The XRD patterns were obtained 
by using Cu/Kα radiation, in the angle range from 2° to 60°, 
at a scan speed of 2°/min with a collection time of 0.2 s per 
step.

Thermal Properties: Thermogravimetric Analysis (TGA) 
and Differential Scanning Calorimetry (DSC).

The thermal stability of plasticized gliadins and PCL-based 
formulations was evaluated by thermogravimetric analysis 
by using a TGA Q-500 instrument (TA Instruments, New 
Castle, DE, USA) under nitrogen flow at a constant heat-
ing rate of 10 °C min−1 from room temperature to 900 °C. 
DSC analysis was carried out using a DSC Q-2000 calo-
rimeter and consisted of a heating scan from −90 to 140 
°C, followed by a cooling from 140 to −90 °C and a final 
heating scan −90 to 140 °C. The scans were carried out 
under constant nitrogen flow and the heating and cooling 
rates were 10 °C min−1. The melting point, the crystalliza-
tion temperature and their corresponding enthalpies were 
determined using the TA Universal Analysis Software. The 
crystallinity degree of PCL in all samples was calculated 
following Equation 1

where ΔHm is the melting enthalpy of the sample during the 
first heating scan, ΔH0

m
 is the melting enthalpy for a 100% 

crystalline PCL (139.5 J g−1)[20], and wf  is the weight frac-
tion of PCL in the blend.

Dynamic Mechanical Thermal Analysis

Dynamical mechanical thermal analysis (DMTA) was car-
ried out using a DMA/SDTA861e analyzer (Mettler-Toledo, 
Ohio, OH, USA) in clamp tension mode. An amplitude of 
15 µm was kept constant, and analyses were conducted at 
a frequency of 1, 3, 10, 30 Hz, and a normal force of ±2 N 
was set. The temperature was monitored between −120 °C 
and 50 °C range at a heating rate of 2 °C min-1. Samples 
had approximate dimensions of 11, 5 and 0.2 mm in length, 
width, and thickness, respectively.

Mechanical Properties and Seal Strength

Tensile testing of films was conducted using a universal 
testing machine Testometric M350-20CT (Rochdale, UK), 
equipped with a 100 N load cell. Tests were carried out in 
accordance with the standard ISO 527-3 [21], and the films 
with dimensions of 100 mm length, 15 mm width and an 
average thickness around 0.2 mm, were stretched at a test 
speed of 100 mm min-1. Young Modulus (E), stress at yield 
(σy), stress at break (σB) and elongation at break (εB) were 
determined from the stress-strain curves as the average of at 
least five measurements. The seal strength of the films was 
evaluated according to ASTM F88/F88M-15 [22]. The films 
were sealed using a pressure of 0.2 MPa, a sealing time of 1 
second and the temperature was varied in the range of 60 to 
65 °C. Then, heat-sealed rectangular samples with a size of 
40 x 15 mm were prepared. Finally, the unsealed edges of 
the films were fixed to the tension test clips of the Universal 
testing machine and subjected to an extension velocity of 
200 mm min−1. The seal strength was calculated as the aver-
age between 20 % and 80 % displacement, as reported in the 
standard, following Equation 2

Water Uptake and Water Contact Angle Measurements.

The water absorption capacity of the developed films was 
determined following the method reported by Kormin and 
coworkers [23]. In brief, film samples with sizes around 3 
x 3 cm were dehydrated by storing them for two weeks in 

(1)Xc(%) =
ΔHm

ΔH0

m

x
1

wf

x100

(2)Seal strength =
MeanForce(N)

Filmwidth(mm)
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desiccators containing silica gel. After that period, a water 
content close to zero was assumed, and the initial weight 
(Wi) of the samples was recorded. Then, samples were 
immersed in tubes containing distilled water for 24 hours. 
Finally, films were recovered from the tubes, and the excess 
of water was eliminated from the surface of the samples with 
absorbent paper before determining their final weight (Wf). 
The percentage water uptake (WU %) was calculated using 
the following formula:

Surface wettability was determined by water contact 
angle measurements at room temperature employing a goni-
ometer OCA 15EC (Dataphysics, Germany). A drop of water 
of 5 µL was placed on each film surface at random positions 
and the contact angles were recorded for 60 seconds. A mini-
mum of 5 measurements were carried out of each reference.

Barrier Properties: Oxygen and Water Barrier Permeability 
Coefficients.

The oxygen permeability coefficients of PCL and PCL/TPG 
films were determined employing an OX-TRAN Model 2/22 
H OTR Analyzer Mocon (Lippke, Neuwied, Germany). 
Tests were carried out at room temperature and at three 
different relative humidity values (RH): 0 %, 50 % and 75 
% RH in accordance with ASTM D3985-17 (dry condi-
tions) and F1927-20 (controlled humidity conditions) [24, 
25]. Water vapor permeability was evaluated following the 
ASTM F1249-20 [26], at room temperature and 50 % RH, 
using a Permatran-W Model 3/34 G.

Colour Properties

The color coordinates in the CIELab space: L* (lightness), 
a* (red-green), b* (yellow-blue), were evaluated using a 
KONICA CM-2500d instrument (Konica Minolta Sens-
ing Americas, Inc., NJ, USA). The color difference (ΔE) 
of PCL-TPG films with respect to the control PCL film was 
determined following Equation 4

Home‑Compostability Assessment

Aerobic Biodegradation  The aerobic biodegradability of 
the materials under controlled composting conditions was 
determined by measuring the amount of evolved carbon 
dioxide (CO2) following the standards NF T 51-800 and 
ISO 14855-1:2012 [27, 28]. The inoculum was prepared by 

(3)Water uptake (%) =
Wf −Wi

Wi

x100

(4)ΔE = [(ΔL)2 + (Δa∗)
2
+
(
Δb∗

)2
]
0.5

mixing 200 grams of well aerated compost from a work-
ing composting plant with 50 grams of vermiculite (ratio 
compost: vermiculite of 4:1). Distilled water was added to 
achieve a moisture content over 40 %. Then, 250 grams of 
this mixture was placed in a 2-L glass flask (bioreactor) with 
a lower inlet for H2O-saturated air and an upper outlet for 
the analysis of CO2 in a non-dispersive infrared equipment 
(LI-830 CO2 analyzer, LI-COR Biosciences GmbH). The 
aerobic conditions during the test were maintained thanks 
to an air compressor that supplied dry air to the system and 
to a flow regulation system. Once prepared, 15 grams of 
test sample was added in the form of powder (plasticized 
gliadins) or pellet (PCL, PCL-TPG-30 and PCL-TPG50). 
In addition, one bioreactor containing microcrystalline cel-
lulose mixed with the compost was used as reference sam-
ple while another bioreactor with the compost alone, i.e., 
without addition of an external carbon source, was used as 
a blank. Tests were carried out in triplicate and the reactors 
were placed in a hot air oven (Dry-big 720 L, J.P. Selecta, 
Spain) operating at 25 ± 5 °C throughout the test.

The theoretical amount of carbon dioxide (ThCO2) that 
can be produced by the test material in each bioreactor 
assuming that all the organic carbon of the sample is con-
verted into CO2, was calculated using the following Equation

where Ws is the dry weight in grams of the test sample intro-
duced in the bioreactor, CT is the proportion of the total 
organic carbon in the dry sample (grams of C/ grams of 
dry sample) and MWCO2 and MWC are, respectively, the 
molecular weights of carbon dioxide (44 g/mol) and car-
bon (12 g/mol). The percentage of biodegradation (%B) was 
determined from the cumulative amount of CO2 generated, 
by using the following Equation

where ∑CO2S is the cumulative amount of CO2 (g) gener-
ated in the bioreactor containing the test sample, ∑CO2B 
is the cumulative amount of CO2 (g) produced in the blank 
bioreactor, and ThCO2 is the previously calculated theoreti-
cal amount of CO2 that can be produced by the test material.

2.4.1.2. Disintegration under home-composting 
conditions.

The evaluation of disintegrability of PCL and PCL-TPG 
films was conducted via weight loss determination after 
their burial in compost. The dried film samples were cut 
into 2.5 × 2.5 cm2, and the initial weight (M0) of each film 
was recorded. Afterward, the samples were placed in textile 
meshes buried in synthetic wet compost and subjected to an 
aerobic disintegration process for 180 days. Composting test 

(5)ThCO
2
= WsxCTx

MWCO2

MWC

(6)B(%) = 100x

∑
CO

2S −
∑

CO
2B

ThCO
2
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was carried out at 25 °C under home composting conditions 
in accordance with the French standard NF T 51-800 [27]. 
The synthetic wet compost was prepared by mixing 45 wt. 
% of solid synthetic wet waste [10% of compost (COMPO 
EXPERT S.L., Spain), 30 % rabbit food, 10 % starch, 5 
% sugar, 4 % corn oil, 1 % urea, and 40 % sawdust] and 
55 wt. % of water contained in a perforated plastic box as 
composter reactor following the ISO 20200 standard [29]. 
During the incubation, water was sprayed on the compost 
surface and periodically mixed to avoid moisture loss. Each 
film sample was taken out from the compost soil after 1, 4, 
19, 31, 71, 120 and 180 days of incubation, cleaned with a 
brush to remove the adhered compost and weighted (Mt) 
after drying in an oven in soft conditions. Finally, the per-
centage of disintegrability of PCL and PCL-TPG films was 
calculated according to the following Equation:

Results

Development of Cast‑Extruded Films Based on PCL 
and TPG

Supplementary Figure S1 illustrates the setup of the extru-
sion process used to produce various references through 
melt-blending at a pilot scale.. The processing conditions 
were kept constant for the three references in terms of 

(7)Disintegrability (%) =

(
M

0
−Mt

M
0

)
x100

temperature profile and screw rotation speed (85–90-90–95-
95–95 °C and 35 rpm, respectively). However, it was pos-
sible to observe in the plastogram that the torque profile of 
the extruder increased with the incorporation of plasticized 
gliadins, shifting from an average value of 35 N·m to 43.4 
N·m and 45.9 N·m in PCL-TPG30 and PCL-TPG50 blends, 
respectively. This noticeable increase in the torque was 
attributed, on the one hand, to the viscous nature of gliadins 
and on the other hand, to potential crosslinking reactions 
of protein chains promoted by the shear stresses and the 
relatively high temperatures during the extrusion process, 
as suggested in previous works [30, 31]. As a consequence, 
the roll speed of the calender line was adjusted for each 
formulation to obtain films with thickness in the range of 
160–220 µm. FTIR analysis .

FTIR spectroscopy analysis was carried out to identify 
the functional groups present in the prepared films or to 
detect the formation of new bonds as a result of interactions 
between PCL and gliadins. The spectra of the neat gliadin, 
PCL and PCL-TPG blends are shown in Figure 1. Thermo-
plastic gliadin exhibited the characteristic stretching bands 
of free amino groups and water in the wavenumber range 
of 3500-3100 cm−1 and the three characteristic absorption 
peaks associated with the amide I band at 1634 cm−1, the 
bending vibration of N−H (amide II) at 1536 cm−1 and the 
amide III at 1444 cm−1 [32]. On the other hand, neat PCL 
showed bands at 2944 and 2865 cm−1, attributed to the 
symmetric and asymmetric stretching vibration of C−H2, 
the prominent peak at 1720 cm−1 was related to the stretch-
ing vibration of the C=O carbonyl group and the peaks at 
1294 and 1162 cm−1 were assigned to the asymmetric and 

Fig. 1   FTIR-ATR spectra of PCL, thermoplastic gliadin, and binary blend films
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symmetric stretching vibrations of C−C and C−O−C [33, 
34]. By the melt mixing process of gliadins with PCL, no 
new bands were detected in the FTIR spectra. However, the 
appearance of weak peaks in PCL-TPG30 and PCL-TPG50 
assigned to the stretching vibration of N−H and O−H, the 
stretching vibration of C=O bond of the amide I and the 
bending vibration of N−H of the amide II in gliadins, con-
firmed the successful physical blending of both components.

Microstructural Analysis

 Figure 2 shows the micrographs of the cross area of films 
subjected to cryofracture obtained by SEM observation. As 
expected, pristine PCL sample presented a smooth, homo-
geneous, and continuous phase, with a fracture pattern that 
can be related to a ductile behavior. The same observations 
on PCL films have been made in previous works [35, 36]. 
On the contrary, the incorporation of plasticized gliadins 
resulted in heterogeneities along the cross sections of the 
films, which were more evident as the content of gliadins 
increased in the sample. The observation of random-order 
conglomerates of gliadins in the binary blends, with a parti-
cle size between 1 and 25 µm (Suppl. Figure S2), suggested 
a lack of miscibility of both components [37]. However, no 
discontinuities in the form of micro-pores or voids indicated 

that the polymer flow during the melt-blending process was 
appropriate with the used conditions [38].

XRD Analysis

X-ray diffraction analysis was conducted to investigate the 
crystalline structure of the formulations under study. The 
XRD patterns of thermoplastic gliadin, neat PCL, and PCL-
TPG blends (Suppl. Figure S3), along with a detailed discus-
sion of the results, can be found in the Supporting Informa-
tion section.

Thermal Analysis

  Figure 3 presents the DSC heating and cooling thermo-
grams of PCL and PCL-plasticized gliadins binary blends 
and \* MERGEFORMAT Table 1 shows the main thermal 
parameters obtained from these curves. The degree of crys-
tallinity of the three formulations was determined from the 
first heating scan of the DSC analysis. Gliadins are individ-
ual protein molecules composed of amino acid chains linked 
by inter-chain disulfide bonds and their transition from a 
glassy to a rubbery state is highly dependent on the moisture 
or plasticizer content [15, 32]. Pure dehydrated gliadins pre-
sented a glass transition temperature (Tg) of 160 °C while the 
addition of 25 % w/w of glycerol lowered their Tg to 90 °C, 

Fig. 2   SEM micrographs of 
cross-sectional areas of PCL, 
PCL-TPG30 and PCL-TPG50 
films at different magnifications
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being in good agreement with the data reported in previous 
works [39, 40]. The thermogram of neat PCL showed, dur-
ing the first and second heating scans, endothermic peaks at 

61 °C and 57 °C, respectively, which is in accordance with 
the typical values of the melting point of PCL, whereas dur-
ing the cooling scan, the crystallization peak temperature 

Fig. 3   DSC thermograms of PCL, gliadin and the binary PCL/TPG blends: gliadins, second heating (a), PCL and blends, first heating (b), cool-
ing (c) and second heating scan (d)

Table 1   DSC thermal 
parameters and crystallinity 
degree of PCL, and PCL/TPG 
blends

Χc, degree of crystallinity (%) calculated during the first heating scan

First heating scan Cooling scan Second heating scan

Reference Tm (°C) ΔHm (J/g) Χc (%) Tc (°C) ΔHc (J/g) Tm (°C) ΔHm (J/g)

PCL 61 79.7 57.1 31 58.2 57 59.7
PCL-TPG30 59 64.1 65.6 29 43.4 57 40.8
PCL-TPG50 59 58.0 83.1 27 37.9 56 37.5
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was located at 31 °C [41]. A small shoulder prior to the melt-
ing peak was observed in the first heating scan, attributed to 
heterogeneous crystal size populations. This phenomenon 
can be explained by the sudden cooling from the molten 
state to the roll temperature −2 °C− when the samples were 
processed by film-extrusion. In the case of PCL-TPG (70/30 
and 50/50) blends, the incorporation of gliadins did not 
induce an evident change in the melting point with respect to 
pristine PCL. However, the crystallinity degree of PCL-TPG 
blends, obtained after normalizing the actual PCL amount 
in the blend (calculated from the first heating thermogram), 
increased significantly by the incorporation of plasticized 
gliadins from 57.1 % for PCL to 65.6 % and 83.1 % for 
PCL-TPG30 and PCL-TPG50, respectively, indicating that 
gliadins promoted an evident nucleating effect on the PCL 
polymer matrix. In addition to this, a slight decrease in the 
PCL crystallization temperature (Tc) from 31 °C to 29 and 
27 °C in PCL-TPG30 and PCL-TPG50, respectively, was 
observed in the film formulations. This result was related to 
a heterogenous nucleation of PCL induced by the presence 
of gliadins, thus, obtaining lower Tc values [42, 43].

 Figure 4 shows the TGA thermograms of the PCL, the 
thermoplastic gliadin, and the binary mixtures of PCL/TPG 
while Table 2 reports the main thermal parameters deter-
mined from the TGA and DTG (first derivative) curves. PCL 

showed a great thermal stability, presenting an onset degra-
dation temperature calculated at a 5 % weight loss of 369 °C. 
Then, a single stage degradation temperature was observed, 
with a maximum decomposition temperature centered at 408 
°C. However, some works have reported that the degrada-
tion process of PCL consists of a two-stage process: first, 
a polymer chain cleavage via cis-elimination reaction, and 
then, the unzipping depolymerization from the PCL chain’s 
−OH end groups [44, 45]. On the other hand, plasticized 
gliadins presented an Tonset of 112 °C. The weight loss in 
the range from 30 to 220 °C was attributed to the desorption 
of water and to the loss of low molecular weight compo-
nents, i.e., glycerol [38]. Then, the destruction of gliadin 
structure, including the cleavage of S−S, O−N, and O−O 
linkages of protein molecules, occurred in the range of 260 
°C and 395 °C, with a maximum peak temperature located 
at 312 °C [46]. Regarding the binary systems of PCL/TPG, 
the incorporation of gliadins into the PCL matrix led to a 
noticeable shift in the onset degradation temperature (T5%) 
of PCL towards lower values as the content of TPG in the 
films increased. This decrease in the T5% was related to the 
previously mentioned water content and the loss of low 
molecular weight components in the samples. Positively, 
the onset degradation temperatures were found to be signifi-
cantly higher than the processing temperature of the films, 

Fig. 4   TGA (left) and DTG (right) curves of PCL, gliadin and the binary PCL/TPG blends

Table 2   Onset degradation 
temperature and maximum 
degradation temperatures of 
PCL and PCL/TPG blends

Reference T5% (°C) Tmax, I (°C) Tmax, II (°C) Tmax, III (°C) T70%(°C) Residue (%)

TPG 112 165 312 – 344 11.96
PCL 369 – – 408 414 0.57
PCL-TPG30 182 167 305 401 402 2.23
PCL-TPG50 173 168 306 403 405 4.27
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ensuring the structural integrity of the formulations during 
the manufacturing process. This thermal stability suggested 
that the PCL/TPG binary systems are well-suited for melt-
extrusion processing techniques. Upon analyzing the DTG 
curves of the binary blends, three main degradation stages 
could be observed. Firstly, a broad and low intensity peak 
from 120 to 260 °C was related to the loss of the glycerol 
used as gliadin-plasticizer. Secondly, between 255 and 350 
°C, a peak temperature associated with the degradation of 
the principal structure of gliadin was detected. Finally, a 
sharp peak around 401-403 °C was observed, whose inten-
sity decreased as the content of plasticized gliadins increased 
in the blend. As shown in the TGA and DTG curves, the 
degradation processes occurred separately in the PCL/TPG 
blends, and the presence of plasticized gliadins only resulted 
in a slight shifting of the peak signal of neat PCL towards 
a lower temperature. This observation suggested an immis-
cible character of the components in the binary blends, as 
evidenced in the SEM analysis.

Dynamic Mechanical Thermal Analysis

To study the viscoelastic behavior of the films and to deter-
mine the glass transition temperature of the samples and its 
corresponding activation energy, dynamic mechanical analy-
ses were performed in multi-frequency temperature sweep 

mode from −120 to 50 °C at four different frequencies: 1, 3, 
10 and 30 Hz. \* MERGEFORMAT Figure 5 shows the evo-
lution with temperature of the storage modulus (E’), the loss 
modulus (E’’) and the loss factor (tan δ) of PCL and PCL-
TPG samples at four tested frequencies. As depicted in the 
graphs, the storage modulus, which is related with the elastic 
behavior and stiffness of a certain material, decreased stead-
ily in the temperature range from −120 to −60 °C. Above 
this temperature, a drastic drop in the storage modulus was 
observed for all samples. This fall in E’ from ≈3300 MPa 
to <900 MPa was related to the transition from a glassy to 
a rubbery state, i.e., the glass transition temperature of PCL 
(α relaxation, Tα) [47].

Since this transition occurs in a broad temperature 
range, the tan δ (ratio of loss to storage moduli) peak cri-
terion was used to determine the Tg of the samples at the 
different frequencies, and the obtained values are reported 
in  Table 3. It could be observed that the glass transition 
temperature values increased with the test frequency at 
a constant heating rate. More specifically, the Tg of PCL 
shifted from −43.6 °C at 1 Hz to −36.6 °C at 30 Hz. By 
blending PCL with plasticized gliadins, the same tendency 
was observed and the Tg values with respect pristine PCL, 
increased as the content of TPG was higher, suggesting 
that the presence of gliadins induced some restriction in 
the polymer chains mobility. For PCL-TPG30 blend, the 

Fig. 5   Temperature dependance of storage modulus (E’) and loss factor (tan δ) of (a) PCL, (b) PCL-TPG30, (c) PCL-TPG50 and loss modulus 
(E’’) (d–f) at different frequencies (1, 3, 10 and 30 Hz)
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tanδ peak shifted from −41.5 °C at 1 Hz to −35.1 °C at 
30 Hz, while PCL-TPG50 sample showed a Tg value at 30 
Hz of −33.5 °C. For a more in-depth study, the activation 
energy of the Tg was calculated by using the Arrhenius 
law, employing the time-temperature superposition prin-
ciple for the four frequencies investigated. Specifically, 
the temperature dependance of the test frequency is given 
by Equation 8 [48]:

where R is the gas constant and f and f0 represent the analo-
gous terms for, respectively, the rate constant and pre-expo-
nential factor in the Arrhenius equation. The variation in 
glass transition temperature by effect of the test frequency 
allows the calculation of the activation energy of the glass 
transition temperature by means of the following equa-
tion[48, 49]:

Accordingly, the activation energy of the Tg was 
obtained by multiplying the slope of the 1/T vs. lnf plot 
(Figure 6.d) by the gas constant, R = 8.314 ×10−3 kJ mol−1 
K−1and the calculated values are reported in  Table 3. The 
estimated Ea value for PCL was 212.7 kJ mol−1. On the 
other hand, the addition of gliadins shifted the Ea towards 
higher values. This increase in the activation energy was 
in good agreement with the increase in the glass transition 
temperature in the binary blends of PCL and TPG, since 
the potential reduction of molecular mobility of polymer 
chains implies that higher activation energies are required 
to overcome the softening point of the polymer [50]. In 
the PCL sample, a plateau was observed following the 
α-transition, preceding the final decrease in storage and 
loss modulus as it approached the melting point. Mean-
while, the binary blends of PCL and TPG showed a slight 
shoulder between 0 °C and 35 °C (as shown in Figure 6b 
and c), which could be attributed to the presence of an 
intermediate transition in water or glycerol-plasticized 
gluten-based materials prior to their characteristic glass 
transition temperature.[51, 52].
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Tensile Properties

The influence of plasticized gliadins over the mechani-
cal performance of PCL films was studied by tensile test. 
Figure 7 shows the typical stress-strain curves of PCL and 
PCL/TPG binary blend films while the main mechanical 
parameters determined from the curves are reported in \* 
MERGEFORMAT Table 4. PCL presented a Young Modu-
lus, a stress at yield and a stress at break of 318 ± 45 
MPa, 10.2 ± 1.3 and 31.5 ± 2.9, respectively. This set of 
films was characterized by a ductile behavior, showing a 
large plastic deformation before failure at a strain value of 
801 ± 78 %. These values are in good agreement with the 
mechanical parameters reported in previous works for neat 
PCL [53]. In the stress-strain curve of PCL film, it was 
possible to observe that after the yield, the stress fell to 
the draw strength, indicating a necking effect in PCL sam-
ples, and remained steady until a strain value around 350 
%. From this point, a strain hardening stage provoked by 
the orientation and alignment of PCL chains was detected 
owing to its semicrystalline nature. With respect to the 
binary blend samples, the stress-strain curves showed that 
the yield point and the elastic modulus decreased as the 
gliadins content increased.

In a previous work, Finkenstadt et al. reported that fill-
ing PCL with wheat gluten (WG) resulted in an increase 
of the stiffness (Young Modulus) of the samples [16]. 
The presence of glycerol as plasticizer may explain the 
reduction of the E in the prepared PCL-TPG blends. This 
hypothesis is supported by the results reported by Cor-
radini et al., who informed that the elastic modulus did 
not increase in PCL-zein composites as a consequence 
of the incorporation of glycerol [14]. PCL-TPG30 also 
exhibited a strain-hardening behavior but it was not as 
remarkable as the one observed in pure PCL films, while 
PCL-TPG50 films showed a little yield, but no evident 
strain-hardening phenomenon could be noted. Therefore, 
the stress at break dropped from 31.5 MPa in PCL films 
to 11.0 and 6.9 MPa in PCL-TPG30 and PCL-TPG50 sam-
ples, respectively. Interestingly, PCL-TPG maintained a 
high flexibility at the two filler contents, 30 and 50 w/w 
of plasticized gliadins. Specifically, PCL-TPG30 and 
PCL-TPG50 films showed elongation at break values of 
932 ± 92 % and 641 ± 42 %, respectively. The observa-
tion of aggregated gliadin particles in SEM analysis that 

Table 3   DMA results of glass 
transition temperature of 
samples

Reference Frequency (Hz) Activation energy 
(kJ mol−1)

R2

1 3 10 30

Tα (°C) PCL  − 43.6  − 41.3  − 38.3  − 36.6 212.7 0.987
PCL-TPG30  − 41.5  − 39.8  − 37.4  − 35.1 240.7 0.995
PCL-TPG50  − 40.3  − 38.3  − 35.8  − 33.5 231.8 0.998
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can act potentially as epicenter of defects-formation may 
explain the reduction in the elongation at break values of 
PCL-TPG50 film, in which larger conglomerates could 
be detected.

In the research conducted by Finkenstadt and cowork-
ers, PCL also retained a high flexibility up to 20 % of 
wheat gluten while from 35 % content of WG, the strain 
at break dropped drastically to less than 100 % [16]. A 
similar reduction in elongation values was found for PCL 
incorporated with other natural materials such as starch, 
zein and lignin [14, 37, 54, 55]. Thus, the strain at break 
values reported in our study highlight the positive effect 
of glycerol and the manufacturing method on the stretch-
ability performance of PCL-TPG films.

Seal Strength

One of the most widely used form of flexible films in food 
packaging applications is lidding film sealed on e.g., trays 
or polymer-based container that can seal itself [56, 57]. In 
this study, the ability of the developed films to seal with 
themselves was investigated aiming to provide a useful 
understanding of the peel-seal behavior and the type of peel 
failure in each case. \* MERGEFORMAT Figure 8 gives a 
visual representation of the type of samples used for carry-
ing out the test in which the sealing zone can be seen while 
\* MERGEFORMAT Table 5 reports the peel strength of the 
films sealed at different temperatures, maintaining a constant 
time and pressure (1 second and 0.2 MPa, respectively). 

Fig. 6   Thermomechanical behavior of PCL and PCL/TPG blends determined by DMA. a Storage modulus, b loss modulus and c tanδ of films 
tested at 1 Hz. d represents the plot of 1/Tg vs. lnf based on tanδ peaks
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At 60 °C, PCL had very low seal strength (0.5 N/15 mm) 
indicating an adhesive peeling behavior. By applying this 
temperature, the seal strength gradually increased with 
increasing the content of plasticized gliadins in the films 
(2.6 N/15 mm for PCL-TPG30 and 4.6 N/15 mm in the case 
of PCL-TPG50 film) indicating that the presence of glia-
dins promoted a stronger interfacial bonding of the films 
[58]. By varying the sealing temperature to 63 °C, the seal 

strength increased for the three samples. Specifically, PCL 
presented a peel strength of 9.8 N/15 mm while the val-
ues obtained for PCL-TPG30 and PCL-TPG50 films were 
13.2 N/15 mm and 9.1 N/15 mm, respectively. All samples 
showed a cohesive failure at a sealing temperature of 63 
°C, which means that the film tended to peel off and peel 
continues during the stretching. By applying a seal tempera-
ture of 65 °C, the cohesive failure changed to partial tearing 
in the PCL film while the binary blend formulations still 
presented a cohesive failure at this temperature. The par-
tial tearing failure consisted of a small peel at the starting 
and after a certain displacement, the tear of the peel arm 
occurred [59]. For all references, the average seal strength 
of films sealed at 65 °C was higher with respect to the val-
ues obtained at lower sealing temperatures. The obtained 
results indicated that the developed materials could have 
practical properties for peelable film applications, showing 
peel strengths values between 2.6− 16.2 N/15 mm in the 
sealing temperature range of 60 −65 °C. In the work con-
ducted by Poisson et al., authors also revealed differences 
in peel failures upon varying the sealing temperatures of 
a conventional multilayer film structure consisted of poly-
ethylene/tie-layer/polyamide [56]. They reported that at low 
sealing temperatures, the film failed due to separation (adhe-
sive), and at high temperatures, the film failed due to tear-
ing (non-peelable). An example with compostable films is 
provided by Liewchirakorn et al. The authors prepared four 
different film compositions of polylactic acid (PLA) with 
poly(butylene adipate-co-terephthalate) (PBAT) through 
extrusion and revealed that the film composition of PLA/
PBAT 80/20, with a thickness of approximately 20 µm, was 
the most suitable candidate for use as an easy-peel lidding 
film for a PLA container [59]. They reported peel strengths 
ranging between 8 and 10 N/15 mm, using a wide range of 
sealing temperatures (75°C-105°C). Similar values, ranging 
between 8.4 and 10.0 N/15 mm, were found by Hernandez-
García et al., who developed different active starch-polyester 
bilayer films [58]. Future works in this regard can investigate 

Fig. 7   Representative stress–strain curves of the films

Table 4   Mechanical properties of the developed films determined by 
tensile test

Reference E (MPa) σy (MPa) σb (MPa) εb (%)

PCL 318 ± 45 10.2 ± 1.3 31.5 ± 2.9 801 ± 78
PCL-TPG30 199 ± 9 6.7 ± 0.4 11.0 ± 0.5 932 ± 92
PCL-TPG50 155 ± 7 5.3 ± 0.9 6.9 ± 1.5 641 ± 42

Fig. 8   Illustrative representation 
of the peel-seal test and typical 
failure types
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the influence of film thickness on the peel strength of the 
developed samples since it is reported that film thickness 
plays a crucial role in the peel seal properties of polymeric 
substrates [59].

Water Uptake, Contact Angle and Water Vapor 
Permeability.

The control PCL film and the blend films of PCL/TPG main-
tained their integrity after being immersed in water for one 
day, indicating that the compostable films incorporated with 
plasticized gliadins had a reasonable water resistance after 
the extrusion process. This observation supports the hypoth-
esis that some cross-linking reactions in gliadin proteins may 
occur and be favored by the high temperature and the shear 
stresses during the extrusion process [60, 61]. Nevertheless, 
films containing plasticized gliadins presented high water 
absorption capacity, that increased with higher TPG con-
tent in the film, while the water uptake of PCL control film 
could be considered negligible, since it was below 1 %, as 
reported in Table 6. This result was related to the ability of 
the hydrophilic groups present in gliadins and glycerol to 
absorb water.

On the other hand, the surface wettability was deter-
mined by calculating the water contact angle (WCA) using 
a goniometer. PCL showed water contact angles at the ini-
tial stage and after 60 seconds of 83.6 ±2.6 ° and 78.9 
±1.7 ° (Figure 9), respectively, being in good agreement 
with previous data found in literature [62, 63]. Incorpora-
tion of plasticized gliadins led to a slight decrease in con-
tact angle in the sample PCL-TPG30 (final contact angle 
of 70.7 ± 2.7 °), and to a more remarkable decrease with 

the addition of 50 wt.% of gliadins, shifting to a contact 
angle value after 60 seconds of 55.7 ± 4.9 °. The reduction 
in WCA values was associated with a more water sensitive 
surface promoted by the presence of hydrophilic amino 
and −OH groups in gliadins and glycerol, respectively. In 
addition, physical considerations such as the aspect of the 
film surface can also impact the wettability of the samples. 
In this line, PCL showed a smooth surface, as reported in 
the SEM analysis, while several heterogeneities could be 
clearly detected along the PCL-TPG films, suggesting that 
the increase in the hydrophilicity can be also associated 
with a rougher surface [64].

Water vapor permeability was also measured since it is 
an important property of films intended for food applica-
tions. This process consists of different stages, including the 
dissolution of water molecules on one side of the film, fol-
lowed by their diffusion through the film section and lastly, 
their desorption and evaporation at the other side of the film 
sample [65]. In this study, the water vapor permeabilities 
were obtained at 23 °C and at a relative humidity of 50 % 
and the results are reported in Table 6. The value of water 
vapor permeability of polycaprolactone film was 0.33 ± 0.01 
(g mm)/(m2 day mmHg). The WVP increased slightly with 
the incorporation of 30 wt.% of gliadins to a value of 0.36 
± 0.01 (g mm)/(m2 day mmHg), while blending PCL with 
up to 50 wt.% of TPG increased the WVP of the film by 
48 %. This result was ascribed mainly to the increase in 
the hydrophilicity of the films owing to the high content of 
amide groups in gliadins, that can form hydrogen bonds with 
water molecules [66]. Overall, the developed blends exhib-
ited moderate water vapor permeability. In comparison to 
other commonly used biodegradable polymers, such as poly-
lactic acid, which typically has a water vapor permeability 

Table 5   Peel-strength of the different films sealed at different tem-
peratures

Film Thickness (µm) Peel strength (N/15 mm) at differ-
ent sealing temperatures (°C)

60 63 65

PCL 168 ± 2 0.5 ± 0.1 9.8 ± 2.9 13.5 ± 3.7
PCL-TPG30 165 ± 22 2.6 ± 0.8 13.2 ± 6.0 16.2 ± 7.3
PCL-TPG50 213 ± 30 4.6 ± 2.7 9.1 ± 5.0 9.3 ± 4.1

Table 6   Water uptake (WU) and water vapor permeability of the 
films

Reference WU (%) WVP [(g mm)/(m2 day 
mmHg)] @ 23 °C/50% 
RH

PCL 0.2 ± 0.05 0.33 ± 0.01
PCL-TPG30 8.1 ± 0.9 0.36 ± 0.01
PCL-TPG50 16.3 ± 0.7 0.49 ± 0.03

Fig. 9   Water contact angle values for PCL and PCL-TPG films
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around 0.23 (g mm)/(m2 day mmHg), the PCL-based blends 
demonstrated slightly higher values [67].

Oxygen Permeability

The coefficients of oxygen permeability calculated at three 
different relative humidity values: 0 %, 50 % and 75 % at 
23 °C are displayed in  Figure 10. Relative humidity had a 
negligible influence in the oxygen permeability of PCL, pre-
senting values in the range of 76.8×10−19 to 82.7×10−19 (m3 
m)/ (m2 s Pa), which are close to those found in the literature 
[68]. On the other hand, gliadins are well known to have 
very low oxygen permeability coefficients at room tempera-
ture and below 50 % relative humidity compared to com-
modity materials such as polyethylene, polypropylene, or 
polystyrene [66, 69]. Consequently, extruded films of PCL 

blended with 30 and 50 wt.% of plasticized gliadins showed 
a reduction in the O2 permeability of up to 70 % for the 
PCL-TPG50 film tested at 0 % RH. For instance, compared 
to some conventional polymers, PCL-TPG blends appeared 
to have comparable oxygen barrier properties than polypro-
pylene or polyethylene, which present respective oxygen per-
meability values in the range of 5.7×10−18—1.2×10−17 and 
5.7×10−18—2.3×10−17 (m3 m)/ (m2 s Pa) [68]. However, the 
permeability values were highly influenced by the relative 
humidity, and, by increasing the RH to 75 %, the O2 perme-
ability values were above the one obtained for control PCL 
film. These results were somehow expected since the higher 
hydrophilicity of the developed binary blend films reported 
in previous characterization results, implies a higher amount 
of sorbed water, which may result in a plasticizing effect that 
favors the oxygen diffusion through the film [70].

Optical and Color Properties

Due to the relevance of visual aspect of plastic films intended 
for food applications, the optical and color properties were 
evaluated. As shown in \* MERGEFORMAT Figure 11, all 
the developed films presented high transparency properties, 
supported by the fact that the institutional logo could be 
clearly distinguished through all the film samples.

With regard the color attributes of PCL-based films 
blended with thermoplastic gliadins, it could be observed 
that the incorporation of gliadins in the formulation led to 
a great increase in the b* parameter (Table 7). This result 
was consisted with the visual observation and means that the 
prepared films acquired a yellowish tonality. The coloration 
was related with the heat-treatment of gliadins during the 
extrusion process and has been previously observed in wheat 
gluten-based films [19, 71]. On the other hand, all samples 
showed high L* values (>90) indicating a great lightness 
whereas the a* parameter shifted to negative values with 

Fig. 10   Oxygen permeability coefficients of PCL and PCL-TPG 
tested at different RH: 0%, 50% and 75%

Fig. 11   Visual aspect of the 
developed films

Table 7   Thicknesses of films 
and color parameters obtained 
from the CIELab space

Reference Thickness (µm) L a* b* ΔE

PCL 168 ± 2 95.7 −0.48 0.96 –
PCL-TPG30 165 ± 22 95.0 ± 0.16 −2.58 ± 0.01 14.63 ± 0.28 13.85 ± 0.29
PCL-TPG50 213 ± 30 94.4 ± 0.04 −2.86 ± 0.06 17.22 ± 0.31 16.49 ± 0.31
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the incorporation of gliadins, thus, resulting in a slight 
green tonality of the PCL-TPG films. These changes were 
responsible of the total color differences of the PCL-TPG 
films (13.8 for PCL-TPG30 and 16.5 for PCL-TPG50) with 
respect to the control PCL film, evidencing that the color 
variations can be easily noticeable by the human eye.

Home‑Compostability Test

Home and community composting is usually referred to the 
composting of domestic organic waste from kitchens and 
gardens by households and in many times, it is the most ben-
eficial approach of handling domestic biodegradable waste 
from the environmental point of view, as it reduces or even 
eliminates the costs associated with collection and trans-
portation of wastes [72, 73]. According to the hierarchy of 
aggressiveness for biodegradation environments, home-com-
posting is the second most aggressive one after industrial 
composting. While industrial composting test is carried out 
at 58 °C, the home compostability assessment is conducted 
in the temperature range of 20-30 °C, and, consequently, 
the type of fungi and bacteria involved in the biodegrada-
tion process is different. The biodegradability is an intrinsic 
property of a certain material and, according to the standard, 

the percentage of biodegradation should reach at least 90 % 
with respect to the reference sample (microcrystalline cel-
lulose) in up to 12 months. In contrast, the disintegrability 
depends on factors such as the dimensions, thickness, or 
geometry of the finished product, i.e., cast-extruded films 
in our study. The dry weight of each sample used to conduct 
the biodegradation test was around 15 grams and the pro-
portion of total organic carbon (grams of C/ grams of dry 
sample) in plasticized gliadins, PCL, PCL-TPG30 and PCL-
TPG50 was, respectively, 40.5 %, 60.2 %, 54.6 % and 51.3 
%.  Figure 12displays the cumulative biodegradation (%) 
of microcrystalline cellulose as positive reference sample, 
plasticized gliadins, polycaprolactone and the blends of PCL 
and TPG over 210 days of test. According to the standard, 
the degree of biodegradation of the reference sample must be 
higher than 70 % after 90 days. As shown, cellulose reached 
85 % biodegradation after 85 days of test; therefore, the 
experimental assay was considered valid. Plasticized glia-
dins presented a very fast biodegradation profile, reaching a 
plateau with a maximum of 90 % (110 % with respect to cel-
lulose) just after 60 days. This quick biodegradation profile 
of gluten-based materials has been also observed in different 
media by several authors [74–76]. On the other hand, neat 
PCL showed an initial lag period of 16 days, followed by the 

Fig. 12   Cumulative biodegrada-
tion of thermoplastic gliadins, 
PCL, and their blends under 
home-composting conditions
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degradation phase which steadily progressed up to reaching 
a percentage biodegradation (%B) with respect to MCC of 
40 % after 210 days. As the employed grade of PCL used 
in this work is certified as home compostable by TÜV Aus-
tria, it implies that the material may take up to 365 days to 
achieve 90 % biodegradation with respect microcrystalline 
cellulose. This result contrasted with the fast biodegradation 
profile observed for PCL under industrial composting condi-
tions carried out at 58 °C in the work conducted by Hong 
et al. [77]. In this study, carried out at 25 °C, as PCL is not 
in the molten state, the crystalline parts of PCL could cer-
tainly represent an obstacle for enzymes. Finally, the blends 
of PCL/TPG showed an intermediate biodegradation pro-
file between pure plasticized gliadins and PCL. Although 
as observed in DSC analysis, gliadins induced a nucleat-
ing effect on PCL polymer matrix, with its corresponding 
increase in the degree of crystallinity, the amorphous nature 
of gliadin proteins and their easy accessibility to the action 
of enzymes, led to a faster biodegradation compared to pris-
tine PCL polymer, reaching after 210 days a %B of 89 % and 
96 % for PCL-TPG30 and PCL-TPG50, respectively. The 
faster biodegradation profile of PCL-TPG blends is also sup-
ported by previous studies that suggested that an increase in 
both the hydrophilicity nature of a material or in the surface 
roughness are factors that promote a faster biodegradation 
rate [17, 78]. The obtained results evidenced that by varying 
the content of TPG in the PCL/TPG blends, it was allowed to 
modulate the biodegradation rate of PCL, which may result 
interesting in certain applications where a controlled biodeg-
radation process is desired.

The next step of the home compostability assessment was 
the disintegration test, which was carried out following the 
French standard NF T 51-800. \* MERGEFORMAT Fig-
ure 13 shows the qualitative evaluation of the disintegrability 

of PCL film and the blend films of PCL and plasticized glia-
dins at different testing times of exposition to the compost 
medium. It could be observed that after 19 days, the visual 
aspect of the binary blends changed, with a yellowing effect 
and a loss of transparency related to changes in the crystal-
linity of the samples. This observation was explained by a 
preferential and faster hydrolytic degradation process in the 
amorphous domains due to the presence of gliadins in the 
blends [7]. Balaguer et al. reported a complete disintegration 
of pure gliadin/glycerol films just after 4 days, which was 
associated with a bulk degradation of the gliadin film cou-
pled with enzymatic cleavage of hydrolyzable amide groups 
[75]. In the present study, all film samples maintained their 
integrity after 19 days and the % disintegration of PCL, 
PCL-TPG30 and PCL-TPG50 films was, respectively, 1 %, 
20 %, and 31 %. After 71 days of assay, noticeable changes 
in the three film samples could be detected. On the one 
hand, PCL film acquired a brownish tonality, and a loss 
of transparency was appreciable, indicating the beginning 
of the hydrolytic degradation of PCL. This process mainly 
results in small molecules, i.e., water and low molecular 
weight by-products, that are able to penetrate through the 
film sample causing chain fragmentations in the matrix and, 
consequently, a decrease in the average molecular weight 
of the polymer [79–81]. On the other hand, PCL-TPG films 
started to break into distinguishable fragments, indicating 
that the binary blends presented a higher disintegration rate 
compared to the pristine PCL film. More specifically, the % 
disintegration at this stage (day 71) of PCL, PCL-TPG30 
and PCL-TPG50 films was 12 %, 39 % and 41 %, respec-
tively. On day 120, PCL-TPG films demonstrated a satisfac-
tory complete disintegration since no more than 10 % of 
their original dry mass remained in the oversized fraction 
after sieving through a 2 mm sieve, and film residues were 

Fig. 13   Photographs taken at different times of the PCL and PCL-TPG films under home-composting conditions
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indistinguishable to the naked eye from the other matter in 
the compost. This result indicated that the presence of glia-
dins increased the disintegration rate with respect to pristine 
PCL film, which needed up to 180 days to show a complete 
disintegration.

Conclusions

In the present study, compostable films based on PCL and 
thermoplastic gliadins were developed successfully by con-
ventional extrusion transformation process. The addition 
of gliadins led to a yellow tonality of the films but did not 
affect the high transparency characteristic of PCL. DSC 
study revealed a temperature-induced nucleation effect of 
gliadins over PCL, resulting in an increase in the degree of 
crystallinity, which shifted from 57 % for PCL to 83 % for 
PCL-TPG50 sample. Thermogravimetric analysis showed 
a lower onset degradation temperature of the binary blends 
with respect to pristine PCL due to the presence of glycerol, 
which presented a thermal degradation range between 120 
and 260 °C while the maximum peak degradation tempera-
ture of PCL (Tmax) was not affected by the incorporation 
of gliadins. Interestingly, blending PCL with 30 wt.% and 
50 wt.% of thermoplastic gliadins did not affect the high 
flexibility characteristic of PCL-based films, presenting 
all samples elongation at break values above 600 %, while 
Young Modulus was seen to decrease with the incorporation 
of thermoplastic gliadins. The determination of the barrier 
properties of the films showed that the presence of gliadins 
significantly reduced the oxygen permeability at 0 % and 
50 % relative humidity values while, in contrast, the higher 
water sensitivity of the films incorporated with gliadins led 
to an increase of the WVP with respect pure PCL. Finally, 
the home-compostability assessment showed that gliadins 
promoted an accelerated aerobic biodegradation and disin-
tegration of the films. Therefore, the materials developed in 
this work can be considered excellent candidates for sustain-
able packaging solutions. Furthermore, the presence of a 
large number of reactive side groups in gliadins can offer an 
interesting route to prepare packaging films with enhanced 
functionalities.
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