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Abstract
Conventional plastics can be substituted for protein-based bioplastics due to their natural origin and their biodegradability. 
Nevertheless, their properties are inferior to those obtained for synthetic plastics. The chemical crosslinking of these bio-
plastics with aldehydes could improve their properties to compete in the actual market. Thus, the main goal of this article 
was to assess the influence of the incorporation of aldehydes with different aliphatic chain length on the physicochemical 
(crosslinking degree, colour and transparency), mechanical (flexural and tensile behaviour) and functional (water uptake 
capacity and biodegradability) properties of protein-based bioplastics. In this sense, pea protein, a by-product of food 
industry, was used as raw material, processing it by injection moulding to obtain the bioplastics. Formaldehyde, glyoxal and 
glutaraldehyde were the aldehydes used as crosslinking agents. The results show the rise of the mechanical properties with 
the incorporation of the aldehydes, depending on the degree of crosslinking they generate. All this also causes a consequent 
loss of the water uptake capacity and an increase in biodegradability time. In conclusion, this work opens a new alternative 
to develop sustainable bioplastics that can be used in the market.
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Introduction

The usual and excessive use of plastics derived from oil 
results in an increased risk for the planet. As is well known, 
plastics generally take hundreds of years to degrade, hav-
ing a great impact on ecosystems and their biodiversity [1]. 
Oceans and rivers are affected by them and it is expected 
that, by 2050, there would be more tons of plastic than fish 
in ocean [2].

For this reason, there is a preveailing need to look for 
alternatives to plastic as soon as possible on a day-to-day 
basis. One of the solutions to this problem is the develop-
ment of bioplastics, which currently only account for 1% 
of all plastics used worldwide [3]. However, the defini-
tion of bioplastics is controversial, as it incorporates both 
plastics that: (1) come from biomass (even if they are not 

biodegradable), such as bio-PET or bio-PE, (2) are biode-
gradable (even if they come from fossil resources), such as 
PBAT or PCL, or (3) meet both properties, such as PLA, 
PHA or proteins blends [4]. In this last category, those bio-
plastics processed directly from biowastes or by-products, 
with low added value, play a key role [5] since they reduce 
dependence on fossil resources and are fully biodegradable 
[6]. The importance of finding an alternative to traditional 
plastics is also related to the reduction in the use of limited 
fossil resources and the consequent emissions of  CO2 into 
the atmosphere to mitigate the greenhouse effect [7]. This 
fact makes the development of bioplastics from biowaste or 
by-products of the agri-food industry not a challenge but 
a necessity in a circular economy context. Therefore, the 
use of biowaste and by-products with low added value con-
tributes to a more sustainable and circular management of 
natural resources with the development of the bioeconomy 
[8–10] in line with international policies, such as the Euro-
pean Green Deal and with some of the 2030 Sustainable 
Development Goals (SDG). Technological research must 
be aimed at the development of bioplastics with versatile 
properties that can compete with conventional plastics in 
the myriad of applications in which they are used today [11].
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Several studies have analysed the use of various pro-
teins and polysaccharides for the manufacture of biopol-
ymer-based materials [12]. Among them, soy protein 
[13–15], wheat protein [16, 17] or pea protein [18, 19] 
stand out. Nevertheless, the properties of protein or pol-
ysaccharide-based bioplastics are inferior to those of syn-
thetic plastics [20]. Therefore, crosslinking is a suistable 
strategy to improve the properties of these bioplastics. 
The crosslinking can be achieved by a physical or chemi-
cal process [21]. Chemical processes generate new and, 
generally, irreversible covalent bonds [22]. As an exam-
ple, the use of aldehydes is highly recommended, as they 
enable the formation of covalent bonds between polymer 
chains, leading to a microstructural modification of the 
system [23]. Formaldehyde and glutaraldehyde have been 
largely studied as crosslinkers, but their toxicity limits 
their use since aldehydes are toxic when released even 
at concentrations as low as 3.0 ppm. Despite this, glu-
taraldehyde is one of the most widely used crosslinking 
agent for several applications [16, 24, 25]. In this sense, 
the greatest novelty of this study consists in the analysis 
of the influence of the length of the aliphatic chain on 
the crosslinking effect of various aldehydes in protein 
bioplastics.

Thus, the aim of this work was to develop bioplastics 
using pea protein (a by-product obtained from the pea pod 
as raw material, and glycerol, as plasticiser. To this initial 
formulation, different aldehyde derivatives were added as 
crosslinking agents (formaldehyde, glyoxal and glutaral-
dehyde) to modify its microstructure and consequently 
its physicochemical (degree of crosslinking, colour and 
transparency), mechanical (through tensile and bending 
tests) and functional properties (water absorption capacity 
and soluble matter loss).

Experimental

Materials

Pea protein (protein isolate, ca. 90 wt% protein content) 
was selected as raw material. It was supplied by Roquette 
(France), which stabilizes by drying and grinding the peas 
discarded for quality (due to their small size or presence 
of visual defects) in the peeling of the pea pods. There-
fore, this by-product was obtained as a homogeneous and 
stable flour. Formaldehyde (1 C atom, 30 g/mol), glyoxal 
(2 C atoms, 58 g/mol) and glutaraldehyde (5 C atoms, 
100 g/mol) were used as crosslinking agents. In addition, 
glycerol was used as plasticiser. These reagents were sup-
plied by Sigma Aldrich (Germany).

Fabrication of Bioplastic‑Material

Sample Preparation

Bioplastic materials from pea protein were obtained by a 
two-step process. Thus, the raw materials (1.5/1 protein/
plasticiser ratio and 1 or 3 wt% of crosslinking agent) were 
firstly homogenised in a HaakePolylab QC mixer (Thermo-
Haake, Germany) at 50 rpm for 10 min to produce a blend.

The blends were subsequently subjected to an injection 
moulding in a MiniJet Piston Injection Moulding System 
(ThermoHaake) with the following injection parameters: 
50 and 130 °C (cylinder and mould temperatures, respec-
tively), 500 bar for 20 s and 200 bar for 200 s (injection 
and post-injection conditions, respectively). Two differ-
ent moulds were used: (1) rectangular-shaped specimen 
(60 × 10 × 1-mm) and (2) dumbell-shaped specimen (type 
V) according to ISO 527-1:2012 [26].

Crosslinking

Different aldehydes were used as crosslinking agents to 
carry out a chemical crosslinking on pea protein-based 
bioplastics (Fig. 1). Specifically, three different aldehydes 
varying the aliphatic chain were used: formaldehyde (1 
and 3%), glyoxal (3%) and glutaraldehyde (3%). These 
crosslinking agents present a carbon–oxygen double-bond 
(C=O) whose polarity makes the carbon atom reactive to 
primary amines, giving rise to chemically crosslinked 
structures [27]. In this sense, pea protein presented a 
high concentration of Arginine and Lysine, among others, 
according to its amino acid profile, which means that the 
crosslinking with aldehydes may be effective [28]. Formal-
dehyde generates a NH–C bond, while glutaraldehyde and 
glyoxal form N=C bonds when they react with biopoly-
mers, resulting in a more tightly crosslinked network in 
the bioplastics.

Characterization of Bioplastics

Crosslinking Degree

The analysis of the crosslinking degree was carried out using 
the protocol described by Zárate-Ramírez et al. [16]. Briefly, 
a portion of each bioplastic (15 × 10 × 1-mm) was immersed 
in 10 mL of denaturing solution. This solution allows the 
solubility of the chemically non-crosslinked protein chains. 
Finally, the protein content of each solution was evaluated 
using a modification of the Lowry’s method [29]. Thus, the 
crosslinking degree was obtained with respect to a refer-
ence system (0% crosslinked), comparing the percentage 
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of protein chains chemically crosslinked by the different 
aldehydes.

Colour and Transparency Measurements

The colour was analysed with a KONICA-MINOLTA CM-
700D (Japan) spectrocolorimeter. The value of a and b as 
the CIELAB chromatic coordinates and L′ as the perceptual 
lightness of each system was obtained. Δa, Δb and ΔL were 
used to compare the different systems with the reference one.

On the other hand, transparency analysis were carried 
out by subjecting a rectangular bioplastic (1 mm thick) at 
a 600 nm of wavelength (spectrophotometer Genesys-20, 
Thermo Scientific, USA) [19]. Thus, the transmittance (%) 
of each sample was measured, allowing to calculate their 
transmittance index (TI, Eq. 1). It is worth mentioning that 
the reference bioplastic was the one without crosslinking.

Mechanical Properties

Dynamic mechanical analysis (DMA) flexural tests were 
performed using rectangular probes on a RSA3 dynamic-
mechanical analyser (TA Instruments, USA) with a dual 
cantilever bending geometry. Firstly, strain sweep tests 

(1)TI =
%Transmittance

%Transmittance of reference bioplastic
× 100

(0.002–1% strain at a constant frequency of 1 Hz) were 
made to evaluate the linear viscoelastic range of the differ-
ent systems. Then, frequency sweep tests (0.02–20 Hz) were 
performed at a constant strain within the linear viscoelastic 
range obtained from the previous strain sweep tests.

Tensile tests were performed by subjecting the bioplastics 
(Type V geometry) to an increasing axial force (rate: 10 mm/
min) using a Insight 10 kN Electromechanical Testing Sys-
tem (MTS, USA). Different mechanical parameters (Young’s 
modulus, maximum stress and strain at break) were calcu-
lated from stress–strain curves.

All measurements were carried out at room temperature.

Water Uptake Capacity (WUC) and Soluble Matter Loss 
(SML)

The ASTM D570-98 standard [30] was followed to carried 
out water uptake capacity measurements. In this way, rec-
tangular samples were previously conditioned in oven at 
50 °C (1 h) [Initial Dry Weight]. Then the bioplastic was 
submerged in distilled water for 24 h, after which they were 
weighed again [Wet Weight]. Finally, they were dried again 
at 100 °C for 24 h [Final Dry Weight]. Water Uptake Capac-
ity (WUC) and Soluble Matter Loss (SML) were then deter-
mined though these weights using Eqs. (2) and (3):

(2)%WUC =
Wet Weight − Initial Dry Weight

Final Dry Weight
× 100

Fig. 1  Reactions between proteins and the different aldehydes used in this work: formaldehyde, glyoxal and glutaraldehyde
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Water Contact Angle (WCA)

Water contact angle was measured using the sessile drop 
(5 µL) analysis with an Optical Tensiometer (Theta Flex, 
Biolin Scientific). WCA values were obtained as the aver-
age left and right sides of the deionized water droplets were 
measured and the average value was calculated.

Biodegradability

The biodegradability of the systems was measured by bury-
ing the bioplastics in a composting medium (2:1 farmland: 
compost, the same inert/organic materials ratio specified by 
ISO 20200 [30]). At least three rectangular bioplastics of 
each system were evaluated by unearthing them to be visu-
ally evaluated at different days; pictures of all systems were 
taken to this end. Test was considered finished when the bio-
plastic could not be unearthed (total biodegradation time).

Statistical Analysis

The results were presented as mean values and their standard 
deviation (MV ± SD) of at least three replicates. Statistical 
analyses were carried out using a 95% of confidence level 
(p < 0.05) using t-test analysis of the statistical package 
Excel (Microsoft 365, USA).

Results and Discussion

Physicochemical Properties

According to the results shown in Table 1, firstly, a higher 
concentration of the crosslinking agent led to an increase in 
the crosslinking degree of the system comparing the values 
for formaldehyde at 1 and 3%. The increase observed in the 
crosslinking degree is due to the presence of more binding 

(3)%SML =
Initial Dry Weight − Final Dry Weight

Initial Dry Weight
× 100

sites between the different protein chains. Comparing the 
different crosslinking agents, it was observed that the high-
est crosslinking was achieved with the molecule with a sin-
gle carbon atom (formaldehyde). It favours the formation 
of both intramolecular and intermolecular bonds, being the 
smallest aldehyde and susceptible to react with N-terminal 
amino groups and side chains of cysteine, histidine, lysine, 
tryptophan, and arginine [31]. However, it is demonstrated 
that an aliphatic chain of two carbon atoms (glyoxal) 
resulted in a decrease in the degree of crosslinking. It would 
be because formaldehyde leaves the –NH group within the 
crosslinked structure while glyoxal and glutaraldehyde do 
not [32]. The presence of such –NH groups may support the 
higher crosslinking caused by formaldehyde. On the other 
hand, when glutaraldehyde was used, a slight increase in the 
crosslinking of bioplastics is observed when compared to 
glyoxal, as the reactivity of the molecule is higher [33].The 
changes derived from the addition of different aldehydes to 
the initial formulation were also visible on the bioplastics’ 
final physical aspect.

Firstly, as is shown in Fig. 2, the addition of formaldehyde 
produced no significant differences in the colour of the bio-
plastics compared to the reference system. Nevertheless, the 
use of glutaraldehyde changed the colour of the bioplastic 
toward a brownish tone, whereas the use of glyoxal produced 
a complete darkening of the sample. These changes could be 
produced by Maillard reactions [34, 35], which can also be 
observed in the colour parameters summarised in Table 2.

Table 1  Crosslinking degree of pea protein-based bioplastics with the 
different crosslinking agents

A pea protein-based bioplastic without any crosslinking agent was 
used as reference. Values are shown as mean ± standard deviation.

Systems Crosslinking degree (%)

Formaldehyde 1% 69.18 ± 3.42
Formaldehyde 3% 86.82 ± 1.11
Glyoxal 3% 73.18 ± 0.58
Glutaraldehyde 3% 78.52 ± 0.31 Fig. 2  Visual appearance of pea protein-based bioplastics with the 

different crosslinking agents. From left to right: reference (without 
crosslinking agent), 1% formaldehyde, 3% formaldehyde, 3% glutar-
aldehyde and 3% glyoxal
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Considering the different aldehydes used, the addition of 
formaldehyde produced bioplastics with no significant dif-
ferences respect the reference, with high and positive values 
for both a and b parameters, as proof of the yellow/brownish 
colour of the bioplastic. Nevertheless, the decrease observed 
in the colour parameters for the glyoxal system is an indi-
cation of the brownish colour observed in Fig. 1. In fact, 
apart from the colour change, there was a darkening of the 
bioplastics, as shown by the decrease of the L* parameter 
(ΔL* lower than 0). Considering the system obtained with 
glutaraldehyde, there was an increase in the a parameter, as a 
consequence of the brownish colour of the resulting bioplas-
tic. According to previous studies, the colour changes are 
consequence of the use of aldehydes for covalent crosslink-
ing of proteins, as derived result of the Maillard reactions 
[36, 37]. Similar results have been obtained by other authors, 
since the use of different crosslinking agents produced a 
variation in the initial colour of the bioplastics, as the dark-
ening of agarose bioplastic films using citric acid [38] or the 
modification of the colour of gluten-based bioplastics using 
glutaraldehyde or glyoxal agents [16]. In fact, as commented 
by Jia et al. [39], the use of aldehydes (cinnamaldehyde) as 

crosslinking agents produced a darkening and higher opacity 
of gliadin-based films [40].

On the other hand, the addition of either glyoxal or glu-
taraldehyde modified the transparency of the systems, pro-
ducing opaque bioplastics, as shown by the drastic decrease 
of the transparency index obtained for the bioplastics 
crosslinked with glyoxal or glutaraldehyde.

Mechanical Properties

The evolution of the crosslinking with different aldehydes 
was also assessed by measuring the mechanical properties 
of the resulting bioplastics in both static and dynamic mode.

The results from the dynamic flexural tests are plotted in 
Fig. 3A. A drastic increase in the E’ values was observed 
with the addition of all the different aldehydes studied. The 
profile exhibited is similar to that of the reference system, 
with an almost constant behaviour over the frequency range 
studied, although the elastic character of the bioplastics 
varied with the aliphatic length of the crosslinking agent. 
E’1 values included in Table 3 were used to study possible 
significant differences between the systems. In general, the 

Table 2  Transparency and 
colour parameters of pea 
protein-based bioplastics with 
the different crosslinking agents

A pea protein-based bioplastic without any crosslinking agent was used as reference. Values are shown as 
mean ± standard deviation

SYSTEMS Transparency (%) a Δa b Δb L* ΔL

Reference 29.62 ± 0.53 3.71 ± 0.20 – 13.13 ± 0.76 – 31.47 ± 0.60 –
Formaldehyde 1% 22.69 ± 1.37 3.89 ± 0.21 0.18 15.52 ± 0.69 2.39 33.35 ± 0.06 1.88
Formaldehyde 3% 17.50 ± 1.22 3.82 ± 0.03 0.11 14.90 ± 0.48 11.77 31.03 ± 0.62 –0.44
Glyoxal 3% 0.1 ± 0.1 1.42 ± 0.03 –2.29 3.38 ± 0.11 –9.75 7.61 ± 1.82 –23.86
Glutaraldehyde 3% 0.1 ± 0.1 9.26 ± 1.03 5.55 13.23 ± 1.07 0.10 31.19 ± 0.75 –0.28

Fig. 3  A Frequency sweep test profiles of pea protein-based bioplas-
tics with the different crosslinking agents and B stress–strain curve of 
pea protein-based bioplastics with the different crosslinking agents. A 

pea protein-based bioplastic without any crosslinking agent was used 
as reference
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addition of any crosslinking agent produced a reinforcement 
of the structure, since the elastic moduli of all the systems 
were higher than that of the reference system.

A correlation between the flexural properties and the 
number of carbons of the crosslinking agent used was 
observed (Fig. 4A). Thus, the increase in the aliphatic chain 
length of the crosslinking agent reduced the E’ values. This 
correlation revealed that the aliphatic chain length had a 
greater impact on the elastic modulus (E’) than on the vis-
cous modulus (E’’) since the decreasing slope is sharper. 
This decrease is greater in the change from formaldehyde to 
glyoxal or glutaraldehyde, possibly due to the bond change 
discussed above (–NH–C vs. N=C for formaldehyde and 
glyoxal or glutaraldehyde, respectively).

Tensile tests were also performed for the bioplastics 
crosslinking with different aldehydes. In the profiles shown 
in Fig. 3B, three well-differentiated regions can be observed 
in all the systems. The first region, linear and with a steep 
slope, indicates the range of strain in which the material 
has an elastic behaviour. The second region, also linear but 
with a lower slope compared to the previous one, indicates 

the range of strain in which the material has a plastic behav-
iour. Finally, a third region corresponds to an abrupt drop 
in stress, produced by the break of the material. Tensile 
parameters obtained from the different profiles in Fig. 3B are 
shown in Table 3. The bioplastic obtained with glyoxal (3%) 
is the system with the highest value of the maximum stress, 
but with a strain at break lower than that of the other sys-
tems, except for the glutaraldehyde one. This fact, together 
with the high value of Young's modulus, indicates that the 
use of glutaraldehyde produced less deformable systems, 
as demonstrated by Pavoni et al. [41] by using glutaralde-
hyde crosslinking on chitosan films [39]. It could be noted 
that, in general, the behavior in traction is clearly different 
with respect to bending. In this sense, the glutaraldehyde 
system also stood out, allowing little strain before breaking 
and the lowest stress value. On the other hand, the longer 
the aliphatic chain, the lower the strain at break (from 0.48 
to 0.05 mm/mm), being also lower than the reference system 
(0.72 mm/mm). Other authors have obtained similar results 
when applying a heat treatment as an additional crosslink-
ing stage to the fabrication of protein-based bioplastics, 

Table 3  Dynamic flexural parameters (Elastic modulus at 1 Hz:  E1; loss tangent at 1 Hz: tan (δ)1) and tensile parameters of pea protein-based 
bioplastics with the different crosslinking agents

A pea protein-based bioplastic without any crosslinking agent was used as reference. Values are shown as mean ± standard deviation. Different 
symbols were included per column as superscripts to denote significant differences between the values.

Systems E’1 (Pa)
10–8

tan (δ)1 Young’s modulus
(MPa)

Maximum stress
(MPa)

Strain at break
(mm/mm)

Reference 0.55 ± 0.18 A 0.22 ± 0.01 α 59.58 ± 8.95 # 2.83 ± 0.32 * 0.72 ± 0.02 a

Formaldehyde 1% 15.68 ± 0.08 B 0.23 ± 0.02 αβ 36.50 ± 8.47 ## 3.37 ± 0.25 ** 0.62 ± 0.20 ab

Formaldehyde 3% 16.11 ± 4.35 B 0.26 ± 0.02 β 23.25 ± 5.10 ## 2.67 ± 0.17 * 0.48 ± 0.02 b

Glyoxal 3% 3.08 ± 0.33 C 0.24 ± 0.03 αβ 84.69 ± 4.88 ### 4.07 ± 0.42 ** 0.26 ± 0.06 c

Glutaraldehyde 3% 2.07 ± 0.37 D 0.24 ± 0.01 β 53.34 ± 3.26 # 1.40 ± 0.08 *** 0.05 ± 0.01 d

Fig. 4  Correlation between the A flexural and B tensile properties and the number of carbons of the crosslinking agent used: C1 (formaldehyde), 
C2 (glyoxal) and C5 (glutaraldehyde)
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with a marked decrease in the strain at break with respect 
to the reference system [41]. In summary, the correlation 
between the tensile properties and the number of carbons 
of the crosslinking agent used (Fig. 4B) showed that the use 
of glyoxal (C2) or glutaraldehyde (C5) produced systems 
with a higher Young’s Modulus and a lower strain at break, 
although their crosslinking degree is lower than for formal-
dehyde. However, there are many factors to consider, such 
as the greater reactive sites incorporated by formaldehyde 
(a greater number of molecules incorporated in the same 
weight of reagent) or the different bonds formed with the 
crosslinking agents, which could explain this greater influ-
ence on the mechanical properties of bioplastics.

Functional Properties

In addition to the mechanical properties, functional proper-
ties of the crosslinked bioplastics were also evaluated. In this 
sense, water absorption and biodegradability were measured 
and compared.

The water uptake capacity of bioplastics is showed 
in Fig. 5 with and without the addition of aldehydes as 
crosslinking agents. Regarding water absorption, it is 
observed that there is a clear difference between the refer-
ence system and the crosslinked ones. The system composed 
solely of pea protein and glycerol absorbed its own weight 
of water (ca. 105%). On the other hand, with the addition 
of the different crosslinking agents, the water absorption 
decreased. A higher concentration of formaldehyde, which 
means a higher crosslinking degree, increased the elastic 
modulus thus reducing their ability to swell and, as a con-
sequence, to absorb water. This behavior was also observed 

by Álvarez-Castillo et al. [42] with plasma protein-based 
bioplastics [43] or Jiménez-Rosado et al. [18, 43] for soy 
protein-based bioplastics [42].

On the other hand, the use of different crosslinking agents 
produced modification in the morphology of the resulting 
bioplastics due to the differences in their aliphatic chain 
length. Thus, although a greater degree of crosslinking is 
not showed, the water uptake capacity is reduced with the 
increase in the aliphatic chain length. This could be due 
to possible modifications in terms of hydrophobicity or 
mechanical response of the systems. However, according to 
the results shown in Fig. 6, although it is true that there is 
an increase in the contact angle compared to the reference 
system, the values obtained are not sufficient to consider 
hydrophobicity as the main cause of the water uptake values 
obtained. In this sense, it may be caused by a combination of 
factors such as the greater rigidity of the bonds that prevent 
the matrix from swelling or the different molecular percent-
age of the incorporated crosslinking agent.

On the other hand, the soluble matter loss remained con-
stant at 48%, which means that, apart from glycerol, because 
of the high solubility of pea protein, a small amount of 
soluble protein was also lost during immersion [44]. These 
results have been corroborated by Jia et al. [39], who showed 
that the addition of cinnamaldehyde as crosslinking agent 
produced a decrease in the water absorption [40].

The biodegradability of the bioplastics was also meas-
ured, Fig. 7. A qualitatively analysis of the degradation of 
the bioplastics was carried out by taking photos at differ-
ent days after burying the samples in soil and results were 
shown in Fig. 7. The reference pea protein bioplastic was 
completely degraded after 10 days. The addition of differ-
ent aldehydes produced a delay in the degradation of the 

Fig. 5  Water uptake capacity of pea protein-based bioplastics with 
the different crosslinking agents. A pea protein-based bioplastic with-
out any crosslinking agent was used as reference. Different letters 
were included to denote significant differences between the values 
(p < 0.05)

Fig. 6  Water contact angle of the bioplastics crosslinked with differ-
ent crosslinking agents. A pea protein-based bioplastic without any 
crosslinking agent was used as reference



5170 Journal of Polymers and the Environment (2022) 30:5163–5172

1 3

samples, being higher with the increase in the aliphatic chain 
length of the crosslinking agent. In this sense, in terms of 
biodegradation, there was a 40% increase when formalde-
hyde was added to the formulation (4 days more than the 
reference one), a 100% increase when using glyoxal (10 days 
more than the reference one) and a 400% increase when 
glutaraldehyde was added (30 days more than the reference 
one). This increase may be due to two factors: (i) the higher 
mechanical resistance of the bioplastics observed in the 
mechanical tests and (ii) the antibacterial activity of these 
aldehydes that killed the bacteria before they could break 
down the bioplastics [45, 46].

Conclusions

Pea protein-based bioplastics with improved properties were 
obtained by including different aldehydes as crosslinking 
agents to the traditional thermomoulding processing of 
bioplastics.

Regarding the physicochemical properties, a significant 
and concentration-dependent increase with the degree of 
crosslinking was observed respect to the reference bioplas-
tic obtained with pea protein and glycerol. Furthermore, 

the addition of aldehyde-based crosslinking agents led to 
browning, decreased transparency, and colour change sys-
tems, being more evident for the glyoxal and glutaraldehyde 
bioplastics.

Crosslinking agents modified the properties of bioplas-
tics, especially improving flexural properties in all cases. 
Although it is difficult to correlate the aliphatic chain with 
the mechanical properties of bioplastics, it has been found 
that aldehydes with shorter chains significantly improved 
the stiffness of bioplastics.

On the other hand, the addition of aldehydes to the ini-
tial formulation caused a decrease in the water absorption 
capacity, although without influencing the soluble matter 
loss of the resulting bioplastics, which mainly corresponds 
to the amount of glycerol used as plasticizer in process-
ing. Furthermore, the chemical crosslinking of protein 
bioplastics delayed their biodegradation time, increasing 
as the length of the aliphatic chain of the added crosslink-
ing agent increased due to the change in the crosslinking 
bonds.

In conclusion, the use of aldehydes as crosslinking 
agents makes the bioplastics more resistance against 
mechanical stress, losing deformation capacity, as well as 
a lower water absorption capacity, which is a useful prop-
erty for applications in which the humidity in the product 
should not be modified. Nevertheless, it is necessary a 
more in-depth work in order to establish what are the more 
significant factors in aliphatic compounds that influence 
the bioplastic properties.
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